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Development of sub-unit mucosal vaccines requires the use of specific delivery systems or immune-
modulators such as adjuvants to improve antigen immunogenicity. Nasal route for vaccine delivery by
nanoparticles has attracted much interest but mechanisms triggering effective mucosal and systemic
immune response are still poorly understood. Here we study the loading of porous nanoparticles (DGNP)
with a total extract of Toxoplasma gondii antigens (TE), the delivery of TE by DGNP into airway epithelial,
macrophage and dendritic cells, and the subsequent cellular activation. In vitro, DGNP are able to load
complex antigens in a stable and quantitative manner. The outstanding amount of antigen association by
DGNP is used to deliver TE in airway mucosa cells to induce a cellular maturation with an increased
secretion of pro-inflammatory cytokines. Evaluation of nasal vaccine efficiency is performed in vivo on
acute and chronic toxoplasmosis mouse models. A specific Th1/Th17 response is observed in vivo after
vaccination with DGNP/TE. This is associated with high protection against toxoplasmosis regarding
survival and parasite burden, correlated with an increased delivery of antigens by DGNP in airway
mucosa cells. This study provides evidence of the potential of DGNP for the development of new vaccines
against a range of pathogens.
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1. Introduction

Vaccines are routinely used to protect human beings against
pathogens. They generally contain agents that mimic disease-
causing microorganisms and are often made from weakened or
killed forms of the target microbe, its toxins or one of its surface
proteins. However their use raises several safety issues since
pathogenic bioactive material can remain in vaccine formulations
as contaminants (LPS, toxins ...). Moreover, to maintain the efficacy
of live pathogens, strict storage conditions must be adhered to in
order to avoid instability and degradation, and a reversion or a
reassortment of the attenuated pathogens with a wild-type,
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perhaps leading to the emergence of an infection-bearing vaccine,
cannot be discounted [1].

To overcome these issues, subunit vaccines composed of non-
living or split pathogens are being developed [2]. However these
require adjuvants to increase antigen immunogenicity. For this
purpose, nanoparticles are interesting adjuvants that also serve as
carriers for the targeted delivery of antigens to immune competent
cells [3]. Indeed, formulating protein antigens in nanoparticles has
emerged as one of the most promising strategies to trigger an im-
mune response to vaccine antigens [4—8]. Their size, mimicking
that of natural pathogens, permits internalization and presentation
of antigens by cells and may provoke better recognition by the
immune system compared with soluble antigens. Most pathogens
infect organisms through a mucosal barrier, and a mucosal delivery
system for antigens therefore seems a logical route to investigate.

Toxoplasma gondii, an intracellular protozoan parasite, is the
causative agent of toxoplasmosis. It is able to infect all warm-
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blooded animals, including humans with a prevalence of between
30 and 70% of the world population, depending on the region [9,10].
Moreover, in animals, toxoplasmosis causes important losses owing
to abortions in sheep, which livestock then constitutes a parasitic
source for human infection [11]. Mostly, toxoplasmosis is asymp-
tomatic in immune-competent hosts; however it can exhibit severe
or fatal symptoms in immune-suppressed hosts because of cerebral
cysts reactivation. Another fatal pathology is transplacental infec-
tion of fetuses leading to neonatal malformations, ocular diseases
or abortions [12]. There is currently no licensed vaccine available
for humans.

The natural site of infection by T. gondii is the mucosal surface of
the intestine. During primary acute infection, T. gondii induce a
protective mucosal and systemic immunity, which is thought to
mainly involve a Th1 cellular immune response focused on IL-12
secreted by dendritic cells (DCs) and interferon-gamma produc-
tion by CD4+ and CD8+ T lymphocytes [13—20]. Natural infection
is particularly interesting as it induces long term protective im-
munity and highlights the importance of stimulating the mucosal
route to immunity in the development of new vaccine strategies
against toxoplasmosis. Mucosally delivered vaccines must also, of
course, succeed in stimulating cellular immunity, the main mech-
anism of protection being the establishment of cellular systemic
immunity through IFN-y induction [21,22].

Many studies have shown that partial immunity can be induced
after immunization with some T. gondii antigens [23—25]. Some
mucosal immunization routes have been explored, but the nasal
route is an attractive one to induce mucosal and systemic responses
to antigens [26]. Cholera toxin is often used as a mucosal adjuvant
[27—29]; however safety considerations preclude the use of this
adjuvant in vaccine strategies.

Nanoparticles (NP) have been shown to modulate cellular and
humoral immune responses [30]. Many types of nanoparticles have
been tested [3,31—33], however little is known about the mecha-
nisms by which they trigger an immune response after mucosal
administration. We recently developed nanoparticles able to
deliver proteins within airway epithelial cells [34]. These nano-
particles can be loaded with proteins and are able to deliver pro-
teins into target cells [35].

In the work presented here, we present the rational design of a
nanoparticulate vaccine. We examined the ability of these nano-
particles to be loaded with a total extract of T. gondii antigens (TE)
both in terms of the percentage of antigen loading and their ability
to deliver the antigens via the airway mucosa, macrophages and
dendritic cells and to activate these cells. In vivo studies of an
optimized nanoparticle/antigens formulation after nasal vaccina-
tion were performed in acute and chronic models of T. gondii
infection. Thus, our findings clearly indicate that a nanoparticle-
based immunization with complex and heterogeneous proteins is
a promising approach to improve vaccination.

