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Abstract

To improve the efficiency of orally delivered vaccines, PEGylated PLGA-based nanoparticles displaying RGD molecules at their surface were
designed to target human M cells. RGD grafting was performed by an original method called “photografting” which covalently linked RGD peptides
mainly on the PEG moiety of the PCL-PEG, included in the formulation. First, three non-targeted formulations with size and zeta potential adapted to
M cell uptake and stable in gastro-intestinal fluids, were developed. Their transport by an in vitro model of the human Follicle associated epithelium
(co-cultures) was largely increased as compared to mono-cultures (Caco-2 cells). RGD-labelling of nanoparticles significantly increased their
transport by co-cultures, due to interactions between the RGD ligand and the 3, intregrins detected at the apical surface of co-cultures. In vivo studies
demonstrated that RGD-labelled nanoparticles particularly concentrated in M cells. Finally, ovalbumin-loaded nanoparticles were orally
administrated to mice and induced an IgG response, attesting antigen ability to elicit an immune response after oral delivery.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oral vaccination offers a large number of advantages
compared to other routes of administration. It is a non-invasive,
user-friendly method avoiding the need of sterile injection by
qualified personnel. Nevertheless, oral administration of free
vaccine often results in a very low immune response, which is
mainly due to the premature degradation of the antigen in the
gastrointestinal (GI) tract. Encapsulation of the vaccine in
particulate systems became widely employed to solve this
problem. It has been demonstrated that oral immunization with
antigen-loaded microparticles induces mucosal IgA and sys-
temic IgG antibodies responses, providing a complete immune
response. Besides protecting the antigen against the harsh
environment of the GI tract, nanocarriers are efficiently taken up
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by M cells, key players of the mucosal immunity induction. In
addition, biodegradable particles allow a sustained release of the
antigen, increasing the duration of the contact between antigen
and immune cells thus favouring an effective immune response
[1-3].

Immune cells of the intestinal mucosa are mainly located in
specialized structures called Peyer’s patches (PPs). The
Organized Mucosa Associated Lymphoid Tissue is separated
from the lumen by the Follicle Associated Epithelium (FAE),
composed of enterocytes and M cells. M cells are considered as
the main entrance for pathogens to invade the body [3—7]. M
cells are characterized by a disorganized brush border and a
reduced mucus layer at their apical side. M cell basolateral
membrane is deeply invaginated forming a pocket hosting
lymphocytes. The characteristics of M cells makes them
particularly adapted to antigen uptake: (i) by favouring antigen
interactions with the apical membrane then optimizing antigen
endocytosis, (ii) by shortening and facilitating antigen access to
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the basolateral compartment, and thus (iii) by favouring quick
and straightforward interactions between immune cells and
antigen presenting cells (APC) present at the basal side.

The aim of this study was to target M cells with a specific
ligand grafted on antigen-loaded PEGylated PLGA-based
nanoparticles. Nanoparticles are known to be better taken up by
M cells than microparticles [8—11]. Poly(lactide-co-glycolide)
(PLGA) was chosen for its biodegradability properties, its
biocompatibility and its approval by FDA. Poly(e-caprolactone-
co-ethylene glycol) (PCL-PEG), an amphiphilic copolymer, was
added to the formulations (i) to take advantage of PEG repulsive
properties to provide a higher stability of nanoparticles in
biological fluids [12,13], (ii) to promote uptake by M cells in
vitro [14], and (iii) to allow the grafting of a molecule targeting M
cells on the surface of the nanoparticles. Three non-targeted
formulations were first developed, composed of various percen-
tages of PLGA, PLGA-PEG and PCL-PEG and encapsulating
ovalbumin, as model antigen. Formulations were physicochem-
ically characterized and their stability in biological media was
evaluated. Their transport by M cells in vitro was studied and
compared to enterocyte transport. Formulations were then
targeted to (3 integrins expressed at the apical side of M cells
[15,16] via an RGD peptide. A novel photografting method was
developed to graft the peptide on PEG chain of PCL-PEG. The
transport of targeted and non-targeted nanoparticles across M
cells model was measured in vitro. The immune response induced
by their oral delivery potential was also evaluated.

2. Materials and methods
2.1. Polymers synthesis and characterization

Tin(I) octanoate and e-caprolactone were purchased from
Aldrich and purified just before use. Monomethoxypoly
(ethylene glycol), triethylaluminum (1.9 M in toluene), and N,
N’-dicyclohexylcarbodiimide (Aldrich) were used as received.
D,L-lactide and glycolide were obtained from Purac and were
purified and dried. Fluorescein (Sigma) and 4-(dimethylamino)
pyridine (Fluka) were used as received.

