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a b s t r a c t

To improve transport of vaccine-loaded nanoparticles, the phage display technology was used to identify
novel lead peptides targeting human M cells. Using an in vitro model of the human follicle-associated
epithelium (FAE) which contains both Caco-2 and M cells, a T7 phage display library was screened for its
ability either to bind the apical cell surface of or to undergo transcytosis across Caco-2 cells or FAE. The
selection for transcytosis across both enterocytes and FAE identified three different peptide sequences
(CTGKSC, PAVLG and LRVG) with high frequency. CTGKSC and LRVG sequences enhanced phage transport
across M-like cells. When polymeric nanoparticles were grafted with the sequences CTGKSC and LRVG,
their transport by FAE was significantly enhanced. These peptides could therefore be used to enhance
Targeting

M cells
Caco-2 cells
P
N

the transport of vaccine-loaded nanoparticles across the intestinal mucosal barrier.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Unlike the parenteral vaccines, the mucosal vaccines have the
bility to confer a protective local immunity to mucosal barriers,
n addition to a systemic immune response. In the recent past, for
ractical and safety reasons (Lavelle and O’Hagan, 2006; Silin et
l., 2007), there has been a shift from traditional mucosal vaccines
hat are mainly composed of live-attenuated or killed pathogens,
owards a new generation of vaccines composed of so-called sub-
nit immunogens. However, most of these compounds remain
oorly bioavailable upon oral administration (Lavelle and O’Hagan,
006; Silin et al., 2007). One new approach developed to over-

ome these problems has involved their association with delivery
ystems, such as polymeric nanoparticles (des Rieux et al., 2006).
hese carriers could facilitate an effective immunization by: (i) pro-
ecting antigens against degradation and inactivation in the harsh

Abbreviations: BSA, bovine serum albumin; EIPA, 5-(N-ethyl-N-
sopropyl)amiloride; FAE, follicle-associated epithelium; HBSS, Hank’s balanced
alt solution buffer; NP, nanoparticles; Papp, apparent permeability coefficient;
BS, phosphate-buffered saline; TEER, transepithelial electrical resistance; PCL-
EG, polycaprolactone–polyethylene glycol; PLGA, poly(dl-lactic-co-glycolic) acid;
LGA-PEG, poly(dl-lactic-co-glycolic) acid-polyethylene glycol.
∗ Corresponding author. Tel.: +32 10 47 27 91; fax: +32 10 47 48 95.

E-mail address: yjs@uclouvain.be (Y.J. Schneider).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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gastro-intestinal environment; (ii) promoting their transmucosal
transport; and (iii) acting as mucosal immunomodulatoradjuvants
(Slutter et al., 2009). However, despite numerous reports in the lit-
erature to show the success of biodegradable antigen carriers to
induce an immune response after their oral administration, only
few phase 1 human trials for oral vaccines have been realized in
the last 10 years (Katz et al., 2003; Lavelle and O’Hagan, 2006;
Tacket et al., 1994) and up to now, none of these systems have
achieved a commercial status. It is therefore being increasingly
questioned whether encapsulated antigens can be taken up in suf-
ficient quantities in human to induce adequate immune responses.
An improvement in the efficacy of particles uptake would thus be
required before oral vaccination with sub-unit antigens becomes a
feasible option.

Diverse strategies have been developed to improve the availabil-
ity of these polymeric carriers after their oral administration. Some
aimed at targeting all intestinal cells (mainly enterocytes), whereas
others focused on specialized antigen sampling cells, i.e. M cells (des
Rieux et al., 2006). M cells are specialized epithelial cells that pro-
vide an immuno-sampling function by transporting undegraded
particulate matter and presenting it to underlying lymphocytes in

the follicle-associated epithelium (FAE) of Peyer’s patches (Brayden
et al., 2005; Ermak and Giannasca, 1998; Gebert et al., 1996; Kuolee
and Chen, 2008). Although these cells are present at a very low
density in the gut, they are now considered as a major protagonist
to improve the availability of orally administered vaccines. Many