2. Materials and methods
2.1. Cell culture and reagents

Maltodextrin was purchased from Roquette (Roquette, France) and DPPG (1,2-
dipalmitoyl-snglycero-3-phosphatidylglycerol) from Lipoid (Germany). Epichlo-
rhydrin  (1-chloro-2,3-epoxypropane), glycidyl-trimethyl-ammonium chloride
(GTMA), glacial acetic acid, paraformaldehyde (PFA), 5-[4,6-dichlorotriazin-2-yl]
amino-fluorescein (FITC) and Bovine Serum albumin (BSA) were purchased from
Sigma Aldrich. Dulbecco-modified essential medium (DMEM), PBS, Fetal Calf Serum
(FCS), penicillin/streptomycin antibiotics mixture, L-glutamine and Hoescht 33342
were purchased from Life Technologies. The human bronchial epithelial cell line
16HBE140- (16HBE) was a kind gift from Pr Dieter Gruenert (University of Vermont,
VT, USA).

16HBE cells were maintained in DMEM supplemented with 10% heat-
inactivated FCS, 100 U/mL Penicillin, 100 mg/mL streptomycin and 1% r-glutamine
at 37 °C in a humidified 5% CO, atmosphere. For 8-well glass chamber slides (Lab-
Tekll, Thermo Scientific Nunc Lab), cells were seeded 3 days before the experiment

at adensity of 2.5 x 10° cells per well (0.8 cm?). For 6-well plates, cells were seeded 3
days before the experiment at a density of 1 x 10 cells per well (9.5 cm?).

The THP-1 cells were maintained in high-glucose RPMI supplemented with 10%
heat-inactivated FCS, 100 U/mL Penicillin, 100 mg/mL streptomycin, 1 mm sodium
pyruvate, 10 mm HEPES, 50 um 2-mercapto-ethanol and 1% -glutamine at 37 °Cin a
humidified 5% CO; atmosphere. For 8-well glass chamber slides (LabTekll, Thermo
Scientific Nunc Lab), cells were seeded at a density of 2.5 x 10° cells per well
(0.8 cm?) with 20 ng/mL of PMA to induce macrophage differentiation and cell
attachment. For 6-well plates, cells were at a density of 1 x 10° cells per well
(9.5 cm?) with PMA.

Human foreskin fibroblast (HFF) cells (Hs27 American Type Culture Collection
CRL-1634) were cultured at 37 °C in DMEM with 4 mwm t-glutamine (Dutscher)
supplemented with 10% heat-inactivated Fetal Calf Serum (FCS) (Dutscher) and
Hepes 10 mm (Dutscher), in a 5% CO; atmosphere.

2.2. Parasite and total extract (TE) preparation

Two strains of T. gondii (RH and 76 K) were used in this study. Cysts of the 76K
strain (Type II) were obtained from the brain of orally infected CBA/] mice and
maintained by monthly passage. The tachyzoites of the RH strain (Type I) were
obtained by passage in HFF cells and used to prepare the total T. gondii antigen
extract (TE) as previously described [36]. About 3-10% tachyzoites were obtained
from one 225 cm? culture flask corresponding to 1 mg of TE. Lysis of tachyzoites
were performed by freeze/thaw cycles, pooled, sonicated and centrifuged. The
protein content of the supernatant (TE) was evaluated by micro BCA method.

2.3. DGNP synthesis

Porous maltodextrin-based with lipid core nanoparticles (DGNP) were prepared
as described previously [37]. Briefly, maltodextrin were dissolved in 2 N sodium
hydroxide with magnetic stirring at room temperature. Addition of epichlorhydrin
and GTMA yielded a cationic polysaccharide gel that was then neutralized with
acetic acid and crushed using a high pressure homogenizer (Emulsiflex C3, France).
The nanoparticles thus obtained were purified by tangential flow ultra-filtration
(Centramate Minim II, PALL, France) using a 300 kDa membrane (PALL, France)
and mixed with DPPG above the gel-to-liquid phase transition temperature to
produce DGNP.

2.4. Size and zeta potential measurements

The average diameter of DGNP was measured by dynamic light scattering in
15 mm NaCl and the zeta potential was measured by photon correlation spectros-
copy in pure water using a zetasizer nanoZS (Malvern Instruments, France). Mea-
surements were carried out in triplicate.

2.5. Transmission electron microscopy characterization

Micrographs were taken with a low-voltage (5 kV) transmission electron mi-
croscope LVEM5-TEM (Delong Instrument, Brno, Czech Republic) and obtained by Dr
Benoit Maxit (Cordouan Technologies, France). Samples were prepared by placing
5 uL (5 mg/mL) of DGNP on 300 mesh ultrathin carbon film copper grids (Cu300-HD
from Pacific Grid Tech, San Francisco, United States). After removal of the excess of
water using a filter paper, the TEM grids were air-dried at room temperature for
10 min prior to analysis.

2.6. Protein labeling and DGNP loading

Both BSA and TE were labeled with FITC according to previously described
protocol [16]. Briefly, 1 mg of FITC was added to 10 mg of proteins (mass ratio of 10)
solubilized in 0.1 m bicarbonate buffer (pH 9.5), and the solution was mixed for 6 h in
the dark at room temperature. The preparation was filtered by gel filtration on a PD-
10 Sephadex desalting column (Sigma—Aldrich). Loading of DGNP with FITC-labeled
proteins were done by mixing both components at room temperature for 30 min.

