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ABSTRACT
Purpose Activation of immune cells through pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs) or NOD-like
receptors (NLRs), has been identified as a key issue in the
development of new efficient vaccine adjuvants. We report here
on the elaboration and immunostimulatory potential of polylactide
(PLA)-based micelles core-loaded with imiquimod TLR7 ligand
and able to be further surface-functionalized with antigenic protein
(HIV-1 Gag p24) for antigen delivery purpose.
Methods Micelles prepared from poly(D,L-lactide)-b-poly(N-
acryloxysuccinimide-co-N-vinylpyrrolidone) amphiphilic copoly-
mer were incubated in the presence of imiquimod, leading to
1.2 wt% loading, and further conjugated to p24 antigen through
reaction of p24 lysines and N-terminal amine with the N-
succinimidyl pendant groups of the micelle corona. The impact
of imiquimod encapsulat ion in the mice l les on i ts
immunostimulatory properties was investigated in vitro, by mon-
itoring: (i) the NF-κB and mitogen-activated protein kinases
(MAPK) pathways through experiments with RAW-Blue™ cells,
a mouse macrophage cell line encoding an NF-κB/AP-1-inducible
reporter construct; (ii) human dendritic cells (DCs) maturation
markers by flow cytometry.

Results RAW-Blue™ cells based experiments showed that
imiquimod encapsulated in the micelles was much more efficient
to activate the NF-κB and MAPK pathways than free imiquimod.
Furthermore, encapsulated imiquimod was found to inducemuch
higher maturation of DCs than the free analog. Finally, these
immunostimulatory properties of the loaded imiquimod were
shown to be conserved when the p24 antigen was coupled at
the micelle surface.
Conclusions Taken together, these data regarding improved
immunostimulatory efficiency suggest the strong potential of our
micelle-based nano-system for vaccine delivery.
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INTRODUCTION

With the recent advances in genomics and proteomics, a wide
variety of potential target antigens (recombinant proteins,
synthetic peptides or DNA) are now available for the devel-
opment of subunit vaccines, which are a promising alternative
to traditional vaccines obtained from attenuated or
inactivated pathogens regarding safety concerns. However,
antigens are often poorly immunogenic when administered
alone without adjuvants. Until recently, hydroxide and phos-
phate salts of aluminium and calcium, and among them alum,
were the only adjuvants licensed for human use (1). Whereas
aluminium compounds have been used with a large number
of antigens, these adjuvants are not suitable for all antigens
and are insufficient in many respects, including variable or
poor adsorption of some antigens, the difficulty to lyophilize,
the general requirement for booster doses, the rare occurrence
of hypersensitivity reactions in some subjects and the inability
to elicit cytotoxic T-cell (CTL) responses and to elicit muscosal
IgA antibody responses (2).
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Consequently, over the last decade, significant research
efforts have been devoted to the development of new, im-
proved vaccine delivery systems, such as liposomes (3), emul-
sions (MF59, AS02) (4) or solid polymer nanoparticles (5).
Among the latter biodegradable polylactide/poly(lactide-co-
glycolide) (PLA/PLGA) based nanoparticles (NPs) represent
safe systems and have been extensively described for delivery
of encapsulated (6) or surface-adsorbed antigens (7), and can
provide systemic antibody titers comparable to those of alu-
minium salts (8,9).

It has been now well-established that activation of immune
cells through pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs), NOD-like receptors (NLRs) or C-
type lectins (CLRs), play a key role in the development of
potent and oriented immune responses (10,11). Targeting
PRRs with adjuvants bearing appropriate ligands appears
thus a valuable approach (12), and several works focused on
the incorporation of these “danger signal” molecules to
PLGA/PLA based NPs, ei ther by encapsulat ion
(monophosphoryl lipid A (MPL) (6), chemical mimetic
RC529 (13), poly(I:C) (14), CpG (15), NOD1 and/or
NOD2 ligands (7)) or by surface coupling (typically mannose
(16)). Among PRRs ligands, imiquimod is a molecule of the
imidazoquinoline family, acting as a ligand of the intracellular
endosomal TLR7, which is already approved as a 5% cream
(Aldara, 3M Pharmaceuticals) for the treatment of genital
warts (17,18). The mechanism of action of imiquimod pro-
ceeds, at least in part, through activation of the NF-κB path-
way, leading to further dendritic cell (DC) maturation and
production of pro-inflammatory cytokines (19), a fundamental
step towards effective immune response. As the molecule is
hydrophobic and its receptor is intracellular, there is interest
for its encapsulation in polymeric NPs, which could avoid
premature degradation and favor delivery into the
cytoplasm, as recently reported for PLGA NPs (6) and pH-
sensitive dextran based NPs (20). In previous works, we have
designed a versatile PLA-based micelle platform which allows
core/corona functionalization with hydrophobic/hydrophilic
molecules, through the hydrophobic PLA core and the pres-
ence of N-succinimidyl ester reactive groups in the poly(N-
vinypyrrolidone) (PNVP)-based corona, and showed their po-
tential interest for drug/vaccine delivery (21). Moreover, this
copolymer, when used as a surfactant at the surface of PLA
NPs, was previously shown in our group to be non-cytotoxic
(DC cells) (22), supporting earlier studies on PLA-b-PNVP
based copolymers regarding biocompatibility (23,24).

