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ABSTRACT

Purpose Adjuvants are required to ensure the efficacy of subunit
vaccines. Incorporating molecular immunopotentiators within
particles could overcome drawbacks of molecular adjuvants (such
as solubility and toxicity), and improve adjuvanticity of particles,
achieving stronger adjuvant activity. Aim of this study is to evaluate
the adjuvanticity of immunopotentiator-loaded polymeric particles
for subunit vaccine.

Methods PLGA microparticles (PMPs) and imiquimod (TLR-7
ligand)-loaded PLGA microparticles (IPMPs) were prepared by
SPG premix membrane emulsification. In vitro and in vivo studies
were performed to their adjuvant activity, using ovalbumin and
HS5N | influenza split vaccine as antigens.

Results Incorporating imiquimod into microparticles signifi-
cantly improved the efficacy of PLGA microparticles in acti-
vating BMDCs and pM®s, and antigen uptake by pM®s was
also promoted. IPMPs showed stronger adjuvanticity to aug-
ment OVA-specific immune responses than PMPs. IgG sub-
class profiles and cytokine secretion levels by splenocytes
indicated that IPMPs elicited more Thl-polarized immune
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response, compared to PMPs. In vivo study using H5N in-
fluenza split vaccine as antigen also confirmed the effects of
IPMPs on antigen-specific cellular immunity.

Conclusions Considering adjuvanticity and safety profiles (PLGA
and IMQ, both approved by FDA), we conclude that IMQ-loaded
PLGA microparticles are promising robust adjuvant for subunit
vaccines.
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microparticles - subunit vaccine

ABBREVIATIONS
Ag Antigen
Alum Aluminum hydroxide gels

APCs Antigen-presenting cells

BMDCs Bone marrow-derived dendritic cells

ELISA Enzyme-linked immunosorbant assay

ELISpot  Enzyme-linked immunospot

HA Hemagglutination

HI Hemagglutination inhibition

PMPs PLGA microparticles (PLGA)

IPMPs IMQ-loaded PLGA microparticles (IMQ-PLGA)
pM® Peritoneal macrophages

SEM Standard errors of mean
T™B 3,37,5,5" -tetramethylbenzidine

INTRODUCTION

Vaccination, one of the most significant achievements in med-
icine, is considered as the most effective and cost-efficient
strategy in preventing and controlling infectious diseases
[1-3]. However, several problems exist in vaccine develop-
ment. Exploration of ideal vaccines always suffers from safe-
ty concerns and/or inadequate immunogenicity. Traditional
whole-pathogen vaccines based on attenuated or inactivated
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pathogens, the majority of vaccines used nowdays, usually
induce potent immune responses and provide sufficient pro-
tection against infections, owing to endogenous adjuvants in
pathogens. Nevertheless, the side effects and safety con-
cerns limit the extent to which whole-pathogen vaccines
can be used [4—6]. Subunit vaccines based on subunit of
pathogens, recombinant proteins, peptides, and polysac-
charides, are usually better tolerated and regarded as saf-
er alternatives to traditional whole-pathogen vaccines [7].
The drawback of subunit vaccines is poorly immunoge-
nicity. When used alone, subunit vaccines usually fail to
elicit sufficient protective immune responses. Therefore,
exogenous adjuvants are required to augment the efficacy
of subunit vaccines [6, 8].

Adjuvants can be classified into two major categories:
particle-based antigen delivery systems (e.g. polymeric mi-
cro/nanoparticles, liposomes, emulsions) that deliver antigen
into antigen-presenting cells (APCs) and improve/regulate
antigen presentation by APCs; and molecular
immunopotentiators (e.g. ligands for Toll-like receptors
(TLRs) and NOD-like receptors (NLRs), cytokines, a-
GalCer) that activate innate immune response by targeting
receptors (e.g. pattern recognition receptors) on innate im-
mune cells [1, 8-10]. Particles-based adjuvants act by com-
bined mechanisms, such as having comparable size to path-
ogens which facilitates recognition and phagocytosis by
APCs, activating NALP3 inflammasome of APCs, and reg-
ulating the pathway of antigen presentation [11, 12]. Parti-
cles antigen delivery systems could also induce cellular im-
mune responses. Although particles show excellent adjuvant
activity, their efficacy can be further improved by incorpo-
rating molecular adjuvants within particles. Molecular adju-
vants are effective in inducing protective immunity. Among
these molecular immunopotentiators, agonists for TLRs are
widely investigated and show excellent adjuvant activity.
Imiquimod (IMQ)), agonist for TLR-7, is a FDA-approved
immunomodulatory small-molecule compound in the
imidazoquinoline family [13, 14]. IMQ has already been
approved for topical treatment in humans [15]. IMQ binds
TLR-7 which is expressed within endosomal compartments
of macrophages and dendritic cells, activates MyD88 signal-
ing cascade, and ultimately induces secretion of inflammato-
ry cytokines IL-1f, IL-6, TNF-a, and IFN-a [14]. One
problem for molecular adjuvants is that high adjuvant doses
are required, because of adjuvant solubility, uptake efficien-
cy by APCs, and so on.