2.7. Loading of proteins into DGNP

T. gondii antigens were formulated with DGNP in water. Different mass ratios of
DGNP (30 pul) were mixed with 15 pl of the antigen suspension for 30 min at room
temperature. Formulations were supplemented with a non denaturating buffer
(Tris—HCL 125 mm (pH 6.8), 10% glycerol, 0.06% bromophenol blue) for native
electrophoresis, or a denaturating buffer (Tris—HCL 125 mwm (pH 6.8), 20% glycerol,
10% SDS, 2.5% b-mercaptoethanol and 0.06% bromophenol blue) for SDS-PAGE.
Samples were analyzed by polyacrylamide gel electrophoresis (PAGE), using a 10%
acrylamide-bisacrylamide gels stained by the silver nitrate method.

2.8. Cellular delivery of proteins by DGNP

16HBE cells were plated for 3 days in 6-well plates for flow cytometry or in 8-
chamber slides for confocal microscopy. After three washes with PBS, cells were
treated for 15 or 60 min with DGNP loaded with FITC-labeled proteins and washed
again with PBS. For flow cytometry, cells were detached with trypsin, harvested by
centrifugation and diluted in PBS before analysis on a CyAn ADP Analyzer (Beckman
Coulter). Cells were selected by their size and cellular complexity (SSC and FSC). For
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Fig. 1. Representation of DGNP nanoparticles. (Left) Schematic representation of DGNP nanoparticles showing chemical structure of maltodextrin and DPPG. (Right) Transmission
electronic microscopy of nanoparticles. Nanoparticles were prepared in water and processed for benchtop electronic microscopy as described in the methods section. Result shows a

representative TEM image. Scale Bar: 100 nm.

each event, fluorescence intensities (FITC) were reported. The percentage of cells
over the background (untreated cells) and the mean fluorescence intensities were
expressed, thus measuring the percentage of cells with intracellular FITC-labeled
proteins and the level of the fluorescence, respectively. For confocal microscopy,
cells were fixed for 10 min with 4% (vol:vol) paraformaldehyde at 4 °C and nuclei
were stained with Hoescht 33342.

2.9. In vitro evaluation of NF-kB pathway activation and TLR screening

The THP-1Blue™ NF-kB cells (Invivogen) were derived from the human THP-1
monocyte cell line by stable integration of an NF-kB-inducible secreted embryonic
alkaline phosphatase (SEAP) reporter construct, and respond only to ligands for
TLR2, TLR1/2, TLR2/6, TLR4, TLR5 and TLRS. Cells were grown in RPMI 1640 sup-
plemented with 2 mm L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
10 mm Hepes, 1 mm sodium pyruvate, penicillin/streptomycin (50 U/mL—50 pg/mL)
and 10% heat-inactivated FCS. The THP-1Blue™ NF-kB cells were cultured in trip-
licate, 1-10° cells in 96-well plates were seeded under different stimulation condi-
tions in 200 pL for 18 h: cells alone, poly(I:C) 2.5 pg/mL, LPS 2.5 ng/mL, DGNP 20 pg/
mlL, TE 2 pg/mL or DGNP/TE (20 pug/mL DGNP and 2 pg/mL TE). After incubation,
20 pL of each supernatant was added to 180 pL of Quanti-Blue™ (Invivogen) and the
SEAP level was determined with an Absorbance Microplate Reader (BioHit) at
630 nm.

Screening for TLR ligands was performed by Invivogen using a panel of HEK293-
TLR-Blue clones, engineered to express only a single specific TLR, and a
SEAP—reporter plasmid activated with NF-kB transcription factor. Cells incubated
with TLR-specific ligands were used as a positive control: DGNP were tested at
20 pg/mL, TE at 2 pg/mL and DGNP/TE (20 pg/mL DGNP and 2 pg/mL TE) and TLR
activation was evaluated as an increase in SEAP activity measured as absorbance at
0D650 nm, using Quanti-Blue reagent (InvivoGen).

2.10. Mice

Female 6—8 weeks-old CBA/] (H-2k) mice were purchased from CER Janvier (Le
Genest Saint Isle, France) and maintained under pathogen-free conditions in our

Table 1

Size and zeta potential of nanoparticles (DGNP), antigens (BSA or TE) and antigen-
loaded nanoparticles (DGNP/BSA or DGNP/TE). DGNP were mixed with BSA or TE
for 30 min at a ratio of DGNP/Proteins (3:1, w:w). Size and Zeta potential are
measured in triplicate by dynamic light scattering on a Zetasizer NanoZS. pdi:po-
lydispersity index.

Size (nm) pdi Zeta potential (mV)
DGNP 71.2 0.155 +383 +5.7
BSA 4.7 0.189 —583 £ 104
DGNP/BSA 88.7 0.230 +34.1+54
TE 482.4 0.458 -33.5+6.0
DGNP/TE 88.4 0.512 +374+70

animal house. Experiments were carried out in accordance with the guideline for
animal experimentation (EU Directive 2010/63/EU) and the protocol was approved
by the local ethics committee at Tours University (CEEA VdL).

2.11. In vitro maturation of bone marrow DC and peritoneal M@, and cytokine
secretion measurements

Bone marrow cells were collected from femurs and tibias of 6—8 weeks old CBA/J
mice and cultured in RPMI 1640 with glutamine supplemented with 10% heat-
inactivated FCS, 15 mm Hepes, 50 pm 2-B-mercaptoethanol, 100 U/mL penicillin/
Streptomycin, 1% Pyruvate and 1% non essential amino-acids at 37 °C, in a 5% CO;
atmosphere. Differentiation of Bone Marrow Dendritic cells (BMDC) was obtained by
adding 20 ng/mL of GM-CSF from J558 cells line supernatant. BMDC were harvested
after 8 days of culture.

Primary mouse macrophages were obtained from CBA/] mice by peritoneal
lavage. Murine peritoneal macrophages were cultured in 6-well tissue culture plates
(4 x 106 cells/well) and maintained in RPMI medium supplemented with antibiotics
and 10% FCS at 37 °C in 5% CO; for 4 h.

