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Abstract. Poly(lactic-co-glycolic acid) (PLGA) particles carrying antigen and adjuvant is a promising
vaccine system which has been shown to stimulate systemic antigen-specific immune responses. In this
study, we investigated the relationship of (i) the sizes of PLGA particle and (ii) the presence of cytosine-
phosphate-guanine motifs (CpG), with the extent and type of immune response stimulated against
Dermatophagoides pteronyssinus-2 (Der p2) antigen. Different sizes of PLGA particles encapsulating
CpG were prepared using a double emulsion solvent evaporation method. Mice were vaccinated with
Der p2 and different sizes of empty or CpG-loaded PLGA particles. Vaccinated mice were exposed to
daily intranasal instillation of Der p2 for 10 days followed by euthanization to estimate leukocyte
accumulation in bronchoalveolar lavage (BAL) fluids, antibody profiles, and airway hyperresponsiveness.
PLGA particles showed a size-dependent decrease in the proportion of eosinophils found in BAL fluids.
Mice vaccinated with the Der p2 coated on 9-μm-sized empty PLGA particles showed increased levels of
IgE and IgG1 antibodies as well as increased airway hyperresponsiveness. All sizes of PLGA particles
encapsulating CpG prevented airway hyperresponsiveness after Der p2 exposures. Inflammatory
responses to Der p2 exposure were significantly reduced when smaller PLGA particles were used for
vaccination. In addition, encapsulating CpG in PLGA particles increased IgG2a secretion. This study
shows that the size of PLGA particles used for vaccination plays a major role in the prevention of house
dust mite-induced allergy and that incorporation of CpG into the PLGA particles preferentially develops
a Th1-type immune response.
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INTRODUCTION

In the USA, 84% of residences have detectable levels of
house dust mite (HDM) allergens and a quarter of these
houses have higher levels of allergens than the proposed limit
for asthma (1). Chronic exposure to HDM allergens can lead
to lung inflammation characterized by lung eosinophilia and
airway obstructions which can trigger asthma attacks in
sensitized individuals (2). It has been reported that prolonged
exposure to HDM allergens activates dendritic cells (DCs)
present in lungs, priming T-helper 2 (Th2) immune responses
(3) which consequently promote secretion of proinflammato-
ry cytokines, recruitment of eosinophils to lungs, and B cell

stimulation to produce immunoglobulin (Ig) E antibodies (4).
Most current therapeutic treatments for asthma target
neutralization of inflammatory mediators and relieve local
symptoms for only a short duration (5, 6). Recently devel-
oped subcutaneous immunotherapy and sublingual immuno-
therapy to induce HDM-specific long-term tolerance have
shown promising results in adults and children but such
treatment required regular administration of high doses of
HDM allergens for at least 3 years to show satisfactory
clinical efficacy (7–9). Absence of a long-term solution to
HDM-induced asthma in combination with the dangerous
levels of HDM allergens present in households necessitates
the requirement for a prophylactic vaccine that would switch
the inflammatory immune response induced by HDM aller-
gen to a protective immunity. This vaccine should induce T-
helper 1 (Th1) immunity that results in production of
interferon-gamma (IFN-γ), interleukin (IL)-12, and IgG2a
antibodies (10, 11). This negative regulation of Th2 orches-
trated airway inflammation and induction of protective
immunity by Th1 cells can reduce pathogenic symptoms
associated with allergy (12–14).