We hypothesized that encapsulating molecular
immunopotentiators with particles adjuvants could over-
come the drawback of molecular immunopotentiators,
and improve adjuvant activity of particles, achieving
better efficacy in accelerating vaccine-induced immune
response. In this study, we chose FDA-approved biode-
gradable polymer poly(lactic-co-glycolic acid) (PLGA)
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and immunopotentiator IMQ, and fabricated IMQ-
loaded PLGA microparticles by O/W emulsion-solvent
evaporation method combined with premix membrane
emulsification technique. We hypothesized that PLGA
microparticles could improve IMQ) internalization by
APGCs and subsequent APCs activation. At the same
time, activated APCs might phagocytize more particles
and antigen, inducing effective antigen presentation and
subsequent antigen-specific immune response. To verify
our hypothesis, i vitro and i vivo experiments were per-
formed to evaluate the adjuvant effect of IMQ-loaded
PLGA microparticles, using model antigen ovalbumin
(OVA) and H5N1 influenza split vaccine as antigen.

MATERIALS AND METHODS
Mice, Reagents, and Materials

Mice used in this study were purchased from Vital Riv-
er Laboratories (Beijing, China). All animal experiments
were performed in accordance with the Guide for the
Care and Use of Laboratory Animals, and were ap-
proved by the Experimental Animal Ethics Committee
in Beijjing. PLGA (75/25, Mw=13 kDa) was purchased
from Lakeshore Biomaterials (Birmingham, AL, USA).
Poly(vinyl alcohol) (PVA-217, degree of polymerization
1700, degree of hydrolysis 88.5%) was ordered from
Kuraray (Tokyo, Japan). Imiquimod (IMQ) was ordered
from Enzo Life Sciences (Farmingdale, New York,
USA). Ovalbumin (OVA) was supplied by Sigma-
Aldrich (St. Louis, MO, USA). Influenza virus split vac-
cine (A/Anhui/1/2005(H5N1)) and alum adjuvant (alu-
minum hydroxide gels) were kindly provided by Hualan
Vaccine Inc. (Henan, China). Peptides (OVAg57 964 and
OVAj355 339) were synthesized by GL Biochem (Shang-
hai, China). Hemagglutinin (HA, A/Anhui/1/
2005(H5N1)) was ordered from Sino Biological Inc.
(Beijing, China). Premix membrane emulsification
equipment (FMEM-500 M) was provided by the Nation-
al Engineering Research Center for Biotechnology (Bei-
jing, China). Shirasu porous glass (SPG) membrane was
provided by SPG Technology Co. Ltd. (Sadowara, Ja-
pan). The medium for splenocytes culture was RPMI
1640 (Gibco, Carlsbad, CA, USA) with 10% (v/v) fetal
bovine serum (Gibco, Carlsbad, CA, USA). All mouse
cytokine ELISA kits and fluorochrome-conjugated ant-
mouse antibodies for flow cytometric use, were obtained
from eBioscience (San Diego, CA, USA), unless other-
wise indicated. ELISpot™"® kits were obtained from
Mabtech AB (Nacka Strand, Sweden). All other reagents
were of analytical grade.
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Preparation and Characterization of PLGA
Microparticles and Vaccine Formulations

PLGA microparticles were prepared using a two-step proce-
dure by combining the solvent evaporation method and the
premix membrane emulsification technique, as described be-
fore with some modifications (Fig. 1a) [12]. Briefly, 650 mg
PLGA dissolved in 13 mL dichloromethane was added into
65 mL PVA solution (1.5%, m/v) and magnetically stirred at
450 rpm for 90 s to form coarse emulsion. (To prepare IMQ-
loaded PLGA microparticles, 20 mg IMQ and 650 mg PLGA
were co-dissolved in 13 mL dichloromethane.) Nearly
uniform-sized droplets were obtained by extruding the coarse
emulsion through SPG membrane (pore size, 2.8 um) for four
times. Inactive and cheap nitrogen was employed to form
pressure to drive emulsion through microporous SPG mem-
brane. . Solidification of emulsion droplets into microparticles
was achieved by magnetically stirring the emulsion overnight
to evaporate the organic solvent dichloromethane. Then,
PLGA microparticles were collected by centrifugation
(5000% g, 5 min), and further washed with deionized water
for three times to remove the residual PVA and free IMQ),
Finally, PLGA microparticles were lyophilized and stored at
room temperature.

The hydrodynamic size and zeta potential of microparti-
cles were measured by a Nano-ZS Zeta Sizer (Malvern Instru-
ments Ltd., Malvern, UK). Microparticles morphology was
characterized by scanning electron microscopy (JEM-
6700 F, JEOL Ltd., Tokyo, Japan). Nano Measurer 1.2 soft-
ware was employed to measure the size of microparticles ac-
cording to the scanning electron micrographs.

The imiquimod content within microparticles was deter-
mined by high performance liquid chromatography, accord-
ing to previously described method [16, 17]. Briefly, 5 mg
microparticles were dissolved in 300 pL acetonitrile, and then
700 uLL 0.1 M HCI was added. The mixture was filtered and
then injected into a reverse-phase HPLC system (HPLC, LC-
20AT, Shimadzu) to determine the concentration of
imiquimod. Sample injection volume was 40 uL. The detec-
tion was carried out at 40°C using a Hypersil GOLD C18
chromatographic column (250%4.6 mm, 5 um, Thermo).
The mobile phase was a mixture of 10 mM PBS (phosphate
buffered saline) containing 0.1% triethylamine (pH 2.45) and
acetonitrile in the ratio of 7:3 (v/v). The flow rate was kept
1.4 mL/min, and the UV detection wavelength was set at
245 nm.