PLGA was prepared by copolymerization of lactide and
glycolide promoted by the dibutyltin dimethoxide (Aldrich) as
catalyst as reported by Kricheldorf et al. [17]. To obtain
fluorescent polymer, fluorescein with a carboxylic acid function
prepared according to the method described by Cao et al. [18]
was coupled to the MeO—PLGA—-OH using N,N’-dicyclohex-
ylcarbodiimide as coupling agent and 4-(dimethylamino)
pyridine as catalyst. Synthesis of the PEG-PLGA copolymer
was performed by ring-opening copolymerization of D,L-lactide
and glycolide using PEG (Mn=4600, polydispersity=1.1) as
macroinitiator and stannous octanoate as catalyst [19]. The
PEG-PCL copolymer was also synthesized by ring-opening
polymerization using triethylaluminium as catalyst [20].

"HNMR (400 MHz) spectra were recorded in CDCl5 at 25 °C
with a Brilkker AM 400 apparatus. Size-exclusion chromatogra-
phy (SEC) was carried out in THF at a flow rate of 1 mL/min at
45 °C using a SFD S5200 auto-sampler liquid chromatograph
equipped with a SFD refractometer index detector 2000 and

columns PL gel 5 pm (columns porosity: 102, 103, 104, 105 A).
Polystyrene standards were used for calibration.

2.2. Preparation and characterization of PLGA-based
nanoparticles

Nanoparticles were prepared by the “water-in-oil-in-water”
solvent evaporation method, also called double emulsion
method, as reported by Vila et al. [21], with modifications.
Briefly, 50 pL of a 5 mg/mL (PBS) ovalbumin (Sigma) solution
were emulsified with 1 mL of methylene dichloride (Acros
Organics) containing 50 mg of polymers (PLGA, PLGA-PEG
and PCL—PEG) with an ultrasonic processor (70 W, 15 s). The
second emulsion was performed with 2 mL of 1% sodium
cholate (Sigma) aqueous solution, using an ultrasonic processor
in the same conditions. The double emulsion was then poured
drip into 100 mL of a 0.3% sodium cholate aqueous solution,
and stirred at 37 °C during 45 min to evaporate the methylene
dichloride. The nanoparticle suspension was then washed twice
in PBS by centrifugation at 22000 g for 1 h to eliminate the
excess of sodium cholate. Fluorescent nanoparticles were
prepared by incorporating PLGA—FITC instead of PLGA in
the formulations.

Nanoparticle size and zeta potential were determined using
the Zetasizer Nano Series (Malvern).

2.3. Ovalbumin encapsulation efficiency

2.3.1. [PH] radiolabelling of ovalbumin

Sodium boro[*H]hydride (100 mCi) was supplied by Amer-
sham Biosciences. Radiolabelling of ovalbumin (Sigma) was
performed by reductive alkylation of amino groups as previously
described [22]. The [*H] ovalbumin specific activity was obtained
by measuring the total protein concentration by Bradford test,
according to the manufacturer’s instructions, and the radioactivity
by liquid scintillation. The peptide integrity after labelling was
demonstrated by autoradiography (Hyperfilm, Amersham Bios-
ciences) after SDS-PAGE electrophoresis (11% (w/v of poly-
acrylamide gel), Tris—glycine running buffer (192 mM Tris,
25 mM Tricine, 0.1% (w/v) SDS)) (data not shown).

2.3.2. Encapsulation efficiency

*H radiolabelled ovalbumin was used to determine encapsu-
lation efficiency. 100 pL of the supernatants, obtained during
nanoparticle washing (centrifugation) and 100 pL of nanoparticles
were dissolved in Aqualuma (Lumac*LSC) and processed on a
liquid scintillation counter (Liquid Scintillation Counter, Wallac
1410, Amersham Bioscience). Encapsulation efficiency was
expressed as the percentage of ovalbumin encapsulated in
nanoparticles compared to the initial amount of ovalbumin
included in the formulation. Protein content in the supernatant was
also measured by microBCA Protein assay Kit (Pierce PERBIO).

2.4. Nanoparticle stability studies in biological fluids

*H ovalbumin-loaded nanoparticles (50 pL, 2 mg of
polymer) were incubated in 500 pL of HCI (0.1 N), mimicking
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gastric environment, and incubated at 37 °C under gentle
mechanic stirring. Nanoparticle size (Zetasizer Nano Series
Malvern) and ovalbumin released were monitored over time. At
various time intervals, nanoparticle suspensions were centri-
fuged at 22,000 g during 45 min. Radioactivity in the
supernatant and the nanoparticles was measured by liquid
scintillation counting, to measure the amount of ovalbumin
released.

The same protocol was followed to determine the nanopar-
ticle stability in Fasted State Simulated Intestinal Fluid
(FaSSIF) [23] composed of KH,PO, (22.4 mM), NaOH (pH
6.5), sodium taurocholate (3 mM), lecithin (0.75 mM), KCl
(0.1 M).

2.5. Nanoparticle transport across the in vitro M cells model

2.5.1. Cell lines and culture media

Human colon carcinoma Caco-2 line (clone 1), obtained
from Dr. Maria Rescigno, University of Milano-Bicocca,
Milano (IT) [24], from passage x+12 to x+30, and human
Burkitt’s lymphoma Raji B line (American Type Culture
Collection) from passage 102 to 110 were used.