DGNP, free TE or DGNP-encapsulated TE (diluted in the cell culture medium at
5 ng/mL), were added to 1 million differentiated BMDCs and M@ and incubated for
24 h at 37 °Cin 5% CO,. Cell culture supernatants were collected after 24 h and stored
at —20 °C for further cytokine quantification. Cytokine productions were evaluated
using commercial ELISA kits according to the manufacturer's instructions (e-
Bioscience, San Diego, CA, USA, except for IL-12 p40 from DuoSet, R&D Systems,
Minneapolis, MN, USA).

2.12. Intranasal immunization and challenge

The CBA/J mice received three doses intra-nasally at 2-week intervals of 30 pg
DGNP, 10 pg free TE, 1 pg of CT, 10 pg TE in association with 1 pg of CT (Sigma) and
10 pg TE loaded in 30 ug DGNP (DGNP/TE) (6 pL per nostril).

One month after the final immunization, mice (10 per group) were infected
orally with 120 cysts (lethal dose) or 30 cysts (sub-lethal dose) of the 76K strain. Six
weeks after the challenge, the mice were killed and their brains removed. Each brain
was homogenized in 5 mL of RPMI medium and the number of cysts per brain was
determined microscopically by counting eight 10 pL samples of each homogenate.

2.13. Humoral response

Measurement of IgG and IgG subclass response was performed on blood
collected by sub-mandibular puncture before vaccination and at intervals after-
wards. Samples were tested by ELISA using TE at 10 pg/mL. Limited dilutions of
serum samples in PBS-T20 were added and bound antibodies were detected with
alkaline phosphatase-conjugated anti-mouse IgG (Sigma—Aldrich) diluted 1/5000,
or HRP-conjugated anti-mouse IgG1 or I[gG2a (BD Biosciences) at 1/1000 in PBS-T20.
Presence of IgG or IgG1/IgG2a was detected by p-nitro-phenyl-phosphate at 405 nm
and TMB substrate (Sigma—Aldrich) at 450 nm respectively with Absorbance
Microplate Reader (BioHit). The mice from the control group were used as a negative
control.
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Fig. 2. Polyacrylamide gel electrophoresis (PAGE) analysis of nanoparticle-protein interactions. DGNP (from 2 to 40 ug) were mixed with 4 ug of BSA (A) or TE (B) for 30 min at
different mass ratios. The formulations were loaded onto native polyacrylamide gels for non-denaturing electrophoresis and gels were stained by the silver nitrate method. Control
DGNP lane was loaded with the maximum amount corresponding to 40 pg. From a mass ratio of 1:1 (DGNP/proteins), unbound proteins were not detectable meaning that loading of
the proteins within DGNP was complete. To release proteins from DGNP, SDS-PAGE was performed with BSA (C) or TE (D) under similar conditions to (A) and (B), respectively. Silver
nitrate staining showed that proteins were loaded to DGNP before denaturing electrophoresis.

2.14. Cellular response

Mice were sacrificed one month after the last immunization. Spleen and
mesenteric lymph nodes (MLN) were harvested under sterile conditions.

Spleens and MLN were dissociated into single-cell suspensions with gentle-
MACS™ (Miltenyi Biotec). Hypotonic shock (0.155 m NH4Cl, pH 7, 4) was used to
remove splenic erythrocytes. The cells were then suspended in RPMI 1640
(Dutscher) supplemented with 5% FCS, HEPES (25 mm, Dutscher), .-glutamine (1 mm,
Dutscher), sodium pyruvate (1 mm, Dutscher), f-mercaptoethanol (50 pm), and
penicillin-streptomycin (1 mwm, Dutscher).

For cytokine assays, 6 mice per group were dedicated to the study of cellular
response by Cytometric Bead Array Th1/Th2/Th17 (BD Biosciences): 5-10° cells were
cultured in flat-bottomed 96-well cultures plates in 100 pL of culture medium alone
or with 10 pg/mL of TE or 10 pg/mL of concanavalin A as a positive control of pro-
liferation. The plates were incubated for 2 days at 37 °C in 5% CO; and harvested
supernatants from restimulated splenocytes and MLN cells were analyzed using
Th1/Th2/Th17 cytometric bead array for IFN-y, TNF-q, 1I-2, 11-4, 11-6, I1-10 and II-17A.

For Elispot assays (performed using MABTECH Mouse IFN-y Elispot Plus kit/
ALP), 5-10° and 1-10° cells were seeded alone or with stimulatory agents (10 pg/mL
of TE or 10 pg/mL of Concanavalin A) into precoated 96-well plates for 48 h at 37 °C
in a humidified incubator with 5% CO,. Spots were detected by 1 pg/mL of detection
antibody/biotin and then by Streptavidin/ALP. Revelation was performed by BCIP/
NBT and spots were counted in ELISpot reader (Biosys®, Bioreader 5000).

Involvement of CD4+ or CD8+ T cells in the secretion of cytokines was studied
by incubating 5-10° splenocytes (in triplicate) in flat-bottomed 96-well plate for
72 h. Cells were cultured alone or in the presence of stimulatory agents (20 pg/mL
of TE or 10 pg/mL of Concanavalin A) and in the presence or absence of 20 pug/mL
anti-CD4 mAb or anti-CD8 mAb (eBiosciences) at 37 °C in a humidified incubator
with 5% CO,. After 72 h, supernatants of restimulated splenocytes were harvested
and cytokines (IFN-y and Il-17A) were assayed using eBiosciences ELISA kit Set
Mouse.

