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We investigated the influence of antigen entrapment in PLA nanoparticles on the immune responses
obtained after transcutaneous immunization. OVA-loaded PLA nanoparticles were prepared using a
double emulsion process. Following application onto bare skin of mice in vivo, fluorescence-labeled
nanoparticles were detected in the duct of the hair follicles indicating that the nanoparticles can pen-
etrate the skin barrier through the hair follicles. Although the OVA-loaded nanoparticles elicited lower

Isﬂe?’words" antibody responses than those induced by OVA in aqueous solution they were more efficient in inducing
A::trilgen cytokine responses. In vitro re-stimulation of cultured splenocytes with OVA elicited a little higher levels

PLA of IFN- (difference statistically insignificant, p > 0.05) and significantly higher levels of IL-2 (p <0.001) in
mice immunized with OVA-loaded nanoparticles compared to those immunized with OVA in solution.
In the presence of CT, the OVA-loaded nanoparticles induced significantly higher IFN-y and IL-2 than all
other formulations. Transcutaneous administration of OVA encapsulated in the PLA nanoparticles exhib-
ited priming efficacy to a challenging dose of OVA given via different route. These findings indicate the
potential of nanoparticles to deliver antigens via the transcutaneous route and prime for antibody and
strong cellular responses. The co-administration of an adjuvant such as CT had the added advantage of
modulating the immune response, a desirable characteristic within the context of vaccination against
intracellular versus extracellular pathogens.
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1. Introduction In recent years, Poly(lactide) (PLA) and Poly(lactide-co-

glycolide) (PLGA) microparticles have been extensively studied as

One of the major impediments to ensuring vaccine efficacy
is that of delivery. Towards this goal, innovative vaccination
strategies are currently under study and development, includ-
ing transcutaneous immunization (Glenn et al., 1998; Beignon
et al., 2001) or skin immunization using jet injectors (Guidice
and Campbell, 2006). Skin is an attractive route for vaccination
due to its accessibility, abundance of powerful antigen-presenting
cells (APCs) (Streilein, 1983), and potential for non-invasive deliv-
ery. The development of methods that enable the simple and
non-invasive administration of vaccines could help in overcom-
ing certain barriers to mass vaccination campaigns, such as the
requirement for trained medical personnel, the use of contami-
nated needles, and issues related to the cold-chain transport and
storage of vaccines.
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an antigen delivery system. Immunization with various types of
antigens entrapped in PLGA microparticles elicited enhanced and
long-lasting humoral and cellular immune responses (O’Hagan et
al., 1993; Men et al., 1996; Igartua et al., 1998; Rosas et al., 2002;
Nikou et al., 2005). Based on in vitro skin permeation studies,
nanoparticles have been shown to penetrate the pig skin (Alvarez-
Roman et al., 2004; Kohli and Alpar, 2004; Lademann et al., 2007).
This capacity appears to be influenced by the size and charge of the
particles. With regard to the particle size, Vogt et al. (2006) reported
that transcutaneously applied 40 nm nanoparticles (fluorescent
FluoSpheres), but not 750 or 1500 nm (Fluoresbrite Carboxylate
particles), penetrated the human skin stripped by approx. 30% of its
stratum corneum using cyanacrylate. The particles were shown to
enter in epidermal Langerhans cells in vitro. Based on these findings,
we opted to examine the potential of PLA nanoparticles as a vector
for antigen delivery via the transcutaneous route. As a model anti-
gen we used the ovalbumin (OVA) and characterized the humoral
and cellular responses induced.
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2. Materials and methods
2.1. Materials

D,L-Lactide was purchased from Polysciences (USA). OVA,
albumin-fluorescein isothiocyanate conjugate (FITC-albumin) and
CT were obtained from Sigma (USA). The goat anti-mouse
immunoglobulin IgG labeled with horseradish peroxidase (HRP)
was obtained from Serotec (United Kingdom). The ELISA kits for
mouse IL-2, IL-4, IL-10 and IFN-y were purchased from Diaclone
(France). All chemicals and solvents used were at least of analytical
grade.