2.5.2. In vitro model of the human FAE

Caco-2 cells and Raji cells were grown as previously
described [8,14,15,25]. The inverted in vitro model of the
human FAE was obtained as described by des Rieux et al. [25].
Briefly, 3—5 days after Caco-2 cell seeding, the inserts
(Transwell® polycarbonate inserts (12 wells, pore diameter of
3 pm, polycarbonate) purchased from Corning Costar) were
inverted, placed in Petri dishes filled with supplemented
DMEM+1% (v/v) penicillin—streptomycin and a piece of
silicon tube was placed on each insert basolateral side. Inverted
cells were cultivated for 9—11 days and the basolateral medium
was changed every other day. Then, Raji cells were added in the
basolateral compartments of inserts. The co-cultures were
maintained for 5 days. Mono-cultures of Caco-2 cells,
cultivated as above but without the Raji cells, were used as
controls. Before the experiments, the silicon tubes were
removed and the cell monolayers placed in multiwell plates
and washed twice in HBSS. Inserts were used in their original
orientation for all the following in vitro experiments. Cell
monolayer integrity, both in co- and mono-cultures, was
controlled by transepithelial electrical resistance (TEER)
measurement.

2.5.3. Transport experiments

Transport experiments were run in HBSS at 37 °C.
Nanoparticle concentration was adjusted by diluting the stock
solution (checked by FACS analysis) in HBSS to a final
concentration of 2.7 - 10'* nanoparticles/mL. After equilibration
in HBSS at 37 °C, the apical medium of the cell monolayers was
replaced by a nanoparticle suspension (400 pL) and inserts were
incubated at 37 °C during 90 min. Basolateral solutions were
then sampled and the number of transported nanoparticles was
measured using a flow cytometer (FACScan, Becton Dickinson)
[8,15]. Results are expressed as apparent permeability coeffi-

cient (Papp) [26], as a mean=standard error of the mean (SEM).
The Papp is defined by the following formula:

1Y
P =
PP = ac,
dQ/dt  amount of product present in the basal compartment in
function of time (nb/s)
A area of transwell (cm?)
Co initial concentration of product in apical compartment

(nb/mL)

Cell monolayers were also apically pre-incubated with anti-
;1 integrin at 5 ng/ml in HBSS for 1 h at 37 °C, before adding
nanoparticle suspensions (formulation C with and without RGD-
labelling) at a final concentration of 2.7 - 10° nanoparticles/mL.
The inhibitor was present throughout the whole transport
experiment (90 min at 37 °C).

Since transport of carboxylated polystyrene nanoparticles
(Molecular Probes) (model nanoparticles) has been well
characterized [8,15,25], these nanoparticles were used as control
ofthe in vitro model functionality. The absence of cytotoxicity of
the different formulations was assessed by measuring the lactate
dehydrogenase (LDH) activity released from the cytosol of
damaged cells into the apical medium (BioGene™ Kit).

2.6. B; and osP; integrin expression on the apical side of the
M-like cells

Inserts were fixed in 4% (v/v) formalin, and then cut with a
razor blade into thin sheets that were placed in Agar gel and
embedded in paraffin. Thick, 5 um, sections were cut and, after
paraffin removal by xylene, were rehydrated and boiled for
75 min in 10 mM citrate buffer 0.05% (v/v) Triton X-100, pH 5.8
with a water bath. Endogenous peroxidase activity was blocked
by incubating in 0.3% (v/v) H,O, for 30 min and non-specific
antibody staining was prevented by preincubation in 10% (v/v)
normal goat serum for 30 min. Sections were then incubated
either with anti 3, integrin monoclonal antibody (1/50 dilution)
(USBiological) or with anti a5p integrin monoclonal antibody
(1/300) (CD29 from BioGenex), at room temperature overnight
and revealed using the Envision system (Dako) with diamino-
benzidine (Sigma-Aldrich). Finally, samples were mounted and
examined with an AxioVision 3.1 microscope (Zeiss) equipped
with an AxioCam HRec digital camera (Zeiss).

2.7. Synthesis of PCL-PEG-g-GRGDS by photografting

PCL-PEG (15200-4600) or PCL-PEG (21200-6000) (for
XPS studies) was solubilized in methylene dichloride with O-
succinimidyl 4-(p-azidophenyl) butanoate [27] (0.2 to 0.6 mmol
per gram of PCL-PEG). After solvent evaporation, the sample
(shavings) was irradiated at 254 nm in a quartz flask under argon
atmosphere for 20 min. After washing with isopropanol: ethyl
acetate (19: 1, v/v) the activated sample was immersed ina 1 mM
solution of GRGDS (GRGDS (97.0%) NeoMPS) (0.5 mg/mL)
in phosphate buffer (0.1 M):acetonitrile (1: 1, v/v) at pH 8 and
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shaked for 24 h at 20 °C. The sample was washed 3 times with
5 mM HCl and 5 times with water, shacked overnight in water,
rinsed with methanol and dried under vacuum at 40 °C to
constant weight. The blank sample was prepared following the
same protocol but omitting the azide reagent.