2.15. Statistical analysis

One-way ANOVA and Two-way ANOVA plus post-test were used to determine
the significance of variations between groups using GraphPad Prism software.

3. Results
3.1. DGNP characterization

DGNP are porous nanoparticles (NPs) prepared from malto-
dextrin as previously described [37] with anionic phospholipids in
their core (Fig. 1). The nanoparticles have a mean diameter of
71.2 nm and a pdi of 0.155 (Table 1). Their size was confirmed by
TEM and DGNP were found to be almost spherical (Fig. 1).

3.2. Loading of DGNP with proteins

Owing to the complexity of Toxoplasma antigens, we focused
first on the association of the NPs with a purified protein. BSA was
loaded by mixing premade nanoparticles and proteins at room
temperature [37]. To test the loading capacity of DGNP, various
amounts of nanoparticles (from 2 pg to 40 pg) were mixed with
4 ng of BSA and the resulting formulations (DGNP/BSA mass ratio
from 0.5 to 10) were analyzed by polyacrylamide gel electropho-
resis under non-denaturing conditions (native PAGE) to allow the
electrophoretic migration of unbound proteins from the
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15 min

DGNP/BSA

Fig. 3. Confocal analysis of the delivery of proteins into epithelial cells by nanoparticles. 16HBE cells were treated with free or DGNP-formulated BSA (DGNP/BSA, 3:1 w:w) for 15 (A)
or 60 min (B) with or without 10% FCS; BSA and TE were labeled with FITC (green). Cells were then washed, fixed in PFA and nuclei were stained with Hoechst (blue). Slides were
mounted with Fluoroshield and observed by confocal microscopy with an original magnification of x40. Representative pictures are shown. Delivery of proteins into epithelial cells

was increased under all conditions with DGNP formulations.

formulations. We observed that from a 1:1 ratio of DGNP/BSA
(weight:weight), the loading of BSA to NP was stoichiometric
(Fig. 2A). This result highlights the fact that the interactions be-
tween DGNP and BSA are strong. Electrophoresis performed under
denaturing conditions (SDS-PAGE) totally released the protein from
NP (Fig. 2C).

Size and zeta analysis of DGNP/BSA formulations confirmed that
BSA was completely loaded into the core of the NPs and not
adsorbed to NP surfaces. BSA has a mean size of 4.7 nm and a zeta
potential of —58.3 mV (Table 1). The size analysis of DGNP/BSA
showed only a single population with a mean diameter of 88.7 nm,
confirming the complete loading of the proteins into DGNP. Zeta
potential analysis showed that BSA was completely inserted in the
core of the nanoparticles and not adhered on their surfaces
(Table 1).

3.3. Delivery of BSA by DGNP

We evaluated the delivery of proteins to airway epithelial cells
using confocal microscopy and flow cytometry. Cells were treated
with free BSA or with DGNP/BSA for 15 or 60 min in the presence or
absence of 10% fetal calf serum (FCS). Confocal microscopy showed

that after 60 min of treatment, only DGNP effectively delivered BSA
into the epithelial cells. Interestingly, serum did not significantly
decrease the penetration of BSA into the cells (Fig. 3A—B). To
quantify the delivery of proteins into the epithelial cells, flow
cytometry analysis were performed. The percentage of cells having
endocytosed BSA increased from 54 to 71% when DGNP nano-
particles were used (Fig. 4A). After 15 min, BSA was delivered into
the cells by DGNP while uptake of free BSA was not detected
(control: 14.97, free BSA: 16.40, DGNP/BSA: 37.41; control with
serum: 14.29; free BSA with serum: 13.92, DGNP/BSA with serum:
27.86). After 60 min of treatment, small amounts of free BSA were
detected in the cells but this was reduced in the presence of serum
(control: 14.62, free BSA: 26.19; control with serum: 14.81; free BSA
with serum: 18.46). Interestingly, BSA loaded into DGNP was effi-
ciently delivered to the cells in both the absence and presence of
serum (DGNP/BSA serum absent: 87.79; DGNP/BSA serum present:
40.50) (Fig. 4B). Taken together, these results demonstrate that it is
possible to load DGNP with BSA and that DGNP act as vectors to
effectively deliver BSA into airway epithelial cells. We further
wanted to determinate whether DGNP could be loaded with a
complex and heterogeneous mixture of antigens for a vaccine
application.
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Fig. 4. Flow cytometry analysis of the delivery of proteins into epithelial cells by nanoparticles. 16HBE cells were treated with free or formulated BSA-FITC (DGNP/BSA, 3:1 w:w) for
15 or 60 min, with or without 10% FCS: (A) Representative results of the delivery of BSA after 60 min of treatment without FCS. RO is set as a gate over the autofluorescence
background. Percentages shown are of positive cells in RO. Data were collected on a minimum of 5000 cells on FSC/SSC graph plot (not shown); (B) Overall results of mean
fluorescence intensity gated in RO. Formulations of TE under similar conditions to those used for BSA treatments are shown in (C) and (D).