Vaccine formulations were prepared by incubating micro-
particles (or alum adjuvant) within antigen solution for 4 h at
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Fig. 1 (a) Schematic illustration of preparation of PLGA microparticles by the O/W emulsion—solvent evaporation method combined with the premix
membrane emulsification technique. (b) Schematic illustration of vaccine formulation adjuvanted by IMQ-loaded PLGA microparticles. (c) Size distribution and
zeta potential of different microparticles. (d) Scanning electron micrographs of different microparticles. The scale bar in (d) represents | um.
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25°C in a vertical mixer (Table S1, S2). 10 uM PBS was used
as buffer solution. The obtained vaccine formulations was
conserved at 4°C for subsequent animals immunization. Mi-
cro BCA kit was utilized to measure the antigen adsorption
level onto adjuvants. The mixture was centrifuged (5000 X g,
5 min), and antigen concentration in the supernatant was
detected. Antigen adsorption efficiency (AE) was calculated
according to the following formula: AE (%) = (total antigen-
antigen in supernatant)/total antigen X100%.

In Vitro Assays-Antigen Uptake by APCs and APCs
Activation

Bone marrow-derived dendritic cells (BMDCs) were isolated
from the femurs and tibia of C57BL/6 mice (male, 4—6 weeks)
and cultured i vitro in the presence of 10 ng/mL murine
granulocyte macrophage colony-stimulating factor (GM-
CSF) (Hangzhou Clongene Biotech, China) and 50 ng/mL
murine interleukin-4 (IL-4) (PeproTech, USA) [18]. Peritone-
al macrophages (pM®s) were harvested from pre-stimulated
C57BL/6 mice (female, 6-8 weeks), according to a previously
described protocol [19]. To detect antigen uptake, different
vaccine formulations (Alexa Fluor 488-labelled OVA, 5 pg/
mL; microparticles, 100 ng/mL) were incubated with pM®s
in 24-well plates. At the indicated time points, cells were col-
lected and stained with anti-mouse CD11b antibody
(eBiosciences). Flow cytometer (BD Calibur) was used to de-
tect the percentage of antigen-positive pM®s. To evaluate
APCs activation, BMDCs or pM®s were cultured in 24-well
plates, and incubated with OVA (5 pg/mlL) and microparti-
cles (100 pg/mL), or OVA (5 pg/mlL) alone, for 24 h. Then,
cells were harvested and the supernatant was collected. Con-
centrations of cytokines (IL-1f, IL-6, TNF-a) in the superna-
tant were determined by ELISA Kits.

Immunization Studies

For OVA model antigen, 32 female C57BL/6 mice (6—
8 weeks) were randomly divided into four groups (#=8) and
intramuscularly immunized with 100 pL (50 pL/hind leg) of
different vaccine formulations containing 25 g of antigen
(OVA). Mice were immunized three times at 2-week intervals
(Fig. S1). Blood samples were collected from the caudal vein
before each immunization and 10 days after the third immu-
nization. Sera was separated and stored at —70°C for later
analysis. At 10 days after the third immunization, splenocytes
were collected for w vitro proliferation, cytokine response, and
flow cytometric assays.

For H5NT influenza split vaccine, 25 female Balb/c mice
(5—6 weeks) were randomly divided into five groups (#=15) and
intramuscularly immunized with 100 pL (50 pL/hind leg) of
different vaccine formulations containing 3 pg of HA. Mice
were immunized twice at a 2-week interval (Fig. S1). Blood
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samples were collected from the caudal vein before each im-
munization and 14 days after the second immunization. Sera
was separated and stored at —70°C for later antibody detec-
tion. At 14 days after the second immunization, splenocytes
were collected for i vitro cytokine response assay.

Determination of Antigen-Specific IgG and IgG
Subclasses

Antigen-specific IgG, IgG1, IgG2a, and IgG2b in the serum
were quantitatively determined by enzyme-linked immuno-
sorbent assay (ELISA) in accordance with a protocol described
previously [5]. Briefly, 96-well ELISA plates (Costar, Corning,
New York, USA) were coated overnight at 4°C with 2 pg of
OVA (or 0.2 pg of influenza split vaccine) per well in coating
buffer (0.05 M CBS, pH 9.6). Plates were washed with PBST
(0.01 M PBS containing 0.05% (m/v) Tween 20, pH 7.4) and
blocked by incubating with 2% (m/v) BSA (Roche, Basel,
Switzerland) in PBST for 60 min at 37°C. After washes with
PBST, 100 pL per well of appropriate sera dilutions were
added to the plates, serially diluted two-fold in dilution buffer
(PBST containing 0.1% (m/v) BSA), and incubated for
30 min at 37°C. Plates were then washed and incubated with
100 pL horseradish peroxidase-conjugated goat antibodies
against either mouse IgG (Sigma-Aldrich, St. Louis, MO,
USA), IgG1, IgG2a, or IgG2b (Santa Cruz, CA, USA) (IgG
diluted 1:20000; IgG1, IgG2a and IgG2b diluted 1:2000) for
30 min at 37°C. Thereafter, the plates were washed again
with PBST, and 100 pL of 3,3",5,5"-tetramethylbenzidine
(TMB) substrate was added to each well and incubated for
20 min at room temperature. After stopping the reaction by
adding 50 pL of 2 M HySO, to each well, the optical density
(OD, 450 nm) was measured by an Infinite M200 Microplate
Spectrophotometer (Tecan, Mannedorf, Switzerland). Titers
were given as the reciprocal sample dilution corresponding to
twice higher OD than that of the negative sera.