The XPS analyses were performed on a Kratos Axis Ultra
spectrometer (Kratos Analytical) equipped with a monochroma-
tised aluminium X-ray source (powered at 10 mA and 15 kV). Data
treatments were done with the CasaXPS program (Casa Software)
with a Gaussian/Lorentzian (70/30) product function and after
subtraction of a linear baseline. The copolymer samples were
casted, from solvent evaporation, on glass plates that were fixed on
a stainless steel multispecimen holder by using double-sided
conductive tape. The nanoparticles powders were pressed into
small stainless steel troughs mounted on a multi specimen holder.

2.8. Oral immunization with ovalbumin-loaded nanoparticles

Specific pathogen-free female NMRI mice aged 6—8 weeks
were purchased from the animal facility of the Université
Catholique de Louvain. The mice were kept in hanging wire
cages and allowed to feed and drink ad libitum. The Ethical
Committee for Animal Care of the Université Catholique de
Louvain has approved the in vivo protocols.

Female NMRI mice (eight per group) were immunized by
gastric gavage or intramuscular injection (positive control group).
One group received by gavage ovalbumin in PBS (5 pug/100 pL),
while six groups were intragastrically fed with various formula-
tions (formulations A, B, C with or without the GRGDS ligand)
(100 pL of nanoparticles containing 5 pug of ovalbumin). Another
group received two intramuscular injections of 50 pL of
ovalbumin in each quadriceps (5 pg/100 pL) at day 0. 14 and
28 days after the first immunization, mice were boosted with the
same gavage or injection. Mice were fasted the day before their
immunization. Blood samples were collected by retro-orbital
punction on weeks 2, 4, 6, 10 and 12. Sera isolated by
centrifugation (3000 rpm during 20 min at 4 °C), were stored at
—20 °C before analysis. Ovalbumin-specific IgG levels were
evaluated by enzyme-linked immunosorbent assay (ELISA) [28].
Sera dilutions were made in ovalbumin-coated plates (Nunc-
Immuno Plate F96 MAXISORP) and detection of anti-ovalbumin
antibodies was carried out using peroxidase-labelled rat anti-
mouse immunoglobulin G (total 1gG) (LO-IMEX). Titers were
defined as the logarithm of the highest dilution giving an optical
density of 0.2 at 450 nm (detection limit: 0.7). For cytokine
assays, mice were sacrificed, and their spleen were removed
aseptically. Splenocytes were adjusted to a concentration of
5x10° cells/mL and cultured 500 pl per well in 48-well tissue
culture plates in RPMI 1640 medium supplemented with 10%
foetal bovine serum, 1% penicillin/streptomycin, 1% sodium
pyruvate, 5x10” M 2-mercapto-ethanol and 10% MEM (In
vitrogen, Belgium). Cells were stimulated by the addition of 10 pg
of ovalbumine per well. Unstimulated cells were used as control.
Cell supernatants were collected either after 48 h for interferon-
gamma (IFN-g) assay or after 72 h for interleukin-4 (IL-4) assay.
Cytokine concentrations in the supernatants were measured using
mouse [FN-g and IL-4 DuoSet ELISA development kits (R&D

Systems Europe Ltd, Abingdon, UK) according to the manu-
facturer’s protocols.

2.9. In vivo localization of nanoparticles in mouse Peyer's
patches by confocal microscopy

Female NMRI mice (2 per condition), 6—8 weeks old, were
fasted overnight and supplied with water ad libitum before the
experiment. FITC-labelled nanoparticles grafted or not with the
GRGDS ligand (200 pL of nanoparticles, 30 mg of polymer)
were intragastrically administered. Three hours after the gavage,
mice were euthanized by cervical dislocation. Two Peyer’s
patches by mouse were excised, washed with PBS and fixed in
cold methanol at —20 °C for 45 min. Then, tissues were rinsed
in PBS (3 times) and incubated for 60 min at room temperature
with 10 pg/mL of rhodamine labelled UEA-1 lectin (VECTOR
Laboratories) [29]. Tissues were then washed 5 times in PBS
and placed into “chambered coverglass system” (Lab-Tek®II —
Nalgen Nunc International) for confocal laser scanning
microscopy (CLSM) (Axiovert 135 M microscope equipped
with a Bio-Rad MRC1024 confocal system) observation. Non-
Peyer’s patch tissues were used as control.

2.10. Statistics

Statistical analysis of the results was assessed by using the
JMP4 software. Data were first tested for log normal distribution
and homogeneity of variances and then analysed by one way
ANOVA. p value<0.05 were considered as significant.