Small NPs such as micelles (~100 nm or less) have been
very little explored for vaccine purpose but emerging works
tend to prove the relevancy of such nano-carriers for antigen
delivery (25–27). One of the explanations is that so small
particles do not limit to association with DCs from the injec-
tion site, but are more readily to drain to the lymph nodes,
where DCs are present in larger amounts. We show in this

study that micelles loaded with imiquimod significantly
potentialize the immuno-modulatory properties of this mole-
cule, while presenting at their surface the antigen to deliver.

MATERIALS AND METHODS

Materials

The poly(D,L-lactide)-b-poly(N-acryloxysuccinimide-co-N-
vinylpyrrolidone) (PLA-b-P(NAS-co-NVP)) block copolymer
(19,000 and 22,000 g.mol−1 for PLA and P(NAS-co-NVP),
respectively; NAS/NVP molar ratio: 53/47, PDI=1,6) was
synthesized as previously described (21). Imiquimod (>98%)
was from TCI America. p24 protein was purchased from
PX’Therapeutics (France, 2.4 mg.mL−1 in PBS, pH 7.4,
Mw=24 kDa).

Micelle Preparation

Five milliliters of a copolymer solution in acetonitrile
(10 mg.mL−1) were added to 10 mL of milli-Q water, under
agitation (200 rpm), allowing the formation of micelles. Ace-
tonitrile was removed by evaporation under reduced pressure.
The micelle concentration was determined by measuring the
solid content, after heating the micellar solution to constant
weight in an oven at 70°C for 24 h. Final micelle concentra-
tion was typically 5.2 mg.mL−1.

Micelle Size and Zeta Potential

The hydrodynamic diameter of the micelles, diluted 1/100 in
a 1 mM solution of NaCl, was measured by dynamic light
scattering at 25°C using a Zetasizer Nano ZS90 apparatus
(Malvern, UK). The diameters were the result of the average
of three measurements. Electrophoretic mobilities were mea-
sured on the same diluted samples at 25°C and were convert-
ed to zeta potential according to the Smoluchowski’s equa-
tion. The values were the mean of four measurements.

Imiquimod Loading

Two milliliters of micelle solution (5.2 mg.mL−1 in water)
were incubated at 20°C with 1 mg of imiquimod. A control
with water (instead of the micelle solution) and the same mass
of imiquimod was also incubated. Both suspensions were
under agitation, and a centrifugation was performed
(Eppendorf centrifuge model 5418, 5 min at 1,380×g) at
different times (1 h, 2 h, 27 h, 70 h) to remove the imiquimod
powder non solubilized in the micelles. The solution was
analyzed by UV spectroscopy (Infinite M1000, Tecan, UV
transparent 96-well microplates star Greiner) after dilution by
a factor of 10 in water.
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To quantify the encapsulated imiquimod, the micelle solu-
tion was 10-fold diluted in DMSO to destroy the micelles by
solubilization of the copolymer. The absorbance of
imiquimod (λmax=318 nm) was measured and related to the
imiquimod concentration using a calibration curve of absor-
bance versus the concentration of imiquimod, previously eval-
uated under the same conditions (DMSO/water: 9/1 v/v).