2.2. Polymer synthesis

PLA (M =109 x 103, polydispersity index=3.2) was synthe-
sized by melt polymerization under nitrogen of b,L-lactide using
stannous octoate as catalyst (Beletsi et al., 1999).

2.3. Preparation and characterization of nanoparticles

OVA-loaded PLA nanoparticles were prepared by a double
emulsion process. Briefly, OVA (10mg) was dissolved in water
(400 1), and the solution was emulsified in a polymer solution in
dichloromethane (50 mg polymer in 2 ml solvent) using probe son-
ication (Bioblock Scientific, model 75038) at 15W for 1 min. This
emulsion was transferred to an aqueous solution of sodium cholate
(6ml, 12mM) and the mixture was probe-sonicated at 15W for
1 min. The w/o/w emulsion formed was gently stirred at room tem-
perature in a fume hood for 6 h. The nanoparticles were purified by
centrifugation and the pellet was reconstituted in fresh water and
filtered through a 1.2 pum filter (Millex AP, Millipore) to remove
aggregates possibly formed during nanoparticle preparation. The
nanoparticles were freeze-dried after mixing with trehalose in a
2:1 trehalose:nanoparticles weight ratio and stored in a dessicator
until used.

The size and the ¢ (zeta) potential of the nanoparticles
were determined using photon correlation spectroscopy (pcs)
and microelectrophoresis, respectively, using a Malvern Nano ZS
instrument. The ¢ potential was measured with the nanoparticles
suspended in 1 mM KCI. Atomic force microscopy (AFM) observa-
tion was performed in air at room temperature, on a Dimension
3000 apparatus, as well as on Multimode Equipment, both moni-
tored by a Nanoscope Illa controller from Digital Instruments (Santa
Barbara, CA, USA). A droplet (5 L) of sample from lyophilized and
reconstituted in water nanoparticles was deposited on a freshly
cleaved mica surface, spread and partially dried with a stream of
argon. The images were obtained in tapping mode, using commer-
cial silicon probes, from Nanosensors, with cantilevers having a
length of 228 m, resonance frequencies of 75-98 kHz, spring con-
stants 0f 29-61 N/m and a nominal tip curvature radius of 5-10 nm.
The scan rate used was 1Hz.

The loading of the nanoparticles with OVA was determined after
their hydrolysis using the bicinchoninic acid (BCA) assay. Briefly,
lyophilized samples of purified nanoparticles were hydrolyzed in
0.1N NaOH (37 °C) for 24 h and the protein content in the resulting
solutions was determined with the BCA method (Smith etal., 1985).

Fluorescent PLA nanoparticles labeled with FITC-albumin
(Sigma) were prepared by an emulsification-solvent evaporation
technique. FITC-albumin (4 mg) was dissolved in 400 .l water and
emulsified in a 2 ml solution of PLA (50 mg) in dichloromethane
(2 ml) using probe sonication at 15W for 1 min. The emulsion was
transferred to an aqueous solution of sodium cholate (6 ml, 12 mM)
and the mixture was probe-sonicated at 15W for 1 min. The w/o/w
emulsion formed was gently stirred at room temperature in a fume
hood for 6 h. The nanoparticles were purified by centrifugation and

reconstitution of the pellet in fresh water and filtered through a
1.2 wm filter (Millex AP, Millipore).

2.4. Measurement of OVA retention in nanoparticles in vitro

Samples of OVA-loaded nanoparticles (2-3 mg total protein con-
tent) were transferred to 30ml PBS (pH 7.4) and incubated in a
mildly shaking water bath (37°C). At predetermined time inter-
vals, 500 .l samples were withdrawn and centrifuged (28,000 rpm,
30min). The supernatants were assayed for protein by the BCA
method. Fresh incubation medium (500 wl) was added to the
nanoparticles after each sampling.