Hemagglutination Inhibition (HI) Assay

To further evaluate the efficacy of particles-adjuvanted H5N1
influenza vaccine, the HI assay was performed to detect anti-
HA antibody levels, according to previously described method

[2].

Determination of Cytokine Levels in Splenocytes
Culture Supernatant

For mice immunized with OVA antigen, splenocytes were
collected 10 days after the third immunization, and stimulated
with antigen (OVA, 50 pg/ml; splenocytes, 4% 10° cells/mL)
for 85 h at 37°C in a humid atmosphere with 5% COy. The
supernatant was collected by centrifugation (500X g, 5 min).
IFN-y, IL-4, and granzyme B levels in the supernatant were
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measured by Ready-to-use Sandwich ELISA kits (eBioscience,
San Diego, CA), and IL-5, IL-6, IL-12, and TNF-a levels in
the supernatant were detected by ProcartaPlex Mouse Essen-
tial Th1/Th2 Cytokine Panel (eBioscience, San Diego, CA),
according to the manufacturer’s instructions.

For mice immunized with H5N1 influenza split vaccine,
splenocytes were collected 14 days after the second immuni-
zation, and stimulated with HA (2.5 ng/mlL; splenocytes, 5 X
10° cells/mL) or IYSTVASSL peptide (1 ug/mL; splenocytes,
5x10° cells/mL) for 65 h at 37°C in a humid atmosphere
with 5% CO,. Concentrations of IFN-y and granzyme B in
the culture supernatant were measured by Ready-to-use
Sandwich ELISA kits (eBioscience, San Diego, CA).

Splenocyte Proliferation Assay

Splenocytes were harvested from C57BL/6 mice immunized
with OVA antigen, 10 days after the third immunization.
Splenocyte proliferation assay was carried out as previously
described method [5, 20]. Briefly, splenocytes (1.2 x 10° cells/
mL), simulated with OVA (50 pg/mL) or not, were seeded in
triplicate (100 uL/well) in a 96-well plate and incubated at
37°Cin a humid atmosphere with 5% COy. After 40 h, 10 pL
of CCK-8 solution (Dojindo, Japan) was added to each well,
and the plates were incubated for an additional 4 h. The
absorbance at 450 nm (with 620 nm as reference) was mea-
sured by an Infinite M200 Microplate Spectrophotometer
(Tecan, Ménnedorf, Switzerland). The results were expressed
as the proliferation index (PI): PI=OD (450 nm) for stimulat-
ed cultures/OD (450 nm) for non-stimulated cultures.

Evaluation of T Cell Activation and Memory T Cell
Responses by Flow Cytometry

Ten days after the third immunization, splenocytes were col-
lected from OVA antigen-immunized C57BL/6 mice. Fre-
quencies of activated T cells and memory T cells in
splenocytes were measured by flow cytometry. Cells were cul-
tured in RPMI 1640 supplemented with 10% fetal bovine
serum (4.0%x10° cells/mL) and re-stimulated with peptide
for 60 h. Cells simulated with MHC I peptide (OVAg57_964,
1 pg/mL) were stained with the following set of fluorochrome-
conjugated anti-mouse antibodies: Alexa Fluor 488—anti-
CD8a, PE—anti-CD44, APC—anti-CD62L, and eFluor 450—
anti-CD69 (eBioscience). Cells stimulated with MHC II pep-
tide (OVAg93_339, 2 ng/mL) were stained with the following
set of fluorochrome-conjugated anti-mouse antibodies: eFluor
450—anti-CD4, PE—anti-CD44, APC—anti-CD62L, and
FITC—anti-CD69 (eBioscience). After washing, cell samples
were examined by Beckman Coulter CyAn" ADP flow
cytometer, and data were analyzed by Summit software (ver-
sion 4.3).

Statistical Analysis

All data in this study were shown as the mean* standard error
of the mean (SEM). Statistical analysis was performed using
GraphPad Prism 5.0 software (San Diego, CA, USA). Differ-
ences among multiple groups were tested using one-way
ANOVA followed by Tukey’s multiple comparison. Differ-
ences between two groups were tested by an unpaired, two-
tailed Student’s ¢-test. Significant differences between the
groups were expressed as: ¥p<0.05, **¥p<0.01, and
%) <0.001.