HIV-1 p24 Micelle Functionalization

The coupling of p24 protein at the micellar surface was
performed by adding a volume (typically 300 μL) of micelle
suspension (5.2 mg.mL−1), with or without encapsulated
imiquimod, to the same volume of p24 in PBS (pH7.4) at
concentrations of 0.6 mg.mL−1 (concentrations in the cou-
plingmedium: 2.6mg.mL−1 for themicelles and 0.3mg.mL−1

for the protein p24). The samples were allowed to stir at room
temperature for 20 h.

p24 Coupling Characterization

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis) was used to discriminate the p24 coupled to
micelles from the free p24 using an electrophoresis equipment
Bio-Rad. The concentration gel was 4% and the separation
gel 15% final enacryl/bisacrylamide. The micelle aqueous
solutions (with or without encapsulated imiquimod and with
the p24 coupled at the surface) were mixed with the carrier
buffer (LaemmliSample 5× Buffer: 300 mM Tris-Cl pH 6.8,
10% SDS, 40% glycerol, 10 mM dithiothreitol, 0.05%
bromophenol-blue) (micelle/carrier buffer: 4/1 v/v). The mi-
gration was carried out at 100 V for 10 min and at 200 V for
40 min. Both gels (separation and concentration) were used
for revelation. The gels were further stained with Coomassie
blue. The free p24 (at the same concentration as in the micelle
solution) and the micelles without p24 were used as a control.
The amino group analysis was determined by the 2,4,6-
trinitrobezenesulfonic acid (TNBS) method, as previously de-
scribed (28). Briefly, 10 μL of p24-micelle or p24 solutions
were mixed with 10 μL of TNBS solution (1.7mM inwater) in
80 μL of sodium borate buffer (0.1 M, pH 9.5) and incubated
at 37°C for 1 h. The absorbance was measured at 344 nm
using the Infinite M1000 Tecan spectrometer. p24 solutions
of known concentrations in the coupling conditions (PBS) but
without micelles were used as reference.

Imiquimod Release from Micelles

1.9 mL of imiquimod loaded micelles (surface-functionalized
or not with p24) were placed in a dialysis bag (cut-off 3500)
and dialyzed against 19 mL PBS (pH 7.4) or sodium acetate
buffer 0.3 M (pH 5) at 37°C. The latter concentration was
chosen to ensure a ionic strength value similar to that of PBS.

At predetermined times, the buffer media were renewed
(19 mL each time). Quantification of imiquimod in buffer
media was performed by reverse phase HPLC (Agilent 1
100) using a Merck column (LiChroCART, C18, 5 μm,
125×4 mm), with eluent composed of water/acetonitrile
70/30 (v/v) with 0.1% TFA at a flow rate of 0.8 mL.min−1.
Imiquimod was detected at 244 nm.

In Vitro Evaluation of the TLR7 Pathway Activation
in the RAW-Blue Cell Line

RAW-Blue™ cells (InvivoGen) are derived from RAW 264.7
macrophages. They stably express a secreted embryonic alka-
line phosphatase (SEAP) gene inducible by NF-kB and AP-1
transcription factors. RAW-Blue™ cells express all TLRs
(with the exception of TLR5) as well as RIG-I, MDA-5,
NOD1 and NOD2. The presence of specific agonists of these
receptors induces signalling pathways leading to the activation
of NF-kB and AP-1. Upon TLR stimulation, RAW-Blue™
cells activate NF-kB and/or AP-1 leading to the secretion of
SEAP which is easily detectable and measurable when using
QUANTI-Blue™ (InvivoGen), SEAP detection medium. An-
tibiotic pressure with Zeocin™ is required to maintain the
plasmid coding for SEAP.

Free or encapsulated imiquimod was cultured with RAW-
Blue™ Cells at final concentrations ranging from 0 to
1 μg.mL−1 in 96-microwell plates (100,000 cells/well in du-
plicate) for 21 h at 37°C in a 5% CO2 incubator. For this
purpose, 20 μL of free or micelle encapsulated imiquimod
solution (at concentrations from 0 to 10 μg.mL−1 in PBS pH
7.4) were added to 180 μL of cells. Free imiquimod solutions
prepared by successive PBS dilutions of an imiquimod stock
solution in sodium acetate pH 5 (90 μg.mL−1) due to poor
solubility of imiquimod at pH 7.4. Then 50 μL of induced
RAW-Blue™ cells supernatant were added to 150 μL of
resuspended QUANTI-Blue™ in a flat-bottom 96-well plate
and incubate at 37°C for 90 min. The absorbance of the
samples was then measured at 620 nm using a microplate
reader (Bio-Rad) to determine the SEAP levels.