2.5. Study of nanoparticle penetration into the skin

Female BALB/c mice 6-8 weeks old (18-24 g) were anesthetized
with a subcutaneous injection of 110 g ketamine/g mouse and
11 pg xylazine/g mouse. Most of the hair from the back of each
mouse was removed with a Panasonic ER 140H hair trimmer and
then wetted with soap-water and shaved with a commercial shav-
ing blade. Neither cuts nor skin irritation was observed. The shaved
area was wiped with a cotton pad. Half an hour later, PLA nanopar-
ticles labeled with FITC-albumin (100 pl, 0.6 mg solids content)
were uniformly applied onto the shaved area (approx. 2.25 cm?,
1.5cm x 1.5 cm) using a pipette tip. Half an hour later, mice were
sacrificed, their back was washed twice with water and dried with
a cotton swab. Samples (1cm?2) from the treated skin areas were
removed and frozen in isopentane (—60°C) for 5min. Sections
20 wm thick were cut using a LEICA CM 1500 cryotome, and col-
lected on a glass slide, covered with Mowiol 488 and photographed
using a LEICA DM I6000B confocal laser microscope equipped with
a LEICA TCS SP5 laser scanner. Laser excitation wavelengths of
568 and 488 nm were used separately to scan skin and fluores-
cent nanoparticles, respectively. The fluorescence emanating from
the skin appeared red-colored (auto-fluorescence) and that origi-
nating from the fluorescent nanoparticles appeared green-colored;
the images were overlaid to provide dual-colored images (Alvarez-
Roman et al., 2004).

2.6. Immunization

Female BALB/c mice 6-8 weeks old (18-24 g) were used in all
experiments. All animal experiments were conducted in accor-
dance to the national regulations for care and use of laboratory
animals.

Groups of seven mice were immunized by topical application of
different OVA formulations (each containing 200 p.g OVA). Prior to
immunization mice were shaved as described in the previous para-
graph and the antigen formulations were applied onto the shaved
skin areas (approx. 2.25cm?) with the tip of a pipette. After 1h,
the shaved skin area was washed with water and dried with a
cotton swab. Cholera toxin (CT) (50 p.g/mouse) was included in
certain formulations as adjuvant. An equal booster dose of each
formulation was administered by the same route 2 weeks later.
The following groups were included in the study: (A) OVA solution
in water, (B) OVA solution in water plus CT, (C) OVA entrapped in
PLA nanoparticles, (D) OVA entrapped in PLA nanoparticles plus CT,
and (E) non-immunized mice. Blood samples were collected 2 and 4
weeks after the primary immunization. Just after the second blood
sampling (4 weeks after priming), 3 mice from each group were
sacrificed and their spleens were excised, whereas the remain-
ing 4 mice per group were injected subcutaneously with 50 pl of
a 1 mg/ml OVA solution in water. Two weeks later, the subcuta-
neously immunized mice were sacrificed and blood samples were
obtained.
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The protocol for raising the hyperimmune antiserum involved
a primary immunization of mice with 200 wg OVA dissolved in
50 wl saline and mixed at 1:1 (v/v) with Freund’s Complete Adju-
vant (FCA) (Difco). Mice were injected subcutaneously (50 .l of
the mixture in each flank of mice back), and received two booster
immunizations of the same dose of antigen emulsified 1:1 (v/v) in
Freund’s Incomplete Adjuvant (FIA) (Difco), 2 and 4 weeks after the
primary injection. Mice were bled by cardiac puncture 7 days after
the final immunization.

2.7. Analysis of the immune response

The anti-OVA antibody responses were measured in serum sam-
ples of immunized mice by ELISA. Briefly, microtiter plates (Costar)
were coated overnight with 5 p.g/ml OVA in carbonate-bicarbonate
buffer (0.05M, pH 9.6, 100 pl/well) at room temperature. Non-
specific binding sites were blocked with PBS containing 2% BSA
(Sigma). Serum samples, at dilutions from 1:100 to 1:1000,
and hyperimmune serum samples, at 1:1000 and 1:10,000 dilu-
tions, were added to wells and incubated overnight. After
washing, microtiter plates were incubated with 100 pl/well of
HRP-conjugated goat anti-mouse IgG antiserum (Sigma). TMB
(100 pl/well) was added, followed by incubation at room tempera-
ture for 15 min. The reaction was stopped by the addition of 100 jv.1
of 1M H;S04 solution in each well and the absorbance was mea-
sured at 450 nm. The results were expressed as antibody titers, i.e.
as the antiserum dilution providing an absorbance of 0.2 (£SD).