3.4. Loading of DGNP with TE of T. gondii observed with BSA, loading appeared stoichiometric since at a
DGNP/TE ratio of 0.5 (w:w) full association was not achieved. An

Loading of DGNP with TE was determined by polyacrylamide gel SDS-PAGE analysis showed that the proteins can be released from
electrophoresis using various DGNP/TE (w:w) ratios. From a DGNP/ DGNP (Fig. 2D). Taken together, these results suggest that the in-
TE of 1, total loading of DGNP with TE was observed (Fig. 2B). As teractions between DGNP and TE were very stable, despite the
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Fig. 5. Analysis of the delivery of proteins by nanoparticles into macrophage cells. The PMA-differentiated THP1 macrophage cells were treated with free or DGNP-encapsulated BSA
(DGNP/BSA, 3:1 w:w) for 60 min without FCS. (A) Confocal analysis of the delivery. Cells were washed, fixed in PFA and nuclei were stained with Hoescht (blue). Slides were
mounted with Fluoroshield and observed by confocal microscopy with an original magnification of x40. (B and C) cytometry analysis of BSA delivery. Cells were washed, harvested
with trypsin and processed on a Cyan ADP analyzer for cytometry. Data were collected on a minimum of 10,000 cells. RO is set as a gate over the autofluorescence background.
Percentages of positive cells (having incorporated TE) in RO are given (B). The table represents the mean fluorescence intensities (amount of incorporated TE) in the whole samples
extracted from the graph (C). Results show that the delivery of proteins into PMA-differentiated THP1 macrophage cells is increased by nanoparticles.
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heterogeneity in molecular weight of the TE proteins. Size and zeta
potential analysis of the formulations confirmed that antigens are
loaded within the core of DGNP (Table 1) and not merely adsorbed
to their surfaces. These results additionally demonstrate the po-
tential of NP vectors to be loaded with a wide variety of proteins.

3.5. Delivery of TE by DGNP into airway mucosa cells

Interestingly, confocal microscopy showed that after 15 min of
incubation, free TE did not enter the cells while DGNP favored its
delivery (Fig. 3C). After 60 min, only low amounts of proteins were
found in the cells treated with free TE, and then only in the absence
of serum. On the contrary, DGNP-formulated TE was efficiently
delivered into the cells in the absence or presence of serum
(Fig. 3D). Furthermore, flow cytometry showed that after 60 min of
incubation without serum, an increase in the percentage of cells
having endocytosed the protein was observed (from 38% to 68%,
respectively, Fig. 4C). After 15 min, TE was delivered into the cells by
DGNP while free TE failed to be really detected in the cells (control:
18.46, free TE: 19.82, DGNP/TE: 34.58; control with serum: 18.51;
free TE with serum: 16.88, DGNP/TE with serum: 41.22). Only DGNP
favored the delivery of TE delivery into the cells, confirming their

utility as an antigen delivery system (control: 16.06, free TE: 27.51,
DGNP/TE: 69.14; control with serum: 31.33; free TE with serum:
22.46; DGNP/TE with serum: 71.08). Interestingly, delivery of TE by
DGNP did not seem to be influenced by the presence of serum
(Fig. 4D).

3.6. Delivery of proteins into immune cells

Epithelial cells constitute the first cellular barrier of the organism,
however one cannot preclude that DGNP-formulated antigens could
target directly or be transferred indirectly to immune cells. To answer
this question, confocal and flow cytometry analysis of the delivery of a
protein into PMA-differentiated THP-1 macrophage cells were per-
formed. Macrophages were treated for 15 or 60 min with BSA or
DGNP/BSA in the absence of serum. After 15 min incubation, confocal
microscopy revealed that free BSA did not enter the macrophage while
DGNP was able to deliver the protein, and the amount delivered
increased after 60 min incubation (Fig. 5A). Quantitative analysis by
flow cytometry confirmed that the percentage of FITC-positive cells
and mean fluorescence intensities of intracellular BSA was highly
increased by DGNP (Fig. 5B and C). This suggests that DGNP are able to
efficiently deliver antigens into macrophages.

The next step was to evaluate the ability of DGNP/TE vaccine
formulation to activate immune cells in vitro.

3.7. NF-kB pathway activation by TE encapsulation and
identification of the TLR pathways

To characterize DGNP/TE vaccine regarding its biological func-
tion, activation of NF-kB signaling was evaluated on THP1-Blue™
NF-kB cells. The THP1-Blue cells were incubated with DGNP, TE and
DGNP-formulated TE and assayed for NF-kB-inducible secreted
embryonic alkaline phosphatase (SEAP), a reporter of NF-kB acti-
vation. As shown in Fig. 6A, DGNP/TE increased by 2.5 fold the
secretion of SEAP compared to TE, and hence NF-kB activation.

We also evaluated whether TLR were involved through NF-
kB—mediated gene expression. To determine whether DGNP/TE
vaccine acts through TLRs, and to precisely identify the TLR path-
ways activated, their ability to activate TLRs was analyzed in cell-
based assays using HEK293-TLR-Blue clones, each expressing a
single human TLR2 through TLR9, and a reporter gene (SEAP) under
the control of TNF-a. Incubation with free TE or DGNP/TE signifi-
cantly increased SEAP production only in cells expressing either
TLR2 or TLR4 receptors (Fig. 6B). Our results suggest that both TLR2
and TLR4 receptors participate in the induction of the protective
immune response against T. gondii infection independently of any
action induced by the nanoparticles.

3.8. Immuno-stimulatory efficiency of DGNP/TE vaccine on
dendritic cells and macrophages

The activation of APCs is one of the fundamental steps toward an
effective immune response in vivo. The next step in our study was
therefore to determine if DCs and Macrophages (M@s) produce
mediators such as cytokines in response to our vaccine candidate.
We performed ELISA assays to measure pro-inflammatory cytokine
expression (IL-6, IL-1B, TNF-a, IL-10, IFN-vy, IFN-a. and IL-12p40)
after incubation of BMDCs and peritoneal M@s with DGNP, free
TE or DGNP/TE.