In Vitro Maturation of Human Monocyte Derived DCs
(MoDCs)

Monocytes were purified from peripheral human blood, ob-
tained from EFS (Etablissement Français du Sang) by density
gradient centrifugations using Ficoll-Paque™ plus and Percoll
(GEHealthcare). Remaining erythrocytes, NK, B- and T-cells
were then depleted by anti-glycophorin A, anti-CD56, anti-
CD19 and anti-CD3 antibodies (Beckman Coulter) respec-
tively, using Dynabeads® Pan Goat antimouse IgG
(Invitrogen). Purified monocytes (0.5×106 cell.mL−1) were
then cultured in RPMI medium supplemented with 10%
heat-inactivated fetal calf serum (FCS), gentamycin

Imiquimod Loaded Polylactide-based Micelles as Vaccine Adjuvants 313



(50 U.mL−1), 100 U.mL−1 penicillin and 100 μg.mL−1 strep-
tomycin in the presence of 62.5 ng.mL−1 of human
interleukin-4 (IL-4) (R&D systems) and 75 ng.mL−1 of human
granulocyte macrophage colony stimulating factor (GM-CSF)
(Collaborative Biomedical Product-Bioscience) to differenti-
ate into MoDCs. After 6 days, empty micelles, free or encap-
sulated imiquimod (diluted in the cell culture medium at
5 μg.mL−1), were added to 1 million of differentiated MoDCs
for 48 h and incubated at 37°C, 5% CO2. DCs only cultured
in complete RPMI medium were used as a negative control of
stimulation, and those cultured in presence of 2.5 μg.mL−1 of
LPS were used as a positive control. DCs maturation was
assessed by cell surface immunostaining using monoclonal
antibodies against lineage markers and co-stimulatory mole-
cules. Cells were stained with APC-labeled anti-CD1a (den-
dritic cells marker), and PE-labeled anti-CD80, -CD83 or -
CD86. The isotype controls were IgG1 and IgG2a (BD
Pharmingen™). Ten thousand events were acquired by Fluo-
rescence Activated Cell Sorting (FACS) with a FACS Canto I
(Tour Inserm CERVI, Lyon), and the data were analyzed
using the FlowJo software.

Statistical Data Analyses

Analyses were performed using SigmaPot™ software, version
11.0. Statistical data analyses were performed using analysis of
variance ANOVA with Bonferroni’s post test for comparison
of pairs. Statistical significances were indicated on the figures.
***P<0.001, **P<0.01, *P<0.05.

RESULTS AND DISCUSSION

Micelle Formation and Imiquimod Loading

Our approach to prepare the imiquimod/p24 decorated mi-
celles relied on post-encapsulation (imiquimod) and post-
conjugation (p24 protein) on the prepared PLA-b-P(NAS-
co-NVP) block copolymer micelles (Fig. 1). The copolymer
micelles were prepared by the common solvent (or
nanoprecipitation) method, by dissolving the copolymer in
acetonitrile, following by addition in water. The micelle mean
size determined from dynamic light scattering (DLS) was 56.5
±2.0 nm (polydispersity index (PI) of 0.05), and critical micel-
lar concentration, determined by the Nile Red probe method
(as previously described (21)) was 20 mg.L−1. The micelle
solution was incubated under stirring with the imiquimod
powder. The micelle solution was then simply washed from
the non soluble imiquimod powder by centrifugation. As a
control, pure water solution was also incubated with
imiquimod following the same process, to evaluate the frac-
tion of the product that can be solubilised in this solvent
(presumably very low). The UV spectrum of the micelle-
imiquimod solution or in pure water after 1 h is presented in
Fig. 2a. The solubilization of imiquimod in the micellar solu-
tion can be clearly assessed, as shown by the typical
imiquimod spectrum obtained for the micelle-imiquimod so-
lution in the 300–330 nm range, whereas quasi no imiquimod
absorbance was observed in pure water. Blank micelle solu-
tion (no imiquimod) as a control confirmed that copolymer
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Fig. 1 Scheme of preparation of the imiquimod/p24 loaded micelles from the PLA-b-P(NAS-co-NVP) block copolymer (SG1 = ON(tBu)CH(tBu)PO(OEt)2).
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did not interfere with UV measurements. Kinetic studies
showed no further increase of absorbance for longer incuba-
tion times. To determine accurately the imiquimod loading in
micelles, the micelle solution were ten-fold diluted in DMSO,
to destroy the micelles, and UV absorbance observed at
318 nm. A calibration curve relying the absorbance to
imiquimod concentration, established in the same conditions
(DMSO/water 9/1 v/v) gave access to the concentration of
imiquimod and further loading, which was found to be
12.2 mg.g−1 of copolymer micelle. As imiquimod contains
an amino group, a control reaction of P(NAS-co-NVP) model
polymer with imiquimod in water was performed, and showed
that the ligand was not able to couple on the NS ester func-
tions, most probably due to its water non-solubility. Micelle
size after imiquimod loading was 58.1±1.5 nm, slightly higher
than that of the non-loaded micelles.