OVA-specific proliferative responses were determined in
splenocyte cultures using the [3H]|thymidine incorporation assay
(Nikou et al., 2005). Spleens were aseptically removed and pooled
for each group of animals. Then, they were minced using a
pair of scissors and passed through a fine steel mesh to obtain
a homogeneous cell suspension. Erythrocytes were lysed with
ammonium chloride (0.8%, w/v). After centrifugation (500 x g at
4°C for 10 min), the pelleted cells were washed three times in PBS,
and re-suspended in RPMI 1640 medium (Gibco) supplemented
with 10% (v/v) FCS (fetal calf serum), 4 mM L-glutamine, 50 LM 2-
mercaptoethanol and 100 pg/ml gentamycine. Cells were plated at
5 x 10 cells/well (in pentaplicates) in U-bottomed 96-well plates
(200 I medium/well) and stimulated with OVA (50 p.g/ml final
concentrationin the wells). Culture plates were incubated into a cell
incubator (5% CO,, 100% RH, 37 °C) for 48 h. At 18 h before the end of
the incubation period, 1 w.Ci of [3H]thymidine was added into each
well. Cells were harvested, washed twice with ice-cooled PBS and
then (twice) with ice-cooled trichloroacetic acid (5%, w/v in water).
Finally, the cells were dissolved in 0.5ml NaOH (0.2N) and the
radioactivity of the obtained solutions after dilution in CytoScint
(MP, USA) scintillation fluid was measured in a Wallac 1410 liquid
scintillation counter. Non-stimulated cells were used as negative
control and cells stimulated with 5 pwg/ml. Concanavalin A were
used as positive control. The results were expressed as stimulation
indices (SI) of the mean counts per minute (cpm) from cultures
in the presence of antigen divided by mean cpm of cultures with
medium only (non-stimulated cells).

For the measurement of cytokine secretion in splenocyte cul-
tures, the cells were plated at 2.5 x 106 cells/well (in duplicates)

Table 1

Basic physicochemical characteristics and loading properties of PLA/OVA nanoparticles.
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Fig. 1. AFM image of OVA-loaded nanoparticles.

in 24-well plates (1 ml medium/well) and stimulated with OVA
(100 pg/ml final concentrations in each well). Culture plates were
incubated into a cell incubator (5% CO,, 100% RH, 37 °C) for 48 h.
Then, the supernatants were analyzed for the presence of IFNv, IL-
2, IL-4 and IL-10 by sandwich ELISA, using appropriate kits from
Diaclone and following manufacturer’s instructions.

2.8. Statistical analysis

The statistical significance of the differences between groups
was investigated using Student’s t-test for comparison of unpaired
two samples and analysis of variance (ANOVA) for comparison of
more than two samples (Statgraphics Plus 4 software). Differences
were characterized as significant when p <0.05.

3. Results
3.1. Characterization of the nanoparticles

Based on the AFM images (Fig. 1), discrete nanoparticles of
spherical shape were obtained. The basic physicochemical prop-
erties and loading of different nanoparticle batches are shown in
Table 1. When ethyl acetate was used as polymer solvent, the
average size and % loading did not differ from those nanoparti-
cles prepared using dichloromethane. However, the encapsulation
efficiency of OVA fell to less than half of that in nanoparticles
prepared using dichloromethane. This is because the nanoparti-
cle recovery (% yield) in the case of those prepared using ethyl
acetate was reduced to about half of that of nanoparticles prepared
with dichloromethane (Table 1). In order to achieve a satisfactory
recovery of nanoparticles and OVA encapsulation efficiency, the
batches of nanoparticles administered in vivo were prepared using
dichloromethane as the polymer solvent.