3. Results
3.1. Polymer characterization

Polymers (PLGA, PLGA-PEG and PCL-PEG) were
characterized by NMR spectroscopy and SEC (Table 1). Their
molecular weight was in the range of 25,000 g/mol. The SEC
analysis of the amphiphilic copolymers confirmed that all the
macroinitiator has initiated polymerization, leading to the
formation of the diblock copolymers, free of homopolymers.

Table 1

Chemical description of the polymers included in the formulations

Polymer Mn Mn (NMR) mol.% Polydispersity
(SEC)*  g/mol® glycolide index®
g/mol

PLGA 22,000 25 1.8

Fluorescent PLGA 23,600 29 1.6

PEG-b-PLGA 29,300  4600-16,500(L)/ 26 1.7

4700(G)
PCL-b-PEG 22,400  4600-15,200 1.15
PCL-b-PEG 26,300  6000-21,200 1.15

? Polystyrene calibration.

® Determined by NMR by the following formula: (I47/2)/(Isx+ 147/
2))* 100, where I, is the signal intensity of the glycolide unit at 4.7 ppm
(CH,OC=0) and Is, is the signal intensity of the lactide unit at 5.2 ppm (CH
(CH3)0C=0).

¢ PDI=Mw/Mn, determined by SEC by polystyrene standard.
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Table 2
Composition (% w) of the investigated formulations
PLGA PLGA-PEG PCL-PEG
22,000 21,000-5000 15,000-5000
Formulation A 50 50
Formulation B 45 45 10
Formulation C 70 15 15

The coupling reaction of FITC on PLGA was achieved under
mild conditions to avoid polymer degradation, which was
confirmed by SEC (data not shown). The achievement of the
fluorescein grafting on PLGA was assessed by SEC using a
UV-VIS detector (data not shown). The reaction yield was
calculated by NMR to be 75%.

3.2. Physicochemical characterization of the nanoparticles

Nanoparticles were composed of PLGA, a biodegradable and
FDA approved polymer which formed the core of the
nanocarriers. An amphiphilic copolymer containing PEG was
added to the formulation to stabilize the nanoparticles [12—13] to
promote uptake by M cells [14] and to allow targeting by grafting
ligands on the PEG moiety. Three formulations containing
PLGA, PLGA-PEG and PCL-PEG were investigated. Their
composition is reported in Table 2. As grafting on PLGA-PEG
was difficult due to chemical instability, PCL-PEG was selected
for photografting of M cell ligands. Taking into account the
previous results of our group, we chose to investigate formula-
tions with about 50% of PEG [14]. The binary formulation A was
simply composed of PLGA and PCL-PEG in equal proportion.
To improve the size homogeneity and stability of the nanopar-
ticles, PLGA-PEG was added to the formulation. Different
proportions of PLGA-PEG and PCL-PEG were investigated
(data not shown). The formulation B composed of 10% of PCL—
PEG and 45% of PLGA—-PEG was selected because of its lower
size polydispersity. Lastly, formulation C, containing only 30% of
total PEG (against 50-55% for the two others), was tested. The
hypothesis was that a weaker sterical hindrance at the particle
surface might be more appropriate to expose the targeting ligand.

3.2.1. Physicochemical properties of the formulations
Formulations A, B and C were characterized in term of size,
zeta potential and ovalbumin encapsulation efficiency (Table 3).
They all had a mean size around 200 nm which is commonly
considered as optimal size for nanoparticles to be taken up by

Table 3
Physicochemical properties of the nanoparticles (=3 to 5)

Formulation Formulation Formulation Formulation C

A B C RGD
Size (nm) 208+20 200+22.5  201+24 211+2.89
Size polydispersity  0.152 0.166 0.170 0.169
index
Zeta potential (mV) —6.6+1.2 —6.84+4.2 -9.1+58 —13.8+4.3
Encapsulation 50+6 30+2 40+1 40

efficiency (%)

PPs [8]. Besides, the small polydispersity index indicated that
nanoparticle populations were homogeneous. Moreover, the
zeta potentials of the three formulation were close to neutrality,
most probably because of the presence of PEG chains shielding
negative charges present at the nanoparticle surface. Finally,
ovalbumin was efficiently encapsulated (30 to 50%).