RESULTS AND DISCUSSION

Characteristics of PLGA Microparticles and Vaccine
Formulations

The objective of this study is to investigate the adjuvanticity of
immunopotentiator-loaded microparticles. To perform this
study, blank and IMQ-loaded PLGA microparticles were pre-
pared by O/W emulsion—solvent evaporation method com-
bined with the premix SPG membrane emulsification tech-
nique, as shown in Fig. la [12]. The diameters of blank PLGA
microparticles (PMPs) and IMQ-loaded PLGA microparticles
(IPMPs) were 1038£12.41 and 979.0£ 19.73 nm, respectively
(Table I, Fig. 1c). Scanning electron micrographs revealed
that both PMPs and IPMPs were spherical particles with nar-
row size distributions (Fig. 1d). Thus, similar sizes were ac-
quired for PMPs and IPMPs. The zeta potential of both mi-
croparticles were —31.93%£0.32 and —22.90+0.29 mV, re-
spectively (Table I, Fig. 1c). The IMQ) content in IPMPs was
22.51£2.30 ng/mg, as determined by high performance lig-
uid chromatography (Table I). As shown in Fig. S6, the w2 vitro
release profile indicated that IMQ) encapsulated within PLGA
microparticles was released in a sustained manner, with the
burst effect appearing in the first 24 h. In this study, vaccine
formulations were prepared by mixing antigen with adjuvants
(Fig. 1b). Antigen adsorption efficiency analysis indicated that
little antigen adsorbed onto microparticles surface (<5%), and
more than 80% of antigen was adsorbed by alum adjuvant
(aluminum hydroxide gels).

In Vitro Study of Antigen Uptake and APCs Activation

Antigen-presenting cells (APCs) play important roles in anti-
gen presentation and subsequent initiation of adaptive im-
mune responses. Antigen uptake by APCs 1s a prerequisite of
antigen presentation and subsequent T cells activation. After
fabricating PMPs and IPMPs, we firstly evaluated their effects
on antigen uptake by macrophages, a kind of professional
APCs. We incubated different vaccine formulations with peri-
toneal macrophages (pM®s), and detected antigen uptake by
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Table I  Characteristics of PLGA Microparticles. Data are Expressed as Mean = SEM

Particles Diameter (DLS, nm) PDI' Diameter (SEM, nm) Zeta potential (mV)2 IMQ content (ug/mg)
PLGA MPs (Blank) 10381241 0.09=0.01 703.7%=11.08 —31.93+032 -

PLGA MPs (IMQ) 979.0%=19.73 0.19=0.02 719.0%=13.37 —22.90+0.29 23.51=2.30

' PDI, polydispersity index from dynamic light scattering (DLS)
% Zeta potential of microparticles was measured in deionized water

flow cytometer. After incubation for 2 and 4 h, compared to
soluble antigen, both PMPs and IPMPs significantly improved
antigen uptake (Fig. 2A1, A2). No difference in antigen uptake
existed between PMPs- and IPMPs-adjuvanted vaccines.
When incubated for 12 h, pM®s incubated with IPMPs vac-
cine internalized more antigen than those for PMPs vaccine
(Fig. 2A3). We attributed this enhanced antigen uptake to
IMQ. We assumed that IMQ released from IPMPs could
improve APCs activation, after IPMPs were internalized by
APCis. Activated APCs then phagocytized more particles and
antigen.

In order to verify our hypothesis, we further detected the
efficacies of PMPs and IPMPs in activating m vitro cultured
APCs (bone marrow-derived dendritic cells and peritoneal
macrophages, BMDCs and pM®s). Inflammatory cytokines
are mediators of APCs activity, and secretion of inflammatory
cytokines is a hallmark of activated APCs function [21].
Therefore, we measured the concentrations of inflammatory
cytokines (IL-1f, IL-6, and TNF-a) in the supernatant of
BMDCs and pM®s incubated  vitro with different vaccine
formulations (antigen (OVA) or antigen (OVA)-particles mix-
ture). As shown in Fig. 2, compared to antigen, PMPs

al b1 BMDCs ci pMos
IMQ-PLGA IMQ-PLGA ] IMQ-PLGA ]
PLGA PLGA ] e PLGA ] o
Ag Ag Ag
0 5 10 15 20 0 5 10 15 20 0 10 20 30 40
Percentage of Ag-positive cells (%) IL-1B (pg/mL) IL-1p (pgfmL)
al b2 BMDCs c2 pMos
IMQ-PLGA IMQ-PLGA } IMQ-PLGA ]
PLGA PLGA wne PLGA
Ag Ag Ag
0 5 10 15 20 0 " 1000 2000 3000 0 1000 2000 3000 4000
Percentage of Ag-positive cells (%) IL-6 (pg/mL) IL-6 (pg/mL})
a3 b3 BMDCs c3 pMOS
IMQ-PLGA IMQ-PLGA IMQ-PLGA :|
PLGA PLGA s PLGA }
Ag Ag Ag
0 5 10 15 20 0 500 1000 1500 0 1000 2000 3000 4000

Percentage of Ag-positive cells (%)

TNF-a (pg/mL)

TNF-a (pa/mL)