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yjs@uclouvain.be
dx.doi.org/10.1016/j.ijpharm.2010.04.023
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fforts are focused to improve the transcytosis of antigen-loaded
anoparticles by these cells, trying especially to compensate their

ow number by an efficient targeting (des Rieux et al., 2006). How-
ver, the research associated with M cells has long been hampered
y the lack of appropriate in vivo and in vitro experimental models.
ecently, the development of a purely human in vitro FAE model
as provided an important research tool to elucidate the molecu-

ar architecture of the apical surface of human M cells (Gullberg et
l., 2000, 2005, 2006). It consists in coculturing Caco-2 monolayers
ith a B lymphocyte cell line, Raji cells. 15–30% of the Caco-2 cells

re converted to M-like cells (des Rieux et al., 2007). Nevertheless,
urrently little is known about surface proteins that could act as
pecific targets and, up to now, only �1 integrins and recently gly-
oprotein 2, have been shown to be overexpressed at the apical pole
f human FAE (Brayden et al., 2005; Garinot et al., 2007; Gullberg
t al., 2006; Hase et al., 2009).

Phage libraries have been used to select peptides that bind
mmobilized proteins, carbohydrates and peptides displayed by
ultured cells (Ivanenkov et al., 1999b; Ivanenkov and Menon,
000). Phage display peptide libraries are commonly used to obtain
efined peptide sequences interacting with a particular molecule.

n this system, peptides in as many as 109 permutations are
xpressed on the phage surface by fusion to one of the phage sur-
ace proteins and the desired peptides are selected on the basis
f their affinity for the target molecule. The phage display system
ased on the phage T7 (T7Select; Novagen), is currently the most
idely used lytic phage display system and has been employed in
umerous applications (Danner and Belasco, 2001; Herrmann et al.,
007; Sharma et al., 2008; Woiwode et al., 2003). This 60 nm phage
as a spherical morphology, which is relatively similar to the ref-
rence nanoparticles previously used to characterize the in vitro
odel (des Rieux et al., 2007). It displays 415 copies of peptides

n the surface of phages. These peptides expressed by the phages
ould bind to unknown ligands expressed at the surface of ente-
ocytes and/or M cells and could be transported across these cell
onolayers. This library expresses seven amino acids with a confor-
ational flexibility that is constrained by cyclisation. This is likely

o allow some protection against proteolysis (Smith and Petrenko,
997).

The aim of this study was to use the in vitro model of the human
AE (des Rieux et al., 2007), previously developed in our labora-
ory to identify novel peptide ligands specific of human M cells
sing the phage display technology. In order to find new markers
f human M cells, we firstly used a biopanning protocol in which
hages were selected at 4 ◦C for their binding affinity for the api-
al surface of mono- and cocultures (enterocytes and M-like cells
espectively). Phages from the library have also been tested for
inding to internalizing receptors, such as integrins, and to undergo
n efficient uptake by targeted cells (Ivanenkov and Menon, 2000).
herefore, novel peptide ligands specific to human M and/or ente-
ocytes cells were also searched for their ability to improve the
ransport of phages by cells. The identified sequences that increased
hage transport were then grafted on polymeric nanoparticles to
heck if their transport across Caco-2 monolayers and/or FAE was
nhanced.

. Materials and methods

.1. Phage libraries
.1.1. Phage library
The library of T7 phages, obtained from Dr. Ruoslahti (Burn-

am Institute for Medical Research, University of California, Santa
arbara, CA), was prepared as previously described (Essler and
uoslahti, 2002). It consisted in using NNK-oligonucleotides encod-
Pharmaceutics 394 (2010) 35–42

ing a random library of cyclic peptides of the general structure CX7C
(C, cystein; X, any amino acid). This vector displays peptides in
all 415 copies of the phage capsid protein as a C-terminal fusion.
Libraries with this structure have yielded numerous high-affinity
cell-binding peptides (Danner and Belasco, 2001; Herrmann et al.,
2007; Sharma et al., 2008; Woiwode et al., 2003). The library had a
diversity of ∼3 × 108 plaque-forming units (pfu).