3.2.2. Nanoparticle stability in biological media

To check if the nanocarriers could protect the antigen until it
reaches M cells in the gastro-intestinal tract, the stability of [*H]
ovalbumin-loaded nanoparticles was investigated upon incuba-
tion in different simulated biological fluids: HCI 0.1 N which
mimics gastric conditions and FaSSIF for intestinal environ-
ment (Fig. 1). After 2 h of incubation in HC1 0.1 N, less than 5%
of the [*H] labelled ovalbumin were recovered in the super-
natants after centrifugation of the nanoparticle suspension,
which is consistent with nanoparticle size stability in gastric
conditions. After 6 h of incubation in FaSSIF, nanoparticle size
was not altered. A slight release of [°H] labelled ovalbumin, less
than 10% during the duration of the experiment, was observed
for the formulations B and C. However, a burst effect was
observed for the formulation A. 20% of [*H] labelled
ovalbumin was released during the first hour of incubation,
and this amount remained stable during all the experiment. The
stability of RGD-labelled nanoparticles was also demonstrated
(data not shown). Hence, the three formulations are adapted to
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Fig. 1. Evolution of the nanoparticle size (close symbols) and *H ovalbumin
release (open symbols) during incubation in A) HC1 0.1 N and B) FaSSIF for
formulations A (PLGA/PCL-PEG 50:50) (<), B (PLGA/PLGA—PEG/PCL—
PEG 45:45:10) (CJ), and C (PLGA/PLGA-PEG/PCL-PEG 70:15:15) (A)
(n=3, CV<10%).
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Fig. 2. Comparison of the transport of the different formulations across mono-
and co-cultures. 2.7 10'® nanoparticles/ml of formulation A (PLGA/PCL—PEG
50:50), B (PLGA/PLGA-PEG/PCL-PEG 45:45:10) and C (PLGA/PLGA-
PEG/PCL-PEG 70:15:15), suspended in HBSS were added to the apical pole of
the cell monolayers. Mono- and co-cultures were incubated for 90 min at 37 °C
(n=20-27). The number of transported nanoparticles was evaluated by flow
cytometry and is expressed as apparent permeability coefficient (Papp) as a
mean+standard error of the mean (SEM) *p<0.05, **p<0.01, ***p<0.001.

the oral route of administration: ovalbumin remains inside the
nanocarrier in gastro-intestinal simulated fluids.

3.3. In vitro transport of nanoparticles by enterocytes or M
cells

In order to evaluate the formulation transport by M cells, the
in vitro model of the human FAE, previously described by des
Rieux et al., was used [25]. The nanoparticle transport by co-
cultures (Caco-2 and Raji cells) was compared to the transport
by mono-cultures (Caco-2 cells) (Fig. 2). Formulation A
transport was high but not significantly different on mono- or
co-cultures, attesting that the transport was not M cell specific.
Nanoparticle transport was 4-fold (formulation C (»<0.01)) and
10-fold (formulation B (»p<0.001)) increased by co-cultures as
compared to mono-cultures. Whatever the formulation, LDH
activity in apical medium was similar to the negative control
(HBSS, <5%). TEER measurements before and after the
experiments confirmed that the nanoparticles were not cytotoxic
at the concentration investigated (data not shown).

3.4. Apical expression of B; and osf; integrins in the M-like
cell model

In order to find M cells specific ligands, immunohistochem-
istry was led on the human FAE model. It has been previously
reported that 3 integrins were present at the apical surface of M
cells [15,16,30]. Fig. 3 illustrates that in vitro, conversion of
Caco-2 cells to M cells could be characterized by the expression
of 3 and a5 integrins at the apical surface of the co-cultures.
Hence, RGD, the universal peptide recognizing integrins [31],
was chosen as a ligand for human M cells.

3.5. Synthesis and characterization of the PCL-PEG-g-GRGDS

To display the RGD ligand at the surface of the nanoparticles,
anovel photografting method was developed to graft the peptide
mainly on the PEG moiety of PCL—PEG. This covalent coupling
of GRGDS peptides required first the derivatization of the native

copolymer PCL-PEG with reactive functions susceptible to
react with the peptide terminal free amines. We chose to in-
troduce N-hydroxysuccinimidyl (NHS) esters via a photochem-
ical process using O-succinimidyl 4-(p-azidophenyl) butanoate
as a crosslinking reagent [27,32]. Under UV irradiation, this
molecule generates highly reactive nitrenes able to make in-
sertion reactions into C—H bonds of the copolymer matrix, while
the NHS functions remain unchanged. NHS-activated PCL—
PEG was then immersed into a 1 mM solution of the peptide for
24 h, then appropriately washed and dried. The resulting PCL—
PEG-g-GRGDS was analyzed by X-Ray Photoelectron Spec-
troscopy (XPS) [33]:

PCL-PEG-g-GRGDS: O 1s (22.65 %), N 1s (0.98 %), C 1s
(73.66%), Si 2p (2.71%);
PCL-PEG: O 15 (23.69 %), C 1 s (71.54 %), Si 2p (4.78%).

Fig. 3. Apical expression of 31 and a5B1 integrins by M cells. Mono- and co-
cultures were fixed and were placed in agar gel. 5 pm thick paraffin sections
were cut and used for immunohistochemistry. Sections were incubated with the
anti 31 integrin monoclonal antibody (1/50) (A and B) while others were
incubated with the anti 531 integrin monoclonal antibody (1/300) (C and D).
Mono-cultures were used as controls (A,C). Cells positive for 31 and o531
integrins are indicated by arrows. *The preparation of the samples can induce a
detachment of the filter from the cell monolayer.
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Fig. 4. Influence of RGD grafting on nanoparticle transport across mono- and
co-cultures. Cell monolayers were first apically pre-incubated with anti-31
integrin at 5 pg/ml in HBSS for 1 h at 37 °C, before adding nanoparticle
suspension at a final concentration of 2.7 - 10° nanoparticles/ml (n=11-16). The
number of transported nanoparticles was evaluated by flow cytometry and is
expressed as apparent permeability coefficient (Papp) as a mean=+standard error
of the mean (SEM) *p<0.05.