Among the various allergen-producing HDM,
Dermatophagoides pteronyssinus (Der p) is the most preva-
lent allergy-causing mite (15, 16). These HDMs produce Der
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p2, a highly potent allergen that has structural and functional
similarities with the immunostimulatory lipopolysaccharide-
binding protein, MD2 (17). Serum samples of 79% of patients
suffering from asthma, wheezing, and/or rhinitis possessed
positive titers for anti-Der p2 IgE antibodies, making it a
potential allergen for development of vaccines against HMD
allergies (18). However, in an attempt to generate HDM
vaccines, subcutaneous injections of Der p2 allergen to mice
caused increases in the production of IgE antibodies and Th2-
skewed immune responses (19). This necessitated the formu-
lation of a vaccine that involved co-administration of the
allergen with adjuvants that promote Th1-biased immune
responses in order to effectively induce Der p2-specific Th1-
type antibodies that would alleviate lung damage associated
with exposure to allergen (20, 21). Unmethylated cytosine-
phosphate-guanine motifs–1826 (CpG) is a potent
oligodeoxynucleotide used as an adjuvant for polarization of
immune responses to the Th1-type (22–24). It is an agonist to
Toll-like receptor–9 which activates DCs and B cells to
produce Th1-specific cytokines and suppresses Th2-modulat-
ed allergic responses (21). Co-administration of CpG-con-
taining immunostimulatory oligodeoxynucleotide (ISS-ODN)
with HDM allergen has been shown to decrease eosinophilia
and IL-5 production while increasing the production of IFN-γ
in nasal lavage fluid (25). In the same study, these responses
were significantly improved when ISS-ODN was chemically
conjugated with HDM allergen. In a clinical trial for ragweed
allergy, peripheral DCs isolated from healthy individuals
vaccinated with ragweed allergen conjugated to
immunostimulatory oligodeoxyribonucleotide 1018 (Dynavax
Technologies, Berkeley, CA) expressed increased levels of
Th1 cytokines and decreased levels of Th2 cytokines (26). In
a similar murine study, subcutaneous immunization of Balb/c
mice with CpG conjugated to cedar pollen allergen was
shown to increase the production of allergen-specific IgG2a
and secretion of IFN-γ by CD4+ T cells isolated from spleens
(27). With the clear demonstration of the importance of CpG
at inducing a robust immunity against allergens, these studies
also demonstrated that co-delivery of allergen with CpG is
essential for stimulating an active Th1-type immune response
(28). Chemical conjugation of CpG with allergen, although
often successful, is expensive and can lead to structural
modification of conjugated molecules changing their
immunostimulatory properties. In addition, in vivo spontane-
ous cleavage of the conjugating bridge between allergen and
adjuvant can prevent co-delivery of molecules to the same
cell. An alternative co-delivery method is to administer CpG
and Der p2 in biodegradable poly(lactic-co-glycolic acid)
(PLGA) polymer particles. In addition to co-delivering
multiple molecules, many studies have recognized the signif-
icance of PLGA particulate vaccines in stimulating robust
Th1-type responses as characterized by secretion of IgG2a
antibodies (29, 30). Vaccination of mice with antigen-loaded
PLGA microparticles and CpG, either co-loaded with antigen
or injected as a solution, showed enhanced secretion of IgG2a
antibodies with a greater ratio of IgG2a:IgG1 antibodies
when compared to mice vaccinated with a mixture of antigen
and aluminum hydroxide (31). We have previously reported
that PLGA particles encapsulating antigen and CpG can
stimulate robust immune responses compared to vaccination
of antigen and CpG in solution (32, 33). In addition, we have

shown that the magnitude of the immune response generated
directly depends on the size of PLGA particles used for
immunization (33). While large particles encapsulating anti-
gen with CpG are known to produce high levels of total IgG1
titers, submicron-sized particles containing antigen with CpG
have been shown to induce higher ratios of IgG2a to IgG1. To
develop prophylactic therapy against allergy-associated lung
disorders, induction of high IgG titers and Th1-type immune
responses is highly desirable. Th1-polarized immunity could
decrease the secretion of IgE antibody and inflammatory
damage to lungs upon exposure to allergen (20). Thus, in this
study, we sought to determine the effects of the size of PLGA
particle vaccines and the influence of CpG on the overall
immune response to Der p2-coated PLGA particle vaccines.

MATERIALS AND METHODS

Preparation of CpG-Loaded PLGA Particles

Different sizes of particles were prepared using a modified
method described by Joshi et al. (33). Briefly, 3 mg of CpG
(Integrated DNATechnologies, Coralville, IA) was dissolved in
75 μL of 1% poly(vinyl alcohol) (PVA; Mowiol® 8–88; MW
∼67,000; Sigma, Allentown, PA). A primary emulsion was
prepared by sonication of this solution at 60% output power for
30 s in 2 mL of dichloromethane (DCM) containing 200 mg of
PLGA (Resomer® RG 503; viscosity 0.32–0.44 dL/g; MW
24,000–38,000; Boehringer Ingelheim KG, Germany) using a
sonic dismembrator (Model FB 120 equipped with an ultrasonic
converter probe CL-18; Fisher Scientific, Pittsburgh, PA). To
prepare different sizes of PLGA particles, two independent
methods were used for the preparation of the secondary
emulsion. In method 1, the primary emulsion was emulsified in
1% PVA for 30 s using a sonic dismembrator at 60% output
power. In method 2, an Ultra Turrax homogenizer (T 25 basic
with 12.7 mm rotor; IKA-werke; Wilmington, NC) at
13,500 rpm/min was used for 30 s to emulsify the primary
emulsion in 1% PVA. These secondary emulsions were stirred
in a fume hood for 2 h for complete evaporation of DCM.
Different sizes of suspended particles were collected by
sequential centrifugation of particles at 200 rpm (7×g),
700 rpm (75×g), 4,000 rpm (2,880×g), and 7,000 rpm (6,790×g)
for 5 min. Particles were washed with distilled water and
lyophilized using FreeZone 4.5 (Labconco Corporation,
Kansas City, MO). Particles collected at 700, 4,000, and
7,000 rpm were used for further experiments.