2.1.2. Phage production and purification
Phages from libraries or from individual clones were amplified

in Escherichia coli BL21 (Amersham, Biosciences, Piscataway, NJ) in
liquid lysogeny broth medium (LB medium) (GibcoTM, Invitrogen
Corporation Carlsbad, CA) at 37 ◦C for 4 h. Phages were recovered
from the culture supernatant by two successive polyethylene gly-
col precipitations (PEG 6000) and resuspended in TBS (150 mM
NaCl, 50 mM Tris at pH 7.5). Between the first and the second pre-
cipitations, the phage solutions were filtered through a 0.45-�m
filter (Millex-H, Millipore, Billerica, MA). Stock phage concentra-
tions were determined by titration according to the manufacturer’s
instructions (T7Select® System Manual).

2.1.3. Phage titration
Phages were titrated by plating the infected bacteria on agar

plates (GibcoTM) according to the manufacturer’s instructions
(T7Select® System Manual).

2.1.4. PCR amplification and DNA sequencing
Using a sterile loop or pipette tip, a portion of the top agarose of

an individual plaque (NuncTM, Leuven, BE) of interest was scraped
up, and dispersed in a tube containing 100 �l of LB liquid. After
mixing the tube briefly and centrifugation at 14,000 × g for 1 min
to clarify, the following components were added in a sterile 0.5 ml
PCR tube: 5 �l phage lysate, 10 �l Thermofold 10× (Biolabs, UK),
8 �l dNTP mix (5 mM each) (Eurogentec, Angers, FR), 4 �l MgSO4
(Biolabs), 2 �l T7 UP Primer (20 mM) (Eurogentec), 2 �l T7 DOWN
Primer (20 mM) (Eurogentec), 1 �l Vent DNA polymerase (2 U/�l)
(Biolabs) and to 73 �l deionised water. Then, the DNA was ampli-
fied by 35 cycles (10 min at 94 ◦C, 1 min at 54 ◦C and 30 min at
72 ◦C) and a final extension at 72 ◦C for 5 min in a thermal cycler
(PerkinElmer, Courtaboeuf, FR). Amplified DNA was sequenced (B.
Purnelle, Institut des Sciences de la Vie, Université Catholique de
Louvain, Louvain-la-Neuve, BE) using an ABI3100system (Applied
Biosystems Inc., CA).

Up primer: 5′-CGCAATGGGCCAGGGTGCTC-3′

Down primer: 3′- CGATAGACGCCAGAATGTCG-5′

2.2. Cell culture

2.2.1. Cell lines and culture media
Human colon carcinoma Caco-2 cell line (clone 1), obtained from

Dr. Maria Rescigno (Rescigno et al., 2001) (University of Milano-
Bicocca, Milano, IT), from passage x + 12 to x + 30, and human
Burkitt’s lymphoma Raji B line (ATCC, Rockville, MD) from pas-
sage 102–110 were grown as previously described (des Rieux et
al., 2007; Gullberg et al., 2000).

2.2.2. In vitro model of the human FAE
Caco-2 cells and Raji cells were grown as previously described

(des Rieux et al., 2006). The inverted in vitro model of the human
FAE was obtained as described by des Rieux et al. (2006). Briefly,

3–5 days after Caco-2 cell seeding, the inserts (Transwell® poly-
carbonate inserts 12 wells, pore diameter of 3 �m, polycarbonate)
purchased from Corning Costar (New York, NY) were inverted.
After 9–11 days, Raji cells were added in the basolateral compart-
ments. The cocultures were maintained for 5 days. Monocultures
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Table 1
Polymers characteristics.