Fig.2 Effects of PMPs and IPMPs on antigen uptake by pM®, and activation of BMDCs and pM®. Different vaccine formulations (Alexa Fluor 488-labelled OVA,
5 ug/mL; microparticles, |00 ug/mL) were incubated with pM®s in 24-well plates. At the indicated time points, the percentages of antigen-positive pM®s were
detected using flow cytometer (Al, 2 h; A2, 4 h; A3, 12 h). BMDCs or pM®s were cultured in 24-well plates, and incubated with OVA (5 ug/mL) and
microparticles (100 ug/mL), or OVA (5 ug/mL) alone, for 24 h. Then, cells were harvested and the supermatant was collected. Concentrations of cytokines (IL- 1 3,
IL-6, TNF-0) in the supernatant were determined by ELISA kits. *p <0.05; **p <0.01; ***p <0.001.
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increased the secretion of IL-1f and TNF-a by BMDCis
and pM®s (Fig. 2B1, B3, Cl, C3). What’s more, IPMPs
induced significantly more inflammatory cytokines secretion
by BMDCs and pM®s than PMPs (Fig. 2b, c). Expression
of MHC molecules and co-stimulatory molecule (CD86) on
APCs also indicates the activation level of APCs. Conse-
quently, we determined the expression of MHC II and
CD86 molecules on pM®s. Results indicated that pM®s
treated with IPMPs vaccine expressed significantly higher
levels of MHC II and CD86 than those for PMPs vaccine
(Fig. S2 in Supplementary Data). Taken together, combin-
ing IMQ within microparticles significantly improved the
efficacy of PLGA microparticles in activating APCs. This
could be attributed to the action of IMQ, When IPMPs
were phagocytized by pM®s or BMDCs, IMQs were re-
leased from microparticles and bound to TLR-7 in
endosomes, activating subsequent signal pathways and in-
ducing activation of APCs. After evaluating the effects on
APCs activation by i vitro assays, to further assess the ad-
juvant activity of PMPs and IPMPs, relevant i viwo assays
were performed as follows.

Systemic Antibody Responses in Vaccinated Mice

Firstly, we measured how microparticles adjuvant affected
systemic antibody responses. IgG, IgG1, IgG2a, and IgG2b
titers in serum were detected by ELISA. As shown in
Fig. 3A1-A3, at any time points (14, 28, or 38 days after
first immunization), IPMPs vaccine elicited the highest IgG
titer, followed by PMPs vaccine, and then soluble antigen.
We also detected the IgG subclass profiles, i.e. IgGl,
IgG2a, and IgG2b titers in sera. These results were same
to above-mentioned IgG titers, showing better efficacy of
IPMPs in inducing antigen-specific IgG1 (Fig. 2B1-B3),
IgG2a (Fig. 2C1-C3), and IgG2b (Fig. 2D1-D3). IgG is
consisted of structurally and functionally distinct subclasses,
and IgG1, IgG2a, and IgG2b are main IgG subclasses in-
duced by protein antigens [12, 22]. IgG2a and IgG2b are
the most effective in activating immune cells (such as mac-
rophages and monocytes), and ratios of IgG2a/IgG1 and
IgG2b/IgG1 indicate the Th1/Th2 polarization [12, 22,
23]. Therefore, we analyzed the ratios of I1gG2a/IgG1
and IgG2b/IgG1 for IgG antibody elicited by different vac-
cine formulations. As shown in Fig. S3 in Supplementary
Data, the ratios of IgG2a/IgG1 (Fig. S3A) and IgG2b/
IeG1 (Fig. S3B) for IgG induced by IPMPs vaccine were
higher than those for PMPs vaccine, suggesting that IPMPs
showed more potent adjuvanticity to induce Thl-polarized
immune response. Taken together, incorporation of IMQ
within microparticles significantly promoted the efficacy of
PLGA microparticles in evoking antigen-specific antibody
responses.

Cytokine Levels Secreted by £x ivo re-Stimulated
Splenocytes

Since we observed that IPMPs displayed better efficacy in
antibody response in mice compared to PMPs, we next ex-
plored whether these microparticles could also alter the cyto-
kine secretion profiles in mice. Splenocytes harvested from
vaccinated mice were re-stimulated ex vivo with OVA, and
Thl (IFN-y, IL-12, TNF-o) and Th2 (IL-4, IL-5, IL-6) cyto-
kines in the supernatant were determined. As shown in
Fig. 4a, microparticles adjuvants improved IFN-y secretion
by splenocytes, and the IFN-y level produced by splenocytes
from mice immunized by IPMPs vaccine was higher than that
for PMPs vaccine. Significant differences in IL-12 and IL-5
secretion were observed between IPMPs vaccine and soluble
antigen ($<0.01, Fig. 4b, e). Similar TNF-a0 and IL-4 levels
were produced by splenocytes from mice immunized with
both microparticles-adjuvanted vaccine formulations, which
were significantly higher than that for soluble antigen
(Fig. 4c, d). As shown in Fig. 41, with respect to IL-6 secretion,
no difference was observed between PMPs vaccine and solu-
ble antigen. However, IPMPs vaccine induced significantly
more IL-6 production than PMPs vaccine and soluble antigen
(p<0.05). In order to analyze the Thl/Th2 bias, we calculat-
ed the ratio of IFN-y to IL-4. Result showed that IPMPs
induced larger IFN-y/IL-4 ratio, indicating stronger Thl po-
larization (Fig. S4 in Supplementary Data). This result was
consistent with the above-described IgG subclasses ratios.
We also determined the degranulation of CD8" T cells by
detecting release of granzyme B, to evaluate the cytotoxic
phenotype of CD8" T cells induced by different vaccine for-
mulations [24]. As shown in Fig. 5, more granzyme B was
released from antigen-specific CD8" T cells from mice immu-
nized with microparticles-adjuvanted vaccines as compared to
soluble antigen, and significant difference existed between
groups of IPMPs vaccine and soluble antigen (p<0.05). On
the whole, compared to PMPs, IPMPs induced higher levels
of both cytokines (Thl and Th2 cytokines) and granzyme B
secretion by splenocytes, indicating stronger immune
responses.