Quantification of CpG Loading into PLGA Particles

Loading of CpG into PLGA particles was estimated by
degrading 20 mg of PLGA particles in 1 mL of 0.2 N NaOH
for 12 h or until a clear solution was obtained. This solution
was then neutralized with 1 N HCl. CpG was quantified using
a fluorescence OliGreen® ssDNA quantitation reagent assay
kit (Molecular Probes, Eugene, OR). Briefly, in a 96-well
plate, 100 μL of 1X working reagent was added to 100 μL of
standard CpG solutions of different concentrations and
samples with unknown CpG concentrations. The plate was
then incubated at room temperature for 5 min in the dark.
Fluorescence was measured at λex 444 and λem 520 nm using
a SpectraMax® M5 multi-mode microplate reader (Molecular
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Devices, Sunnyvale, CA). A standard curve generated from
the known concentrations of CpG was used to determine the
concentrations of CpG in samples.

Loading and percentage encapsulation efficiency (%EE)
was calculated according to Eqs. 1 and 2, respectively.

Loading ¼ Conc:� Vol:½ �
Weight of particles

ð1Þ

where,
Loading: The amount of CpG in PLGA particles (μg/mg

of PLGA particles)
Conc.: Concentration of CpG calculated from Oligreen

assay (μg/mL)
Vol.: Volume of neutralized solution of degraded PLGA

particles (mL)
Weight of particles: Initial weight of CpG encapsulated

PLGA particles used for the assay (mg)

%EE ¼ Loading�WParticles

WCpG

� �
ð2Þ

where,
Loading: Loading of CpG as calculated from equation 1

(μg/mg)
WParticles: Amount of CpG encapsulated PLGA particles

prepared (mg)
WCpG: Initial amount of CpG used for the preparation (μg)

Characterization of PLGA Particles

The surface morphology of different fractions of particles
was studied using Hitachi S-4800 scanning electron micros-
copy (SEM) (Hitachi High-Technologies, Ontario, Canada).
Briefly, a drop of the suspension of lyophilized particles (1–
5 mg/mL in deionized water) was plated onto a silicon wafer

mounted on a SEM stub using a double stick carbon tape.
The suspension was left to dry in air for 1 h. After drying, the
silicon wafer was coated with gold-palladium by an argon
beam K550 sputter coater (Emitech Ltd., Kent, England).
Images were captured using the Hitachi S-4800 SEM at 5 kV
accelerating voltage. The average particle sizes (n>or=100)
of different batches were calculated using ImageJ software
(US National Institutes of Health, Maryland, USA) as
described by Joshi et al. and were confirmed by Zetasizer
Nano ZS (Malvern, Worcestershire, UK) measurements (33).

In Vitro Release of CpG from Different Sizes of PLGA
Particles

Release kinetics of CpG from different PLGA particle
preparations were determined by adding 20 mg of particles
from each batch in a glass vial containing 5 mL of phosphate-
buffered saline (PBS) heated to 37°C. These vials were
capped and placed in a 37°C shaking incubator set at
200 rpm/min. Samples were collected at regular intervals.
During the collection of every sample, medium was
replenished with fresh PBS and sink conditions were main-
tained at all times. Samples were analyzed using a fluores-
cence OliGreen® assay kit as described above.

Animal Models of Der p2-Induced Asthma

Male C3H/HeBFeJ mice (5–6 weeks old) were obtained
from Jackson Laboratories (Bar Harbor, ME) and provided
standard laboratory rodent chow and water ad libitum (34).
All animal care, housing, and procedure requirements of the
National Institutes of Health Committee on Care and Use of
Laboratory Animals were followed. Ninety-six mice were
acclimatized for 7 days prior to first vaccination and divided
randomly into nine experimental groups as described in Fig. 1.
Untreated (sentinels) and PBS-treated (shams) control mice
were used as unsensitized controls. Twelve mice per group were

Fig. 1. Treatment groups and experimental timeline for investigating effects of size of PLGA particles and presence of CpG in inducing
protective immunity against Der p2 allergen. On day 0 and day 7, mice were vaccinated (s.c. injection) with Der p2-coated blank or CpG-
loaded microparticles. From day 14 to day 23, mice received ten doses of Der p2 via intranasal instillation
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used in each experiment, except for the sentinel group (n=4). A
solution of 10 μg LoTox Natural Der p2 (LTN-DP2-1, Indoor
Biotechnologists, endotoxin <0.03 EU/μg) in 100 μL PBS was
incubated with PLGA particles for 30 min to coat Der p2 on
PLGA particles. Mice were vaccinated by subcutaneous (s.c.)
injection on day 0 and day 7, under isoflurane anesthesia (using
a precision Fortec vaporizer, Cyprane, Keighley, UK) with Der
p2 coated on PLGA particles loaded with or without 5 μg CpG.
On each of days 14 to 23 (ten doses), mice were exposed to
2.5 μg Der p2 in 50 μL PBS by intranasal instillation during
isoflurane anesthesia to induce airway inflammation and
hyperresponsiveness. Mice were weighed on day 0, 7, 14, and
24 and observed for any behavioral changes or clinical
symptoms. All mice were euthanized on day 24.