Batch no. Polymer solvent Size (nm) P.L Z-potential (mV) Nanoparticles yield (%) Nanoparticles loading (%) Encapsulation
efficiency (for OVA, %)

1 Dichloromethane 149 0.138 -21.7 47.52 7.94 22.63

2 Dichloromethane 156 0.180 -221 47.00 7.74 21.82

3 Dichloromethane 148 0.142 -27.6 54.27 9.06 28.52

4 Ethyl acetate 150 0.185 —26.2 24.43 8.40 12.24

5 Ethyl acetate 143 0.151 -23.7 27.14 6.32 10.24
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Fig. 2. OVA leakage from nanoparticles in vitro (PBS, 37 °C).

3.2. Invitro retention of OVA in nanoparticles

The retention of OVA in PLA nanoparticles over a period of 24 h
is shown in Fig. 2. The nanoparticles retained more than 85% in
average of their OVA content. A similar low rate leakage of OVA from
PLGA nanoparticles has been reported by Coombes et al. (1996).

3.3. Invivo penetration of nanoparticles into the skin of mice

A dual fluorescence technique, which permits images to be
recorded at two excitation/emission wavelength couplets, was
applied in order to investigate the penetration of nanoparticles into
the skin (Alvarez-Roman et al., 2004). In this technique, confocal
images of the skin sample (visualized through its auto-fluorescence
at 568 nm) were superimposed on images of the same skin sample
(visualized at the excitation wavelength of the label of the fluo-
rescent nanoparticles, i.e. at 488 nm). In the control skin samples,
where nanoparticles had not been applied, only auto-fluorescence
from the hair shafts could be observed with the red fluorescence
detector at 568 nm (Fig. 3A). At 488 nm, very low auto-fluorescence
could be seen with the green fluorescence detector (Fig. 3B). When

the images were superimposed, only the auto-fluorescence of the
hair shafts was observed (Fig. 3C). In the skin samples in which fluo-
rescent nanoparticles had been applied, intense fluorescence from
the FITC label (green color) can be seen with the green fluorescence
detector (excitation 488 nm, Fig. 3E). When the images obtained
with the red and the green fluorescence detector were superim-
posed, the fluorescence originating from the FITC label could be
observed (Fig. 3F). FITC label on the surface of the skin as well as
along the hair shaft inside the skin (at a depth of approximately
63 nm into the hair follicle) can clearly be observed. Fig. 3F indi-
cates that the nanoparticles could gain access into the skin through
the hair follicles.

3.4. Immune responses

In preliminary experiments, the optimum doses of antigen
(OVA) and adjuvant (CT) to be used in the immunization protocol
were determined by the proliferation assay 3 weeks after tran-
scutaneous application of different doses of encapsulated antigen
(OVA-loaded PLA nanoparticles) and adjuvant (data not shown).
The maximum proliferative response was obtained when the dose
of OVA and adjuvant were 200 and 50 g, respectively.

The anti-OVA IgG responses elicited by the different OVA
formulations are presented in Fig. 4. Following prime-boost immu-
nization there were not significant differences (p>0.05, paired
comparison of same formulation at different times) in the anti-
OVA response in the OVA solution and in the encapsulated OVA
formulations (with or without adjuvant) (Fig. 4A). In contrast, the
response to OVA when given in solution in the presence of CT
was significantly increased after the boost (p<0.001) (Fig. 4A).
However, 2 weeks after the subcutaneous immunization with a
sub-immunogenic dose of OVA, anti-OVA titres were significantly
(p<0.001) increased compared to the titres 4 weeks after priming
in all groups of mice (comparison of data in Fig. 4B with those in
Fig. 4A).