Splenocyte Proliferation Assay

An ex viwo splenocyte proliferation assay was performed to
evaluate the effects of both microparticles on splenocyte pro-
liferative responses. As shown in Fig. 6, under the stimulation
of OVA, splenocytes collected from mice immunized with
IPMPs vaccine proliferated more efficiently than those collect-
ed from mice immunized with PMPs vaccine (p<0.05) or
soluble antigen (p<0.01). Therefore, we believed that IPMPs
vaccine evoked more potent antigen-specific immune re-
sponses than other formulations.
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Fig. 3 Antigen-specific IgG antibody responses in C57BL/6 mice immunized with different vaccine formulations (OVA as antigen). Mice (n = 8) were intramus-
cularly vaccinated on day O, 14, and 28 as described in the Methods section. (Al-A3) IgG titers, (B1-B3) IgG |, (C1-C3) 1gG2a, and (D 1-D3) IgG2b in the serum at
the indicated time points after first immunization. Data are shown as the mean=SEM (n =8). *p <0.05; **p <0.01; *¥% <0.001.

T Cell Activation Assays

CD69 is an early marker of activated lymphocytes [25,
26]. Therefore, we determined the frequencies of CD69"
T cells in splenocytes harvested from immunized mice by
flow cytometry, to evaluate activation of T cells. As shown
in Fig. 7, expression of CD69 on CD4" T cells (Fig. 7a)

@ Springer

and CD8" T cells (Fig. 7b) from mice immunized with
IPMPs vaccine was significantly more than those for PMPs

formulations.

vaccine and soluble antigen. Representative FACS histo-
grams of the mean percentages were shown in Fig. 7c, d.
These results indicated that IPMPs vaccine formulation
induced more potent T cell activation than other
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Fig. 4 Cytokine secretion by a
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frequencies of central-memory (CD44"CD62L") and
effector-memory (CD44™CD62L'™) T cells in splenocytes
harvested from immunized mice by flow cytometry, to assess
memory T cell responses. The frequency of CD44™CD621"
central-memory CD4" T cells in splenocytes harvested from
mice immunized with IPMPs vaccine was higher than those
for PMPs vaccine and soluble antigen (Fig. 8a). Significant
differences in frequencies of CD44™CD62L" effector-
memory CD4" T cells (Fig. 8b), CD44"CD62L" central-
memory CD8" T cells (Fig. 8c), and CD44™CD62L/"
effector-memory CD8" T cells (Fig. 8d) were observed be-
tween IPMPs vaccine and soluble antigen (<0.05). With re-
gard to CD44™CD62LY effector-memory CD4" T cells
(Fig. 8b) and CD44™CD62L™ central-memory CD8" T cells
(Fig. 8¢) T cells, significant differences existed between PMPs-
and IPMPs-adjuvanted vaccine formulations (p<0.05). Rep-
resentative FACS plots of the mean percentages for CD4" T
cells and CD8" T cells were shown in Fig. 8e and f, respec-
tively. In summary, IPMPs-based vaccine formulation elicited
the strongest memory T cell responses. Central memory T
cells which are located in lymphoid tissues have long life span
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Fig. 6 Proliferative responses of splenocytes responding to antigen ex vivo. C57BL/6 mice (n = 8) were immunized with different vaccine formulations (OVA as
antigen) for three times as described in the Methods section. Splenocytes were harvested |0 days after the third immunization and restimulated ex vivo with
antigen for 40 h. Splenocyte proliferation was measured using CCK-8 kit, and the proliferation index was calculated. Data are expressed as the mean + SEM (n =

8). *p <0.05; **p <0.01.

and high proliferative capacity to produce effector cells to deal
with pathogen infection [27]. Although having less prolifera-
tive potential than central memory T cells, effector memory T
cells traffic through nonlymphoid tissues and can rapidly re-
spond to antigen re-exposure [28]. Therefore, stronger mem-
ory T cell responses indicate better vaccine efficacy.
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Fig. 7 Frequency of activated (CD69™) CD4 ™ and CD8™" T cells in splenocytes. C57BL/6 mice (n =8) were immunized with different vaccine formulations
(OVA as antigen) for three times as described in the Methods section. Splenocytes were harvested |0 days after the third immunization and restimulated ex vivo
with antigen for 85 h. The frequency of CD69"CD4™ Tcells (a) and CD69 " CD8™ Tcells (b) were measured by flow cytometry. FACS histograms in (c) and (d)
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Fig. 8 Frequency of central (CD44"CD62L"Yeffector (CD44"CD62L'™™) memory CD4 " and CD8™ T cells. C57BL/6 mice (n=8) were immunized with
different vaccine formulations (OVA as antigen) for three times as described in the Methods section. Splenocytes were harvested |0 days after the third
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the mean percentages of eight mice in each group. Data in (a), (b), (c), and (d) are expressed as the mean = SEM (n=8). *p <0.05.
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the adjuvant effects of PLGA microparticles. To further inves-
tigate the adjuvant activity, we evaluated the effects of IPMPs
on immune response to H5NT influenza split vaccine in mice.