Collection and Processing of Serum and Bronchoalveolar
Lavage Fluid

Mice were euthanized with an overdose of isoflurane on
day 24. Blood for Igs analysis was collected through cardiac
puncture. Bronchoalveolar lavage (BAL) fluid was collected
and processed as described by George et al. with minor
modifications (35). Briefly, the trachea was exposed; BAL
was performed using three doses of 1 mL of sterile saline
(0.9% sodium chloride solution; Baxter, Deerfield, IL). BAL
fluid was centrifuged at 800×g for 5 min at 4°C, and the
supernatant was stored at −80°C for determination of
cytokines. Cells in the pellet were resuspended in Hank’s
balanced salt solution (Life Technologies, Grand Island, NY)
for total cell counts using a hemocytometer. For differential
cell counts, cells were spun onto microscope slides at 800×g
for 3 min using a Cytospin 4 (Thermo Shandon, Thermo
Scientific, Waltham, MA), air-dried, and stained using Proto-
col® HEMA 3 stain set (Fisher Diagnostics, Pittsburgh, PA),
and then, 400 cells per slide were counted to enumerate
macrophages, neutrophils, eosinophils, and lymphocytes
under an optical microscope (Olympus, Center Valley, PA).

Detection of Serum Der p2-Specific IgE, IgG1, and IgG2a

The presence of anti-Der p2 IgG1, IgE, and IgG2a
antibodies in the individual sera were evaluated by ELISA.
Corning® 96 Well EIA/RIA Microplates (Corning, Lowell,
MA) were coated with 100 μL of LoTox Natural Der p2
(2.5 μg/mL for IgG1 or 5 μg/mL for IgE and IgG2a) in 0.05 M
sodium-potassium carbonate buffer (pH 9.6) and incubated
overnight at 4°C. After three washes with PBS containing
0.05% v/v Tween® 20 (PBST), the plates were blocked with
150 μL of 1% w/v BSA in PBST for 1 h at room temperature
(RT). Serum samples were serially diluted in blocking buffer
at ranges from 1:10 to 1:80 for IgE, 1:25 to 1:25,600 for IgG2a,
and 1:100 to 1:102,400 for the IgG1 assay. Diluted sera were

added to the plates (100 μL/well) and incubated for 2 h at RT.
Plates were washed three times and incubated with 100 μL 1/
4,000 dilution of HRP-conjugated rat anti-mouse IgG1 or
IgG2a or goat anti-mouse IgE (Southern Biotech,
Birmingham, AL) for 2 h at RT. Plates were then washed
six times with PBST followed by addition of 100 μL/well of
TMB substrate (Thermo Scientific, Waltham, MA), and after
15-min incubation at RT, the reaction was stopped by
addition of 0.17 N sulfuric acid (100 μL/well). The
absorbance (optical density (OD)) was measured at 450 nm
in a microplate spectrophotometer (SpectraMax® plus 384,
Molecular Devices, Sunnyvale, CA). Because there is no
commercially available standard mouse human anti-Der p2
antibodies, the equivalent concentrations of specific-Der p2
IgG1, IgG2a were calculated by comparison with a reference
curve generated with a known serum. Results for IgG1 and
IgG2a were expressed as ELISA units (U/mL); 1 U/mL was
defined as reciprocal value of the serum dilution that gave an
OD value of 1. This was always within the linear part of the
dilution curve. To ensure reproducibility, a serum sample of
known titer was run with each test as a standard.

Histological Analysis

Lungs that were not lavaged were rinsed with saline solution
through the heart, perfused via the cannulated trachea, and fixed
in 10% zinc formalin (Fisher Scientific, Kalamazoo, MI). Tissues
were then paraffin-embedded and 5-μm-thick sections were
stained with hematoxylin and eosin (H&E). Lung tissues were
evaluated for allergic airway inflammation using light microscopy
to study the presence of inflammatory cells infiltrates, perivascular
and peribronchiolar inflammation. Severity of perivascular in-
flammationwas quantified by a 4-point scoring system.Briefly, 0=
absence of cell cuffs, 1=rare to few scattered perivascular
inflammatory cell cuffs, 2=multifocal to moderate numbers of
perivascular inflammatory cell cuffs, 3=large number of diffuse
perivascular inflammatory cell cuffs. Total lung inflammation was
defined as the sum of perivascular cuffing scores across all slides.