S0um

Fig. 3. Confocal laser scanning microscopy images of skin samples from mice in which fluorescent PLA nanoparticles had been applied epicutaneously: (A-C) are images of
skin in which no nanoparticles had been applied (control images) and (D-F) are images of skin in which nanoparticles had been applied. The images (A and D) were obtained
using laser excitation wavelength of 568 nm, the images (B and E) were obtained using laser excitation wavelength of 488 nm, the image (C) is obtained by superimposition
of (A and B) images and the image (F) is obtained by superimposition of (D and E) images. The bar of 63 pm indicates the distance from the skin surface that the labeled

nanoparticles have traveled.
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Fig. 4. IgG anti-OVA responses obtained with the different formulations: OVA solu-
tion = OVA solution in water, OVA solution + CT = OVA solution in water plus CT, OVA
nps=0VA-loaded PLA nanoparticles, OVA nps +CT=0OVA-loaded PLA nanoparticles
plus CT, non-immune = non-immunized mice, only subcutaneous = mice immunized
only subcutaneously. Bars indicate standard deviation ((A) n=7, (B) n=4).

The splenocyte proliferation ex vivo, for splenocytes isolated
from mice immunized with different OVA formulations, is shown
inFig. 5. Stimulation indices higher than 2 were obtained, indicating
the specificity of the immune response induced by the formulations
tested.

The cytokine responses obtained with the different OVA formu-
lations at 2 weeks after the booster transcutaneous immunization
(i.e. at 4 weeks after transcutaneous priming) are shown in Fig. 6
(high cytokine responses were obtained with the positive con-
trol concanavalin A; they were not included in Fig. 6 for clarity).
Following in vitro stimulation with OVA, the splenocytes of mice
immunized with the OVA-loaded nanoparticles secreted a little
higher IFN-vy (difference statistically insignificant, p>0.05) and
higher (p<0.001) IL-2 levels than those immunized with the OVA
aqueous solution. The OVA-loaded nanoparticles plus CT exhibited
the highest IFN-y and IL-2 responses, much higher than the other
formulations tested. The only formulation which led to the secre-
tion of significantly higher (p <0.001) levels of IL-4 than the control
(non-immunized mice) was the OVA-loaded nanoparticles plus CT
(Fig. 6). All formulations led to the secretion of similar levels of IL-10

(Fig. 6).

4 weeks after transcutaneous priming
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Fig. 5. Antigen-specific proliferative responses of splenocytes from mice immu-
nized with the different OVA formulations (symbols as in Fig. 4).
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Fig. 6. Cytokine responses obtained with the different OVA formulations 4 weeks
after primary transcutaneous immunization (symbols as in Fig. 4). Bars indicate
standard deviation (n=3).

4. Discussion

Recently, the topical delivery of antigens formulated into par-
ticulate delivery systems has evoked considerable interest. This
is because these carriers can improve antigen permeation into
the skin, protect antigen from degradation, promote sustained
antigenic stimulation over prolonged period of time, and are
not immunogenic. Certain particulate delivery systems, like PLGA
microparticles of 1-10 wm diameter, can penetrate through the
prehydrated stratum corneum and reach the basal layer of the
epidermis (De Jalon et al., 2001). PLA and PLGA polymers are bio-
compatible and biodegradable, and have approval for clinical use
in humans. Moreover, their composition can be adapted to encap-
sulate different types of antigens. Studies by Cui and Mumper
(2001) have demonstrated that topical application of chitosan
nanoparticles coated with plasmid DNA can elicit strong antibody
and cellular responses to the expressed [3-galactosidase antigen.
Moreover, these responses could be further increased after topical
co-application of plasmid DNA-coated nanoparticles together with
CT as an adjuvant (Cui and Mumper, 2003). Alternatively, nanopar-
ticles coated with plasmid DNA can be delivered directly into the
epidermis using a jet injector and elicit potent immune responses
to the encoded antigen (Cui et al., 2003; Mumper and Cui, 2003).

In the present study we examined the immune responses
induced in mice following transcutaneous immunization with the
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weak immunogen OVA, loaded into PLA nanoparticles. In subse-
quent experiments we investigated the ability of nanoparticles
labeled with fluorescent FITC-albumin to penetrate into the mouse
skin using confocal laser microscopy. The nanoparticles appeared
capable of entering the skin through the duct of the hair follicles
(Fig. 3). We did not observe other modes of nanoparticles entry into
the skin in any of the skin samples examined. Our findings using an
in vivo model are compatible to similar results obtained in vitro by
others (Alvarez-Roman et al., 2004; Lademann et al., 2007).