The surface atomic composition of this material revealed the
presence of nitrogen atoms (N1s/Cls=1.33 10~ ?), whereas no
N1s peak could be detected on the blank sample (PCL-PEG
similarly treated, but in the absence of crosslinking reagent).
These results confirmed the grafting of GRGDS.

3.6. Physicochemical characterization of RGD-labelled
nanoparticles

Formulation C (PLGA/PLGA-PEG/PCL-PEG 70:15:15)
was chosen to study the effect of the RDG sequence grafting at
nanoparticle surface on M cell targeting. First, it has been
verified that the presence of the ligand on the PCL-PEG did not
change the physicochemical properties of the nanoparticles.
Table 3 demonstrates that except a slight increase of nano-
particle size, encapsulation efficiency, zeta potential and size
polydispersity remained unchanged. Stability of the RGD-
labelled formulation C in biological simulated fluids was also
investigated. Incubation in HCl or FaSSIF did not affect
nanoparticle size and no release of ovalbumin was observed
(data not shown).

To investigate the chemical composition of the nanoparticle
surface, and especially, to confirm the presence of the ligand
GRGDS, XPS was carried on freeze-dried nanoparticles,
looking more precisely for N1s peak [12,34]:

GRGDS-NP: Na 15 (1.29%), O 1s (31.50 %), N 1s (0.16%),
C 1s (63.70%), C1 2p (2.08%), Si 2p (1.28%)

Blank-NP: Na s (2.42%), O 1s (31.80 %), C 1 s (60.40%),
Cl 2p (4.10%), Si 2p (1.28%).

Since nitrogen atoms were detected on the surface of nanopar-
ticles containing PCL-PEG-GRGDS (N1s/C1s=0.25*10"?)
but not on the surface of non-targeted blank nanoparticles, the

nitrogen signals were very likely due to covalently immobilized
GRGDS peptides located at the nanoparticle surface and well
displayed to target (3, integrins. These results were confirmed
with the detection of a perfluorated probe grafted by the same
method [33].

3.7. In vitro transport of the RGD-labelled formulation by
enterocytes and M cells

In order to evaluate the influence of the ligand at the
nanoparticle surface on their transport by M cells, formulations
C, with or without GRGDS, were incubated on the apical side of
the co-cultures and mono-cultures, at 37 °C, during 90 min. The
presence of the PCL-PEG—GRGDS in the formulation increased
the transport of nanoparticles across the M cell model, with a
factor of 3.5 (p<0.05) compared to the non-targeted formulation
(Fig. 4). On the contrary, no significant difference between the
uptake of RGD-targeted and “naked” formulations was observed
on the monocultures. To confirm that RGD grafting allows a
specific targeting of M cells, an anti-integrin (3; antibody was
added to the apical medium. The transport of the RGD-targeted
nanoparticles in co-culture was inhibited (p<0.05) and reached
the value of non-targeted nanoparticle transport. These data
indicate that the GRGDS, exposed at the nanoparticle surface, can
interact with M cell integrins, leading to an improvement in the
transport by these cells.
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Fig. 5. Influence of the formulation composition on (A) IgG titers in serum and (B)
IFN+y production by splenocytes. Mice were fed with ovalbumin solution (PBS);
formulation A (PLGA/PCL-PEG 50:50); formulation B (PLGA/PLGA-PEG/
PCL-PEG 45:45:10); formulation C (PLGA/PLGA-PEG/PCL-PEG 70:15:15).
Intramuscular injection was used as positive control. A) Mice individual IgG titers
10 weeks after the first immunization (n=7-8). B) IFN~y production by splenocytes
13 weeks after the first immunization (4 mice; 3 wells).
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Fig. 6. CLSM visualization of Peyer’s patches, demonstrating the uptake of
FITC-PLGA nanoparticles by the FAE in mice fed with targeted formulation C
(FITC-PLGA/PLGA-PEG/PCL-PEG-GRGDS 70:30:30). M cells were
stained with rhodamin-labelled UEA-1 Lectin (10 pg/mL). Bar: 50 um.

3.8. Oral immunization with ovalbumin-loaded nanoparticles

In order to evaluate the formulations as vaccine oral delivery
systems, an immunization experiment was performed on mice,
using 5 pg ovalbumin as model antigen. The IgG titers of each
mouse detected 10 weeks after priming are displayed in Fig. S5A.
IgG were detected in 3, 0 and 2 mice out of § after oral ad-
ministration of the nanoparticle formulation A, B and C res-
pectively. Even if the mean production of IgG was not increased
with targeting, the number of mice producing IgG was slightly
higher in the case of immunization with targeted formulations
compared to non-targeted ones (3, 5 and 4 out of 8 mice after
oral administration of the RGD-labelled nanoparticle formula-
tion A, B and C respectively).