Evaluation of Airway Hyperresponsiveness

Airway hyperresponsiveness (AHR) was assessed on day
24, which was 24 h after the final intranasal instillation of Der p2,
using a forced oscillation technique (FlexiVent System,
SCIREQ, Montreal, QC, Canada). Mice were anesthetized by
an intraperitoneal injection of 90 mg/kg of sodium pentobarbital
(Ovation Pharmaceuticals, Inc. Deerfield, IL), and tracheotomy
was performed using a tracheal cannula with luer adapter
(1.3 mm, length 20 mm, Harvard Apparatus, Holliston, MA).
Animals were then connected to a small animal ventilator set at
a frequency of 150 breaths/min, a tidal volume of 10mL/kg and a
positive end-expiratory pressure of 2 to 3 cm H2O. Each mouse

Table I. Characterization of a Representative Batch of PLGA Particles Prepared Using Methods 1 and 2

Batch name

Percentage weight recovered

Collection G force Size (μm) Loading of CpG (μg/mg particles)Method 1 Method 2

Small 0.0 29.6 7,000×g 0.3±0.1 2.8
Medium 4.2 62.2 4,000×g 1.0±0.2 4.1
Large 58.4 0.0 700×g 9.2±2.1 5.1
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was challenged with increasing concentrations (3, 10, 30, and
100 mg/mL) of methacholine chloride (ICN Biomedicals, Inc.
Solon, OH) aerosol that were generated for 10 s with an in-line
nebulizer. Airway resistance was measured using a “snapshot”
protocol each 20 s for 5 min, ensuring that measured parameters
stabilized. The mean of these 15 values was calculated for each
methacholine dose. At the end of the experiment, the animal
was disconnected from the ventilator and given an overdose of
sodium pentobarbital.

Statistical Analysis

Data were analyzed using statistical and graphing
software GraphPad PRISM (GraphPad, San Diego, CA).
All assays were compared using one-way analysis of variance
(ANOVA) followed by Tukey’s post-test to compare all pairs
of treatments. Differences were considered significant at p
values that were less than or equal to 0.05. Values given are
means±SEM from at least six animals in each group unless
otherwise noted.

RESULTS

Preparation of CpG-Loaded PLGA Particles

The double emulsion solvent evaporation method was
used to fabricate CpG-loaded PLGA particles. A modified
procedure was used for the preparation of the secondary
emulsions. Method 1 and method 2 generated different sizes
of PLGA particles which were segregated at different
centrifugation speeds into batches of large-, medium-, and
small-sized PLGA particles as described in Table I. Method 1,
using an Ultra Turrax homogenizer to prepare secondary
emulsions, gave a greater fraction of larger-sized particles as
compared to the sonic dismembrator used in method 2. SEM
images in Fig. 2 show that each batch had spherical particles
with a distinct size distribution and smooth morphology.
Particle sizes for each batch were calculated using SEM
images and are described in Table I. Particle sizes for
medium- and small-sized particles were confirmed with
dynamic light scattering. De et al. has shown that different
sizes of PLGA particles are stable at 4°C for at least a week
(36). Lyophilized particles prepared for these studies were
stored at −20°C until used.

Loading and Release Kinetics of PLGA Particles
Encapsulating CpG Depends on Particle Size

The loading capacity of CpG was directly proportional to
the size of the PLGA particles (see Table I). Encapsulation
efficiency for CpGwas 22% formethod 1 and 22.5% formethod
2 as calculated from Eq. 2. Release kinetics of CpG from PLGA
particle matrices were assessed in PBS using a 37°C shaking
incubator. All sizes of particles demonstrated an initial burst
release followed by a sustained release of CpG. The percentage
of CpG released during the initial phase depended on the size of
particles. Smaller particles, probably due to a larger surface area
to volume ratio, showed a higher percentage of burst release of
CpG which decreased with increasing particle size. This was
followed by sustained release of CpG from every batch of
particles as demonstrated in Fig. 3.

Accumulation of Inflammatory Cells Depends on the Size
of PLGA Particles and Presence of CpG

Upon allergen challenge, inflammatory cells can accu-
mulate in the lungs activating downstream inflammatory
pathways which can lead to asthma (37). Here, the accumu-
lation of leukocytes was evaluated by studying the phenotype
of cells collected from BAL fluids of vaccinated mice on day
24. These mice were intranasally exposed with Der p2 antigen
from day 14 to day 23 to induce allergic airway inflammation
and hyperresponsiveness which is an established model for
human allergic asthma (38, 39). As shown in Fig. 4,

Fig. 2. Scanning electron micrographs of CpG-loaded i small-, ii medium-, and iii large-sized PLGA particles. Particles are spherical with
smooth morphology. Scale bar on lower right represents 5-μm length