We firstly assessed antigen-specific antibody titers in sera.
No significant difference in IgG titers was observed between
groups of blank and IMQ-loaded PLGA microparticles-
adjuvanted vaccine formulations (Fig. 9a, b). As shown in
Fig. 9¢, both blank and IMQ-loaded PLGA microparticles-
adjuvanted vaccine formulations elicited significantly higher
haemagglutinin inhibition titers than soluble antigen
(p<0.05).

Then, we evaluated cellular immune responses by deter-
mining cytokines secretion by splenocytes re-stimulated by
antigen m vitro. As shown in Fig. 9d, e, IMQ-loaded PLGA
microparticles-adjuvanted vaccine, but not PLGA
microparticles-based vaccine, induced significantly more
IFN-y secretion by splenocytes than alum-adjuvanted vaccine
and soluble antigen (p<0.05). We also carried out ELISpot

assay to evaluate production of IFN-y by splenocytes. The
results (Fig. S5) were similar to above-mentioned data by
ELISA assay, both indicating that IMQ-loaded PLGA micro-
particles induced more IFN-y secretion by splenocytes. Re-
lease of granzyme B was determined to evaluate the degran-
ulation of CD8" T cells. Result indicated that both
microparticles-adjuvanted vaccine formulations induced sig-
nificantly more granzyme B release than alum-based vaccine
and soluble antigen (p<0.05, Fig. 9f). IMQ-loaded PLGA
microparticles-based vaccine developed slightly more gran-
zyme B release than PLGA microparticles-adjuvanted vac-
cine. Previous reports showed that cellular immunity played
important role in influenza vaccines (especially in protecting
against mutated viruses), and should deserve more attentions
[29]. Results here suggested that IMQ-loaded PLGA micro-
particles showed better efficacy in augmenting cellular im-
mune response, because the Thl cytokine IFN-y could direct-
ly improve cell-mediated immunity, [30] and degranulation of

Fig. 9 Adjuvant effects of IMQ- a d
loaded PLGA MPs for H5NI| influ- 1gG-14 days IFN-y (stimulated with HA)
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CD8" T cells played an important role in CTL response.
Further virus challenge study should be carried out to confirm
whether the improved cellular immunity could provide better
protection against influenza virus infection.

Adjuvants are required to ensure the efficacy of subunit
vaccines (such as recombinant or purified proteins) with better
safety profiles. Although adjuvant based on molecular
immunopotentiators show excellent adjuvant activity, their
uses are limited by some factors, such as adjuvant solubility,
uptake efficiency by immune cells, system distribution and
potential toxicity, and so on [7, 15]. Particle-based delivery
systems are another kind of promising vaccine adjuvant. In-
corporation of molecular adjuvants within particle delivery
systems could overcome some drawbacks of molecular adju-
vants, and improve the adjuvanticity of particles, achieving
more potent adjuvant activity. In this study, we fabricated
IMQ-loaded PLGA microparticles from FDA-approved poly-
mer PLGA and immunopotentiator IMQ), and evaluated
their adjuvanticity for model antigen ovalbumin and H5N1
influenza split vaccine. In vitro and i vivo studies showed that
incorporation of IMQ) into PLGA microparticles significantly
augmented immune responses (especially cellular immune re-
sponse) to antigen mixed with microparticles. This study sug-
gested that IMQ-loaded PLGA microparticles were promis-
ing robust adjuvant platform for subunit vaccines.

CONCLUSIONS

In this study, IMQ-loaded PLGA microparticles were pre-
pared from FDA-approved polymer PLGA and
immunopotentiator IMQ), and their adjuvant effects were in-
vestigated, using model antigen ovalbumin (OVA) and H5N1
influenza split vaccine as antigens. [n vitro study showed that
incorporation of IMQ) into microparticles significantly im-
proved the efficacy of PLGA microparticles in activating
BMDCs and pM®s, and improving antigen uptake. In vivo
studies showed that IMQ-loaded PLGA microparticles-
adjuvanted vaccine (OVA) induced more potent immune re-
sponses, including higher IgG titer, more cytokines secretion,
stronger splenocyte proliferation and activation, and stronger
memory T cell response, than PLGA microparticles-based
vaccine. IgG subclass profile and cytokine secretion level by
splenocytes indicated that IMQ-loaded PLGA microparticles
elicited more Th1-polarized immune response, in comparison
to PLGA microparticles. In viwo study using H5N1 influenza
split vaccine as antigen also confirmed the effects of IMQ-
loaded PLGA microparticles on antigen-specific cellular im-
mune response. These results showed that incorporation of
IMQ into microparticles enhanced the adjuvanticity of PLGA
microparticles. Considering the safety profiles (PLGA and
IMQ, both approved by FDA) and the adjuvanticity of
IMQ-loaded PLGA microparticles, we conclude that this kind

of immunopotentiator-loaded polymeric microparticles are
promising robust adjuvant platform for subunit vaccines.
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