p24 Conjugation to the Micelle Surface

p24 was conjugated to the imiquimod loaded micelles, in PBS
pH 7.4. The coupling efficiency was analyzed by SDS poly-
acrylamide gel electrophoresis (Fig. 3). At 0.115 mg of intro-
duced p24 permg ofmicelles (0.3mg.mL−1 p24, 2.6mg.mL−1

micelles), almost no free p24 was detected, indicating that
coupling was quantitative, either on the imiquimod loaded
or empty micelles. This absence of interference of the ligand in
the micelle corona for protein coupling strongly suggested that
the ligand was mainly encapsulated into the micelles and not
present at the interface. The concentration gel was kept for
analysis since protein loaded micelles were too big to enter of
diffuse through the gel, and could be observed at the start, as
previously reported (29). The covalent character of the cou-
pling was confirmed by the TNBS assay, revealing 90%
decrease in p24 amine groups, as a result of amide formation
following coupling. It is to mention that no release of

imiquimod was observed following the two-fold dilution of
the micellar solution in PBS, used in p24 coupling procedure
(Fig. 2b).

Following 20 h in PBS medium, either in presence or
absence of p24, the micelle size significantly increased
(~100–110 nm, Table I), as compared to the initially prepared
micelles, whose size was ~56 nm. This increase was due to the
increasing hydrophilic character and thus deployment in so-
lution of the corona following hydrolysis of the NAS pendant
NS esters into negatively charged carboxylate groups that can
repulse each other. This hydrolysis is competitive with the p24
coupling. For p24 conjugated micelles (with or without loaded
imiquimod), the mean size was around 110 nm, compared to
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Fig. 2 (a) UV spectra of the imiquimod loaded micelle (Mic-imi) solution ([Mic]=5.2 mg.mL−1), water-imiquimod solution, and reference micelle solution, after
10-fold dilution in water, [Mic]=0.52 mg.mL−1; (b) UV spectra of the coupling solution of imiquimod loaded micelles with p24 in PBS (Mic-imi-p24; [Mic]=
2.6 mg.mL−1, [p24]=0.3 mg.mL−1) and reference imiquimod loaded micelle solution without p24 in PBS (Mic-imi-PBS; [Mic]=2.6 mg.mL−1) after 5-fold
dilution in water ([Mic]=0.52 mg.mL−1); initial imiquimod loaded micelle solution (Mic-imi) is also shown as control (10-fold dilution in water, [micelle]=
0.52 mg.mL−1).

Fig. 3 SDS PAGE analysis of p24 protein coupling on imiquimod loaded or
free micelles; Lad : mass marker, 1. Control micelles loaded with imiquimod,
[Mic-imi]=2.6 mg.mL−1 in PBS; 2. Free p24 [p24]=0.3 mg.mL−1 in PBS; 3.
Micelles conjugated to p24 (Mic-p24; [Mic]=2.6 mg.mL−1, [p24]=
0.3 mg.mL−1); 4. Micelles loaded with imiquimod and conjugated to p24
(Mic-imi-p24; [Mic-imi]=2.6 mg.mL−1, [p24]=0.3 mg.mL−1), 5. Control
micelles alone, [Mic]=2.6 mg.mL−1.
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100 nm for micelles not functionalized with p24 (with or
without loaded imiquimod) and placed in the same reaction
conditions (PBS, 20 h). This significant increase in size
(~10 nm) confirmed the previous SDS PAGE analysis and
TNBS assay indicating p24 fixation at the micelle surface,
and was also consistent with the typically reported range of
protein radius of gyration in physiological conditions (30).
Finally, zeta potential measurements performed on either
imiquimod/p24 loaded or unloaded micelles showed similar
values. Unloaded micelles exhibited a negative surface
charge as expected (ζ=−30.5 mV) due to partial hydrolysis
of the NS esters of the corona in PBS pH 7.4. The similar
value obtained for unloaded and imiquimod loaded micelles
(−29.8 mV) again strongly supported that imiquimod had
no contribution at the interface and was mainly encapsulat-
ed into the micelles. As for p24 surface functionalized mi-
celles (with or without loaded imiquimod), the zeta potential
value, remaining close to −30 mV, was consistent with
previously obtained results in our group for PLA nanopar-
ticles surface coated with p24, which showed a similar value
(−34 mV, in the same measurement conditions, i.e. dilution
in NaCl 1 mM (7)). Considering the isoelectric point of the
p24 (pI=5.9), the p24 had indeed a slightly negative global
charge at neutral pH, conferring a still negative zeta poten-
tial to micelles after surface coupling.