As expected, [gG were not detectable in the sera of mice fed
with free ovalbumin, emphasizing the role of antigen encapsulation
in nanocarriers to protect it. The intramuscular route remained the
most efficient one, providing high levels of IgG (IgG titer=2 to
4.4). Every mouse treated with ovalbumin via the intramuscular
route presented IgG in their serum, which was not the case upon
oral immunization with nanoparticles. However, it is worth
noticing that a small amount of ovalbumin (5 pg) did induce
an immune response in the groups immunized orally with
nanoparticles.

The cellular response was also investigated. The 1L4
production by splenocytes remained very low (<30 pg/ml,
data not shown). Significant [FN+y production was induced in
some of the groups immunized orally (Welsh’s test indicates
statistical difference between the groups).

3.9. Uptake of targeted nanoparticles in mouse Peyer's patches

Fluorescent nanoparticles, precisely formulation C with or
without GRGDS, were administered to fasted mice by oral

gavage. The location of these nanoparticles in the gut was
investigated by confocal microscopy. Fig. 6 reveals that targeted
nanoparticles were localized mainly in the PPs and that they
were often co-localized with M cells (stained with rhodamine
labelled UEA-1 Lectin). Very few nanoparticles were observed
out of the PPs (data not shown). Non-targeted nanoparticles
were less numerous in PPs and more scattered.

4. Discussion

Three different formulations, composed of various percen-
tages of PLGA, PLGA-PEG and PCL-PEG, have been
developed and tested as oral delivery systems of vaccine.
They present good physicochemical properties for M cell
uptake and are stable in gastrointestinal fluid, being then
suitable for the oral route.

As the presence of p; integrins on M cells [15,16] was
confirmed in vitro, the RGD peptide was selected as a model
targeting ligand to M cells. A novel photografting technique
was developed to covalently bind the peptide GRGDS mostly to
the PEG chain of PCL. The presence of the ligand at the surface
of the nanoparticles was demonstrated by XPS.

This RGD ligand at the surface of the nanoparticles
(formulation C) increased the transport of the nanoparticles
across co-cultures in vitro. The specific targeting of the (3,
integrins by the RGD-labelled nanoparticles was demonstrated
in the co-cultures by the inhibition of their transport by anti-p3,
integrin. This result was not observed with formulation B (data
not shown). This could be explained by a better accessibility of
the ligand at the nanoparticle surface, due to the lower amount
of PEG in the formulation C (30%) compared to the formulation
B (55%). Besides, hydrophobic nanoparticles have been
reported to be better transported by M cells than hydrophilic
particles [35,36]. 30% of PEG in the formulation seemed
enough to induce a shielding of the nanoparticle surface charges
(zeta potential =—9 mV against —40 mV without PEG).

It is well accepted that nanoparticle surface properties are of
outmost importance for their uptake by intestinal epithelial
cells. A compromise between hydrophobicity/hydrophilicity,
surface charge targeting and particle stabilization has to be
found to develop the most appropriate vector [2]. Some
bioadhesive and hydrophilic particles, made of chitosan for
instance [37], are known to be largely taken up by enterocytes.
So, two strategies of oral delivery coexist: targeting specifically
M cells which are not numerous but specialized in particle
endocytosis, or increasing the nanoparticle transport across
enterocytes, which represent the main population of epithelial
cells [2]. Targeting M cells is a very appealing strategy because
the particular characteristics of these cells allow a rapid contact
between antigens and APC and B lymphocytes.

The immunization with the nanoparticles elicited a humoral
but also a cellular immune response attesting that the antigen
was efficiently presented to T lymphocytes by the APC.
Antigen loading in the nanoparticles allowed the use of a small
amount of antigen: we used only 5 g of antigen, against 100 pg
and more in usual assays. This could be very likely explained by
the protection of the antigen into the nanocarrier against
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degradation in the gastrointestinal tract. Alternatively, the
presentation of the antigen in a particulate form could elicit
an immune response whereas a soluble protein antigen induces
tolerance by the mucosal immune system [1]. This is very
promising since human oral vaccine applications are still limited
by the too high amounts of antigens required to elicit an
efficient protection [38].

At last, we demonstrated that the use of a RGD ligand at the
nanoparticle surface to target M cells provoked a slight increase
in the number of mice producing IgG after immunization, thus
confirming the importance of targeting the carriers. Neverthe-
less, no increase of the IgG production in serum was observed
with the use of the RGD ligand. This could be due to a partial
degradation of the peptide during its trafficking in the
gastrointestinal tract. To avoid the ligand degradation in the
stomach or in the gut, non-peptidic 3, integrin ligand could be
used and grafted on the nanoparticles in the place of RGD
peptides. The addition of a mucosal adjuvant in the formulation
could also be explored [1].
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