The ELISA analysis indicated that the levels of IL1-f, [L-12p40, IL-
6 and TNF-a secreted by BMDCs (Fig. 7A—D) and M@s (Fig. 7F—I)
after stimulation with DGNP/TE were significantly higher than that
produced by the stimulation of DGNP or free TE.

The BMDCs stimulated with free TE or DGNP/TE did not produce
significantly more IL-10 than those stimulated with DGNP alone
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Data are representative of at least three independent experiments. *: p < 0.05, **:
p < 0.01.

(Fig. 7E). However a statistically significant increase was obtained
in M@s (Fig. 7]). No specific release of IFN-y or IFN-o. from any
culture supernatant was observed (data not shown).

3.9. Intranasal delivery of DGNP/TE induces robust Toxoplasma
specific humoral immune responses

Mice were vaccinated intra-nasally with DGNP, CT, free TE, CT/TE
or DGNP/TE and ELISA analysis of specific IgG, IgG1 and IgG2a an-
tibodies were performed on their sera. As shown in Fig. 8, higher
levels of total IgG were detected only in the sera of mice immunized
with CT/TE and DGNP/TE after the third immunization. In contrast,
control mice or mice injected with free TE, TC alone or DGNP alone
did not generate anti-Toxoplasma antibodies. To find out whether a
Th1 and/or a Th2 humoral response was induced by DGNP/TE im-
munization, the level of specific IgG1 versus IgG2a sub-classes
directed against TE were measured. The mixed IgG1/IgG2a
response detected in the sera of mice immunized with DGNP/TE
suggests that the specificimmune response is Th1/Th2-biased (data
not shown).

3.10. Intranasal delivery of DGNP/TE induces robust Toxoplama
specific cellular immune responses

Cell-mediated immune response is essential for the control of
T. gondii and Th1 cytokines are critical for coordinating protective
immunity against the parasite.

To determine whether nasal route vaccination with DGNP/TE
could induce cellular immunity, Th1 cytokines (IFN-y, IL-2, TNF-a),
Th2 cytokines (IL-6, IL-4), Treg cytokine (IL-10) and Th17 cytokine
(IL-17) were analyzed in the supernatant of TE-restimulated sple-
nocytes and mesenteric lymph node cells from immunized mice.

After TE stimulation, only specific production of IFN-y, TNF-a,
IL6 and IL-17 was induced in splenocytes from the group of mice
immunized with DGNP/TE (Fig. 9A, C, F, H). As expected, the
number of IFN-y-secreting splenocytes after TE stimulation
detected in the ELISPOT wells was higher for mice immunized by
DGNP/TE (Fig. 9B).

Spleen cells from mice immunized with free TE or DGNP/TE
produced significantly more IL-2 (Fig. 9D) compared to those either

immunized or not with DGNP alone. However the specific secretion
of IL-2 of spleen cells from mice immunized with DGNP/TE was not
statistically different from that of spleen cells from mice immu-
nized with free TE (Fig. 9D).

Anti-inflammatory cytokines (IL-10 and IL-4) production was
not increased (Fig. 9E, G).

These results suggest that a mixed Th1/Th17 response was
induced following immunization with DGNP/TE. The specific
secretion of IFN-y and IL-17 was probably due to CD4-specific T
cells, as demonstrated with CD4-specific mAb during in vitro TE
stimulation. In contrast, adding an anti-CD8 mAb to the cultures did
not cause any significant reduction in the IFN-y and IL-17 secretion.
Mice immunized with DGNP/TE displayed a T CD4 cell response
significantly higher than that elicited in the other groups (Fig. 91-]).

3.11. DGNP/TE immunization protects against acute and chronic
toxoplasmosis

In order to evaluate the protective effect of DGNP/TE vaccine
against acute toxoplasmosis, vaccinated and control mice were
challenged with a lethal dose of cysts (120 cysts) of the 76K strain of
T. gondii 4 weeks after the last immunization. Their survival was
monitored over 45 days. Within 12 days after infection, while
DGNP/TE mice were totally protected, all mice of the others groups
had succumbed (Fig. 10A).

To evaluate the contribution of the same DGNP/TE vaccine in the
induction of a protective immune response against chronic toxo-
plasmosis, vaccinated mice were orally infected with 30 cysts (sub-
lethal dose) of the 76K strain of T. gondii. CT/TE treated mice had
significantly fewer cysts (901 cysts) than DGNP mice (1873 cysts) as
well as CT mice (1816 cysts) (p < 0.0001). However no significant
reduction was observed compared with control mice (1980 cysts)
or free TE mice (1708 cysts) and DGNP/TE mice (611 cysts). DGNP/
TE treated mice had significantly fewer cysts (611) than controls
(1980), as well as compared with mice treated with DGNP only
(1873 cysts) or free TE (1708 cysts) (DGNP/TE vs free TE cysts;
p < 0.0001). The cyst reduction rate observed with DGNP/TE
vaccination was 70% (Fig. 10B).

These results suggest that DGNP/TE vaccine reduces parasite
growth and protects mice against long-term infection.