Imiquimod Release

Imiquimod release from both non functionalized and p24-
functionalized micelles was then further investigated at pH
7.4 and pH 5, the latter value mimicking the pH of the intra-
cellular endosome vesicle environment, where are localized the
TLR7 receptors with which imiquimod is expected to interact.
Whatever the pH, the release was rather fast with about 50% of
the drug released in 1 h (Fig. 4). Earlier results in our group (7)
demonstrated that the uptake of PLA based NP carriers by cells
is very efficient within one hour (even in absence of ligand on the
NP surface, able to specifically interact with a cell surface
receptor). Thus, we can reasonably assume that the ligand
encapsulated in our PLA based micelles is efficiently delivered
within the cells during this short time range, and that its fast
intracellular release will fit rather well with the expected action
(i.e. binding to intracellular endosomal TLR7 receptor and
further DCmaturation). Interestingly, release was found slightly
higher at pH 5 than pH 7.4, most probably due to the higher
solubility of the imiquimod in acidic medium than in neutral
one (due to protonated amine, pKa=7.3). This faster release
was an interesting feature regarding the potential of imiquimod
to be more efficiently released close to its TLR7 target. The
surface coupled p24 did not provoke any barrier effect for
imiquimod release, as compared to non-functionalized micelles.

Table I Mean Size and Polydispersity Index (DLS) of the Micelles After Coupling of p24 in PBS pH 7.4 for 20 h; Mic and Mic-imi Control SamplesWere Placed in
These Coupling Conditions, in Absence of p24

Micelle code Mean size (nm)a PIa Zeta potential (mV) Loaded imi (mg/g of copolymer) Coupled p24 (mg/g of copolymer)

Mic 99.8±5.5 0.03±0.01 −30.5±2.3 – –

Mic-imi 101.6±3.7 0.05±0.01 −29.8±1.8 12.2 –

Mic-p24 111.3±5.1 0.04±0.01 −31.5±2.5 – 115

Mic-imi-p24 110.7±2.2 0.06±0.02 −31.0±2.0 12.2 115

aDetermined by dynamic light scattering
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Fig. 5 In vitro evaluation of the NF-κB and MAPK pathways activation by free
or encapsulated imiquimod with RAW-Blue™ reporter cell line. Those results
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imiquimod is encapsulated into the micelles compared to the free form.
Indicated values are means (SD); n=3. ANOVA ***P<0.001.
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Enhanced NF-κB and MAPK Pathways Activation
by the Encapsulated Imiquimod

To characterize the encapsulated TLR ligands regarding their
biological function, their ability to activate the NF-κB signal-
ling (31) was evaluated on RAW-Blue™ reporter cell line. As
shown in Fig. 5, the co-culture of free imiquimod with RAW-
Blue™ cells induces SEAP in a dose-dependent manner.
Encapsulation of the ligand into PLA based micelles signifi-
cantly enhanced the production of SEAP (by an amplification
factor of 3 to 4), meaning an enhancement of the NF-κB and
MAPK pathways activation (P<0.001).