Fig. 3. Release study of CpG from different sizes of PLGA particles.
Particles were incubated at 37°C in an incubator shaker in PBS. All
particles showed burst release followed by sustained release of CpG
except small-sized particles that showed 100% release of CpG within
1 h. Values are expressed as mean±SD (n=3)
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accumulation of the total number of cells, primarily eosino-
phils and lymphocytes, in BAL fluids of mice vaccinated with
Der p2 coated on PLGA particles was found to increase with
increasing size of PLGA particles. Mice vaccinated with
small-sized particles displayed minimal eosinophilia which
was similar to shams and sentinels (mice unexposed to Der
p2). Figure 4 also demonstrates that the presence of CpG in
PLGA particles used for vaccination consistently dampened
the eosinophilia and accumulation of lymphocytes in lung
tissue of vaccinated mice. When mice were vaccinated with
small- or medium-sized microparticles, inclusion of CpG also
reduced recruitment of macrophages compared with the mice
without CpG (Fig. 4(v)). Mice vaccinated with large particles
without CpG exhibited significantly higher influx of inflamma-
tory cells into airways (*p<0.05, **p<0.01) as compared to all
treatment groups as shown in Fig. 4(i), (ii), and (iii) showing no
protection against Der p2 exposures. There was no significant
difference among the numbers of neutrophils collected from
BAL fluids. Figure 4(vi) compared the fraction of each cell
phenotype accumulated in the lungs of vaccinated mice. The
fractions of eosinophils collected in lungs were decreased in the
presence of CpG and smaller PLGA particles.

Der p2-Coated PLGA Particles Induces IgG Response
and the Presence of CpG Favors Production of IgG2a
Antibodies

Serum samples from mice vaccinated with different sizes
of PLGA particles with or without CpG were collected on
day 24 and measured for the induction of humoral immune
responses by evaluating the levels of IgG1, IgG2a, and IgE
antibodies specific for Der p2 using ELISA. Mice vaccinated

with large particles without CpG showed significantly higher
levels of IgG1 antibody (**p<0.01) than those vaccinated
similarly but with CpG as shown in Fig. 5(i). This group of
mice had comparatively low levels of IgG2a antibodies
compared to PLGA particles with smaller sizes. The presence
of CpG enhanced the induction of IgG2a antibodies in sera of
mice vaccinated with small- and medium-sized particles as
shown in Fig. 5(ii). It has been shown that generation of
IgG2a antibody is dependent on cytokines such as IFN-γ
which favor the switch of T-helper responses to Th1-type (10).
In contrast, secretion of IgG1 and IgE antibodies is supported
by IL-4 and IL-5 which primarily promotes Th2-type immune
responses (20). Thus, the ratio of IgG2a:IgG1 antibodies
measured in serum samples of each treatment group was
evaluated in Fig. 5(iii). It was found that the presence of CpG
in particles used in vaccinations resulted in increased
proportions of IgG2a antibodies compared to mice vaccinated
with the corresponding sized particles in the absence of CpG.
In addition, ratios of IgG2a:IgG1 antibodies in mice vacci-
nated with Der p2 coated on small- and medium-sized
particles encapsulating CpG were significantly higher (*p<
0.05, **p<0.01) compared to other treatment groups. This
would be expected to induce a blunting of airway inflamma-
tion and hyperresponsiveness associated with Der p2 lung
exposure. Mice vaccinated with small- and medium-sized
PLGA particles showed only small levels of IgE secretion
which was not significantly different from mice not exposed to
Der p2 (Fig. 5(iv)). In contrast, mice vaccinated with large
particles showed significant increases in the levels of IgE
antibody detected in the serum (*p<0.05, **p<0.01). This
clearly demonstrates that decreasing the size of PLGA
particles used for vaccination decreases the induction of

Fig. 4. Number of i total cells, ii eosinophils, iii lymphocytes, iv neutrophils, and v macrophages in BAL fluids of vaccinated mice collected on
day 24 (n=6). vi Relative proportions of the different cell types in the BAL fluids of vaccinated mice on day 24. Significant differences were
evaluated using one-way ANOVA followed by Tukey’s post-test (*p<0.05, **p<0.01). Values are expressed as mean±SEM
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Th2-polarized antibody responses. This can be enhanced by
the inclusion of CpG, but it is the size of the PLGA particles
that has the major role in determining the type of Th
response.

Presence of CpG in Vaccine Diminishes Airway
Hyperresponsiveness

Allergic asthma is characterized by an increase in airway
hyperresponsiveness (AHR) to nonspecific bronchoconstrictors

like methacholine (40). The ability of PLGA particle vaccines to
suppress the induction of AHRwas evaluated 24 h after ten daily
intranasal exposures of Der p2 to vaccinated mice. Mean
baseline lung function (in the absence of methacholine chal-
lenge) did not differ among all experimental groups. As
demonstrated in Fig. 6, mice vaccinated with small-sized particles
showed no significant increase in AHR from baseline after
increasing the dose of methacholine challenges. In contrast, mice
vaccinated with Der p2 coated on large PLGA particles
demonstrated the greatest increase in airway resistance after
methacholine challenge (10, 30, and 100 mg/mL) which was

Fig. 6. Airway hyperresponsiveness (AHR) of mice vaccinated with Der p2-coated i small-, ii medium-, and iii large-sized PLGA particles with
or without CpG (n=6). Mice were challenged with increasing doses of methacholine on day 24. Significant differences were evaluated using
one-way ANOVA followed by Tukey’s post-test (*p<0.05, **p<0.01, ***p<0.001). Data represent mean±SEM