4. Discussion

The mucosal surface is the largest route through which patho-
gens enter the human body. To control the outbreak of mucosal
infectious diseases, it is necessary to elicit both protective mucosal
and systemic immunity. Mucosal vaccines have advantages over
traditional injection vaccines in that they not only induce effective
mucosal immune responses, but they also do not cause physical or
psychological discomfort: in this regard, intranasal vaccines
represent an attractive and valid alternative to conventional vac-
cines. To improve the efficiency of these vaccines, adjuvants or
delivery systems are needed. So far many studies have shown the
potential of nanoparticles to improve the immunogenicity of nasal
vaccines. However little is known concerning their ability to deliver
the antigens in the mucosa and how the immune system is elicited.
In this study we propose a rational design concerning the use of
porous DGNP nanoparticles as an antigen delivery system in airway
mucosa to generate an innovative and efficient mucosal vaccine
against T. gondii. T. gondii vaccine strategies usually use purified
isolated antigens as protein or DNA-producing protein system. In
this study, a total antigen extract of T. gondii (TE) has been produced
to ensure samples to represent all the diversity and complexity of T.
gondii antigens. This TE has been associated with DGNP nano-
particles to create vaccine formulations. DGNP are composed of a
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Fig. 9. Cellular response after vaccination. The CBA/] mice were immunized with DGNP, TE or DGNP/TE three times at 2-week intervals by the nasal route. Splenocytes were
recovered 1 month after the final immunization and cultured with 10 pg/mL TE. Splenocytes from six mice in each group were tested individually. Controls were untreated mice.
Th1 cytokines (IFN-vy, TNF-a, IL-2) (A—D), Th2 cytokines (IL-6, IL-4) (E—F), Treg cytokines (IL-10) (G) and Th17 cytokines (IL-17) (H) were analyzed by Cytometric Bead Array Th1/
Th2/Th17. (B) Intracellular IFN-y was measured by Elispot analysis. Results are presented as number of IFN-y-positive cells cultured with TE, minus number of IFN-y-positive control
cells. IFN-vy (I) and IL-17 (J) were measured in the absence or the presence of 20 pg/mL of anti-CD4 or anti-CD8 mAb. Controls were untreated mice. *: p < 0.05, **: p < 0.01, ***:

p < 0.001.
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Fig. 10. Protection after vaccination. (A) Survival after oral infection of mice with 120
cysts of the 76K T. gondii strain. Data are expressed as percentage of cumulative sur-
vival during the experiment. The total number of tested animals in each group was
n = 7, statistical analysis was performed using Chi Square Test. (B) Brain cyst load of
CBA/] mice immunized by the nasal route with DGNP, CT, TE only, CT/TE, DGNP/TE, on
days 0, 15 and 30 and orally infected with 30 cysts of 76K T. gondii strain. Brain cyst
load was evaluated 1 month after challenge. Vaccination with CT/TE and even more
with DGNP/TE significantly reduced the formation of brain cyst compared to control
mice. Data are representative results of three independent experiments and are
expressed as the means + SEM. *: p < 0.05, **: p < 0.01.

cationic maltodextrin matrix enclosing DPPG in their core as shown
by zeta potential study [37]. Importantly, DPPG favors the cyto-
plasmic delivery of vectorized proteins/antigens [35]. The quality of
antigens loading in the NP is mainly due to ionic interactions and is
not modified by DPPG even if the amount of protein loaded in
DGNP is lower than NP without lipid core [37]. DGNP appeared as a
good candidate for antigen delivery in cells.

We first observed that DGNP nanoparticles are able to be loaded
with large amounts of proteins in their core [38]| without being
saturated, so that the surface of the nanoparticles remains cationic.
Furthermore, complex extracts of antigens with heterogeneous
molecular weights can also be totally incorporated in a quantitative
manner. It is interesting to note that at our knowledge this per-
centage of loading (100 ug of proteins for 100 pg of nanoparticles)
has not been described earlier and is far higher than that observed
with hollow silica mesoporous nanoparticles [38]. Electrophoresis
study emphasized the stability of antigens/DGNP interactions.
Indeed all TE components were associated to nanoparticles and
long-term storage of formulations did not evidence any dissocia-
tion of TE from DGNP (unpublished data). We also demonstrated
that, contrary to what was observed with free antigens, DGNP were
also able to efficiently deliver the antigens into airway epithelial
cells, macrophages and DCs. The presence of serum proteins
decreased, but not abolished, the delivery of proteins into cells. It is
known that serum proteins can decrease NP endocytosis, and the
decrease of the endocytosis observed here could be related to a
decrease of the NPs' zeta potential [39,40]. This delivery induced
the activation of these cells via the NF-kB pathway, through TLR2

and TLR4 signaling and the production of pro-inflammatory cyto-
kines [41]. This suggests that the Toxoplasma extract TE contains
factors including (though probably not exclusively) the GPI and
HSP70 able to trigger the TLR2 and TLR4 signaling pathways
[42,43]. Vaccine strategies are often dependent on subcutaneous or
intra-muscular injection. Our strategy aim at eliciting an immune
response triggering first the mucosal way, as natural infection
would do. In vivo, vaccine was administered by the nasal route.
Mice vaccinated with DGNP/TE developed a delayed humoral
response and a protective and specific Th1/Th17 response. Only
mice vaccinated with DGNP/TE survived acute toxoplasmosis while
a significant decrease of brain cysts was observed in chronic
toxoplasmosis.

5. Conclusion

The development of an efficient vaccine against T. gondii infec-
tion can only be done with innovative alternatives like
nanoparticles-based approach combined with heterogeneous an-
tigens of parasite. To nearest mimic natural infection, the mucosal
route is used as administration site. DGNP nanoparticles are able to
delivered total antigens extract to cells to elicit an humoral and a
Th1/Th17 cellular immune response. Moreover, only mice vacci-
nated with our DGNP/antigens formulation survived to a lethal
dose of parasites. This proof-of-concept results show an original
and efficient strategy to vaccine against T. gondii infection. This
clearly demonstrates the utility of DGNP nanoparticles as vaccine
delivery system and confirm that the rational design of intranasal
vaccines requires an in-depth understanding of the molecular
mechanisms governing the activation of the innate and adaptive
immune system.
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