Having established the capacity of nanoparticle formulation to
breach the skin barrier, we then proceeded to evaluate the immune
responses elicited after transcutaneous delivery of OVA-loaded PLA
nanoparticles. The OVA-loaded nanoparticles induced similar total
IgG responses as the OVA in solution (Fig. 4). With both modes
of antigen delivery (aqueous solution and nanoparticles), the co-
administration of CT adjuvant increased IgG response, especially
that obtained with the OVA solution (Fig. 4). The augmentation
of antibody responses against free OVA (OVA solution) by the co-
administered CT (Fig. 4) is in accordance with previous findings
with other protein antigens (Glenn et al., 1998; Scharton-Kersten
et al., 2000). It is important to note that 2 weeks after the sub-
cutaneous immunization with a sub-immunogenic dose of OVA,
anti-OVA titres were significantly (p<0.001) increased compared
to the titres 4 weeks after priming in all groups of mice (com-
parison of data in Fig. 4B with those in Fig. 4A). This indicates the
priming efficacy of transcutaneously applied encapsulated OVA to
a challenging dose of OVA given via different route.

The encapsulated OVA (especially in the presence of CT) elicited
relatively strong proliferative responses, indicating the effective-
ness of nanoparticles to deliver antigen for antigen presentation
(Fig. 5).

The OVA-loaded nanoparticles exhibited a little higher IFN-
v (however difference insignificant, p>0.05) and higher IL-2
responses than the OVA solution whereas they elicited similar
IL-4 and IL-10 responses with the OVA solution (Fig. 6). On the
other hand the OVA-loaded nanoparticles plus CT induced much
higher IFN-vy and IL-2 responses than all other formulations tested
(Fig. 6). These results indicate that, as far as the cellular response
is concerned, it may be advantageous to deliver the antigen in
nanoparticle-encapsulated form rather than in free (aqueous
solution) form. The increased IFN-y and IL-2 levels obtained with
the encapsulated forms of OVA (especially in the presence of CT)
compared to the soluble forms of OVA may indicate a possible
bias of immune response towards a Thl-type in the case of
encapsulated OVA. The differences in the immunogenic behavior
between the encapsulated OVA and free OVA may arise from the
facilitated uptake and presentation of the encapsulated antigen by
antigen-presenting cells (O’'Hagan et al., 1997; Lofthouse, 2002). In
order the antigen-loaded nanoparticles to manifest this different
immunogenic behavior, the antigen should not leak from the
nanoparticles before their phagocytosis in vivo. Indeed, according
to the in vitro data (Fig. 2), OVA leaked only very slowly from the
PLA nanoparticles.

Overall, the antibody and cytokine responses elicited by the
OVA-loaded nanoparticles would justify further investigation of
the potential of PLA nanoparticles as antigen delivery systems for
transcutaneous immunization. The possibility of delivering vac-
cines in the future in a non-invasive fashion promises simplicity of
delivery and higher rates of complacency that will enable success-
ful outcomes from mass vaccination campaigns against infectious
pathogens.

5. Conclusion

PLA nanoparticles with an average size around 150 nm appeared
capable of entering into the mouse skin in vivo through the ducts

of the hair follicles. OVA-loaded nanoparticles, when administered
transcutaneously, elicited antibody responses comparable to those
obtained with an equivalent dose of an aqueous OVA solution. Rela-
tively high levels of IFN-y and IL-2 were secreted from splenocytes
of mice immunized with the OVA-loaded nanoparticles plus CT,
following in vitro stimulation with antigen. This preferential stim-
ulation of IFN-y and IL-2 could be advantageous, particularly for
the clearance of intracellular pathogens. Transcutaneous admin-
istration of OVA encapsulated in the PLA nanoparticles exhibited
priming efficacy to a challenging dose of OVA given via different
route. These findings indicate the potential of using PLA nanopar-
ticles for transcutaneous antigen delivery.
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