Fig. 5. i Anti-Der p2 IgG1, ii anti-Der p2 IgG2a, iii ratio of IgG2a:IgG1 antibodies, and iv anti-Der p2 IgE antibody titers were estimated in
serum samples of mice collected through cardiac puncture on day 24 (n=6). Significant differences were evaluated using one-way ANOVA
followed by Tukey’s post-test (*p<0.05, **p<0.01). Values are expressed as mean±SEM
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significantly different from shams and sentinels (**p<0.01,
***p<0.001). AHR was also significantly different in mice
vaccinated with Der p2-coated medium-sized particles after
methacholine challenge at 30 and 100 mg/mL, compared to
sentinels and shams (*p<0.05, ***p<0.001). Vaccination of mice
withCpGencapsulated in PLGAparticles significantly suppressed
AHR when compared to Der p2-coated medium- and large-sized
empty PLGA particles (*p<0.05, **p<0.01, ***p<0.001).

Presence of CpG Reduces Perivascular Cuffing

Allergy can cause infiltration of inflammatory cells
into the peribronchiolar and perivascular connective
tissues which were examined by histological analysis.
Experimental groups that showed inflammatory cell infil-
trates were predominately perivascular in nature with
adjacent airways showing a similar, although less intense,
inflammatory cell response. As shown in Fig. 7 and
consistent with BAL data, the primary lesions caused by
perivascular inflammation were predominantly composed
of macrophages and eosinophils with fewer neutrophils.
Mice vaccinated with Der p2 coated on large- and
medium-sized blank PLGA particles showed the most
severe perivascular cuffing which was reduced in mice
vaccinated with PLGA particles encapsulating CpG. Mice
vaccinated with Der p2 coated on small PLGA particles
were also free from primary lesions caused by inflamma-
tory cells. These mice along with the mice vaccinated with
medium-sized particles containing CpG had only a mild
increase in the cellularity of the alveolar septa that was
primarily due to increased numbers of mononuclear cells.
Overall, using small-sized particles or CpG-containing
particles for vaccination can significantly reduce the
perivascular cuffing as shown in the graphical insert of
Fig. 7.

DISCUSSION

Asthma caused by HDM leads to inflammatory damage
of lungs that is associated with secretion of Th2-dependent
anti-Der p2 IgE antibodies, eosinophilic influx to lungs, and
airway hyperactivity (4). Currently, there is no permanent
treatment for pathological symptoms caused by asthma and
most clinicians prescribe temporary therapies for alleviating
the inflammatory responses caused by repeated exposure to
allergen. Absence of an optimal therapeutic treatment and a
high prevalence of asthma in the USA (41) emphasize the
need for stimulation of allergen-specific Th1-biased responses
to suppress the activation of Th2-driven inflammation. This
can be achieved by the careful design of a vaccine system
which can stimulate DC, an important modulator for the
polarization of Th responses to favor Th1 activation (42).
Suzuki et al. have developed transgenic rice carrying murine
and human T cell epitopes of Der p1 protein (43). They have
shown that mice fed on transgenic rice showed decreased IgE
antibody secretion and reduced allergic airway inflammation
after allergen exposure when compared to mice fed on the
control diet. However, it is difficult to scale up the production
of this vaccine and control the standard dose of allergen
during vaccination. Recent studies have shown that vaccina-
tion of mice using polymer particles encapsulating antigen can
stimulate an antigen-specific effector T cell response which is
characterized by an increase in cytotoxic T lymphocyte (CTL)
activity, IgG2a production, and reduction in IgE secretion
(44, 45). Polymer particles offer multiple advantages over
soluble vaccine systems. They are stable at 4°C for more than
a week (36) and protect the encapsulated antigen from
degradation after systemic injection (46, 47). In addition,
particle-based vaccines are proposed to mimic bacterial or
viral infections which are readily phagocytosed by DCs for
antigen presentation to T cells (48). PLGA particles are well-