Enhanced Immunostimulatory Efficiency
of Encapsulated Imiquimod

The maturation of DCs is one of the fundamental steps
toward an effective immune response in vivo. We hypothesized
that the intracellular fate of micelles after endocytosis could
favor intracellular delivery of encapsulated ligand, increase
the efficiency of imiquimod delivery into endosomal compart-
ments expressing TLR7, and finally enhance its action. For
this reason, the encapsulated imiquimod was characterized for
its ability to stimulate human MoDCs maturation in vitro. The
expression of the well-known maturation marker CD83 and

Fig. 6 Surface expression of maturation-related molecules by human MoDCs upon exposure to free or encapsulated imiquimod, determined by flow
cytometry. (a) Gated CD1a positive-DC population analyzed. (b) Histogram representation ofMoDCs after phenotypes 24 h of stimulation. One experiment out
of tree is shown. (c) Mean surface expression of maturation marker CD83 and costimulatory molecules CD80 and CD86 by MoDCs upon exposure to free or
encapsulated imiquimod and comparison with LPS as positive control of maturation, and empty micelles and untreated DCs as negative controls. Means (SD);
n=3. ANOVA *P<0.05, ***P<0.001.
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the costimulatory molecules CD80 and CD86 were mea-
sured. Blood derived human monocytes were isolated and
cultured in the presence of GM-CSF and IL-4 during 6 days
to obtain immature DCs which showed typical spiky cell
membrane projections, and were characterized by the expres-
sion of CD1a and a weak expression of CD80, CD83 and
CD86. Cells were stimulated with imiquimod encapsulated or
not, and the impact on cell viability was investigated by
propidium iodide labeling 48 h after stimulation. Untreated
MoDCs and empty PLA micelles were used as reference for
the immature state and MoDCs treated with LPS as control
for maturatedMoDCs. For 5 μg of ligands per 106 cells, a low
cell death from 5% to 12% was observed after 48 h (Supple-
mentary Fig. S1). The used imiquimod concentration of 5 μg/
mL was chosen on the basis of earlier thorough studies on this
ligand regarding in vitro DCmaturation (32,33). These studies
demonstrated that DC maturation was imiquimod dose de-
pendant, and that the optimal dose was 5 μg/mL.

Expression of the cell surface markers CD80, CD83 and
CD86 was assessed by immunofluorescence and flow cytom-
etry 24 h poststimulation (Fig. 6). CD83 and CD86 were
significantly increased on cells stimulated with free imiquimod
(P<0.05), while empty micelles induce a low, not statistically
significant DCs maturation. The expression of the three
markers was significantly improved with encapsulated
imiquimod (P<0.001) (Fig. 6). Indeed, Mic-imi significantly
increased the mean of fluorescence intensity (MFI) of cells
expressing CD80, CD83 and CD86 in comparison with free
imiquimod by a factor 2, 1.5 and 3.5 respectively (Fig. 6c). We
demonstrated that encapsulation of imiquimod into PLA mi-
celles improves its immuno-stimulatory properties, probably
due to a reduced degradation in culture medium and an
improved cellular uptake and delivery to the specific

endosomal TLR7. Indeed, as shown in Fig. 4, the imiquimod
release frommicelles is fast at pH 5mimicking the pH of intra-
cellular endosomes. This observation could explain the quick
and potent immunostimulatory effect of the Mic-imi observed
on the MoDCs.

Previous observations shown that encapsulation of TLR
(34,35) or NOD1/2 (7,36) receptor ligands into PLA/PLGA
particles potentiates their immune properties. Our results
confirm these observations, but with micellar preparations.

Moreover, as shown in Fig. 7, the immobilization of the
p24 antigen (HIV-1) on the micelles did not change the
immunostimulatory properties of the encapsulated
imiquimod on MoDCs, meaning the possibility to efficiently
carry both the vaccinal antigen and the immunostimulatory
molecule for further in vivo immunization studies.

CONCLUSIONS

Here, we developed a new generation of vaccine adjuvants
based on micelles with a PLA core and a NVP based corona
with pendant reactive N-succinimidyl ester moieties. Those
structures allowed encapsulation of an immunostimulatory
molecule (imiquimod, TLR7 ligand) as well as surface
functionalization with a capsid protein of HIV-1 (Gag p24).
Themicelle-encapsulated imiquimod induced a stronger stim-
ulation of human DCs than the free imiquimod. In addition,
Raw-Blue cell experiments showed that the encapsulation of
the ligand into the micelles enhanced the activation of the
NF-κB and MAPK pathways. Finally, p24 antigen coupled to
the micelle surface did not modify the immunostimulatory
properties of encapsulated imiquimod. We conclude that this

Fig. 7 Influence of the immobilization of the p24 antigen (HIV-1) on the immunostimulating properties of encapsulated imiquimod.
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micellar system, with its enhanced properties of
immunostimulation, represents a promising adjuvant plat-
form that can be readily extended to other antigens and
hydrophobic ligands of interest.
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