Fig. 7. Representative H&E stained lung sections of mice vaccinated with Der p2 coated on i small-, ii medium-, and iii large-sized CpG-
containing PLGA particles; v small-, vi medium-, and vii large-sized empty PLGA particles, and iv shams. Lung sections were collected on day
24. Arrows indicate key areas of pathology which were almost exclusively perivascular inflammatory cell infiltrates composed of macrophages
and eosinophils and fewer neutrophils which are highlighted in the high resolution image inserts. Scale bar at the lower right corner of each
image is 200 μm. Scale bars for high resolution image inserts are 20 μm in length. viii Perivascular cuffing lesion score for lung sections from all
mice (n=6). Significant differences were evaluated using one-way ANOVA followed by Tukey’s post-test (**p<0.01). Values are expressed as
mean±SEM
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characterized delivery systems which can be used for the co-
delivery of allergic antigen and adjuvant to the same DC
which in turn can steer immune responses toward a Th1-type
(30, 49). The stimulation of allergen-specific Th1-biased
immunity can prevent pathological damage associated with
allergen exposures. To test this hypothesis, we developed
CpG-loaded PLGA particles coated with allergen as a
prophylactic vaccine which can prevent AHR associated
with pulmonary inflammation on exposure to allergen. In
phase I/II clinical trials, HDM-induced allergic
rhinoconjunctivitis patients were given subcutaneous vacci-
nations of HDM extract combined with virus like particles
encapsulating CpG. The vaccine showed alleviation of
allergy symptoms within 10 weeks but 41% of the patient
population suffered from moderate side effects including
asthma, pruritus, and hypersensitivity (50). In addition,
immunotherapy using HDM extract can induce food
allergies to invertebrates and sea foods (51). Thus, in this
study, we used purified Der p2 allergen as the antigen for
vaccines. In a recent study, we have shown that particle
size in a PLGA vaccine system can affect the magnitude of
stimulated effector responses (33). This study demonstrated
that particle uptake and activation of DCs were increased
with decreasing size of PLGA particles encapsulating
ovalbumin and CpG. It was also shown that the magnitude
of the IgG2a response was highest in mice vaccinated with
300 nm PLGA particles compared to larger particles
thereby demonstrating the importance of particle size in
generating an appropriate immune response. In the study
presented here, we investigated the effect of the size of
PLGA particles in generating protective immune responses
against Der p2. Vaccinated mice were dosed with ten daily
intranasal instillations of Der p2 followed by various
diagnostic and immunological assays to determine the
efficacy of each vaccination formulation. We found that
mice vaccinated with Der p2 coated on small-sized particles
encapsulating CpG showed no increase in IgE and IgG1
serum levels after daily Der p2 exposures (Fig. 5). In
addition, levels of Th2 cytokines, IL-4, and IL-5, in BAL
fluid in this exposure group were below the limit of
detection (data not shown) confirming the absence of
inflammatory Th2 responses. This was further validated by
the discovery that the ratios of IgG2a:IgG1 antibodies were
remarkably high for small-sized PLGA particles containing
CpG. The immunological responses generated by CpG-
loaded PLGA particles coated with Der p2 were in
agreement with previously published data showing that
PLGA particles of sizes smaller than 1 μm encapsulating
ovalbumin and CpG resulted in increased levels of IgG2a
antibodies, a higher ratio of IgG2a:IgG1 and enhanced
numbers of ovalbumin-specific CD8+ T cells (33). These
studies combined suggest that a successful vaccine may be
designed by either encapsulating the antigen inside of the
particle or by adsorbing the antigen on to the surface of
the particle. The shift in Th2-type response to Th1-
dominant immunity during early disease has been shown
to prevent allergic inflammatory responses and lung remod-
eling (52, 53). In this study, analysis of BAL fluids (Fig. 4)
and lung histopathology (Fig. 7) of vaccinated mice
exposed to Der p2 antigen demonstrated that antigen-
specific immunity generated in mice vaccinated with small
PLGA particles coated with Der p2 prevented pulmonary
influx of leukocytes. Similarly, no significant increase in
airway resistance was observed with small PLGA particles
when challenged with increasing doses of methacholine.
Multiple DNA-based vaccine systems have also reported
induction of allergen-specific IgG2a responses and reduced

eosinophilia following vaccination (54, 55). However, these
responses are restricted by the ability of the plasmid DNA
constructs to reach a threshold antigen expression after
vaccination. Our data showed that blank or CpG-loaded small-
sized particles coated with Der p2 generate a robust immune
response which can prevent strong allergic responses to Der p2
exposures.Mice vaccinated withmedium- and large-sized empty
PLGA particles coated with Der p2 exhibited airway remodel-
ing and increasedAHR uponDer p2 exposures when compared
to sentinels. On encapsulation of CpG in these particles, AHR
(Fig. 6) and eosinophilia (Fig. 4 (ii)) were significantly reduced
compared to medium- and large-sized empty PLGA particles.
These results demonstrate that incorporation of CpG can
significantly improve efficacy of the vaccine.

CONCLUSION

This is the first study that comprehensively evaluates the
effect of size of PLGA particles and presence of CpG in
generating a vaccine against HDM. We have clearly demon-
strated that the size of PLGA particles used for the subcutane-
ous vaccination of mice against Der p2-induced asthma has a
significant impact on the efficacy of vaccine. With a decrease in
the size of particle vaccines, airway hyperresponsiveness and
eosinophilia accumulation in lungs were decreased after Der p2
exposures. This was accompanied with an increase in the
secretion of Der p2-specific IgG2a antibodies. Although larg-
er-sized blank particle vaccines failed to protect against lung
damage and inflammation induced by Der p2 exposures,
encapsulation of CpG in large-sized particle vaccines success-
fully steered the Th2-type response to Th1-dominant immunity.
Thus, the combined use of smaller-sized PLGAparticle vaccines
with CpG can significantly alleviate the asthmatic response
induced by HDM allergens.
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