Polymer Mn (SEC)a g/mol Mn (NMR)b g/mol Mnc PEG Mnd PCL Mol% glycolide Polydispersity(PDI) indexe

PLGA 22,000 25 1.8
Fluorescent PLGA 23,600 29 1.6
PEG-b-PLGA 29,300 4600–16,500(L)/4700(G) 26 1.7
PCL-b-PEG 18,200 5000 13,200 1.4

a Polystyrene calibration.
b Determined by NMR by the following formula: (I4.7/2)/(I52 + (I4.7/2)) × 100, where I4.7 is the signal intensity of the glycolide unit at 4.7 ppm (CH2OC O) and I52 is the signal

intensity of the lactide unit at 5.2 ppm (CH(CH3)OC O).
c Calculated from 1H NMR spectrum in CDCl3 at 25 ◦C by comparing the intensity of the terminal methyl group (CH2OCH3, 3.2 ppm) with the methylene protons (OCH2CH2O,
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.6 ppm).
d Calculated from 1H NMR spectrum in CDCl3 at 25 ◦C by comparing the intensi
rotons of PCL at 4.05 ppm.
e PDI = Mw/Mn, determined by SEC by polystyrene standard.

f Caco-2 cells were used as controls. Inserts were used in their
riginal orientation for all the following in vitro experiments. Cell
onolayer integrity, both in co- and monocultures, was controlled

y transepithelial electrical resistance (TEER) measurement using
n EndohmTM tissue resistance chamber (Endohm-12, World Pre-
ision Instruments, Sarasota, FL) connected to a Millicell®-RES
Millipore, Billerica, MA.) ohmmeter.

.3. Cell binding or transcytosis of phages in the in vitro model of
uman FAE

.3.1. Screening a phage library using cell binding assay
The cell monolayers were washed twice and incubated in serum

ree HBSS for 1 h at 37 ◦C. 400 �L of phage solution (6 × 1010 pfu/ml)
n HBSS/BSA (0.1%, w/v) were then added to the apical com-
artment of cell monolayers for 1 h on ice and under horizontal
otation at 200 rpm. Then, the phage solution was removed and
he cells washed six times with 500 �l HBSS/BSA/Tween 20 (0.2%,
/v) (Sigma–Aldrich, Schnelldorf, DE) for 5 min each, followed by

washes of 5 min with 500 �l HBSS/BSA. Phages were eluted
n 150 �l of 0.1 M HCl/BSA (0.1%, w/v) for 10 min and neutral-
zed with 22 �l of 1 M Tris (pH 9.0). Finally inserts were washed

ith 500 �l of HBSS/BSA to collect remaining phages. This solution
as pooled with the 150 �l previously recovered. The number of
BSS/BSA/Tween 20 washes increased along the rounds of selec-

ion, from 6 for the first round to up to 12 for the last round.
ubsequent rounds of selection were performed in the same man-
er using phage isolated and amplified from the previous round.
fter five rounds of selection and propagation, phage clones were
equenced.

.3.2. Transcytosis mechanisms of phage transport by M-like cells
des Rieux et al., 2007)

To evaluate whether the phages are transported by an energy-
ependent mechanism, their transport by mono- and cocultures
as evaluated at 4 and 37 ◦C. Inserts were pre-incubated for 30 min

n HBSS at these temperatures. To control cell monolayer integrity,
.9 �Ci/ml of 14C-mannitol (a paracellular marker) was added to the
hage suspension (6.5 × 1010 pfu/ml). This solution was first pre-

ncubated at the desired temperature and added to the apical side
f the cell monolayers (400 �l). Inserts were incubated at 4 or 37 ◦C
or 60 min. Finally, the basolateral solutions were sampled and the
umber of transported phages was determined by titration while
he amount of transported 14C-mannitol was measured by liquid
cintillation.

The phage transport by mono- and cocultures was evaluated

etween the apical to the basolateral compartment and inversely.

nserts were pre-incubated for 30 min in HBSS at 37 ◦C. The phage
uspension (6.5 × 1010 pfu/ml) was added to the apical side (400 �l)
r the basolateral side (1200 �l) of the cell monolayers and inserts
ere incubated at 37 ◦C for 90 min. Finally, the apical or basolateral
he methylene protons of PEG peak at 3.6 ppm, with the peak of the �-methylene

solutions were sampled and the number of transported phages was
measured by titration.

Transport experiments were also conducted with an inhibitor
of macropinocytosis such as EIPA. Cell monolayers were first pre-
incubated apically with 150 �l of EIPA (50 �M) in HBSS for 20 min at
37 ◦C, before adding the phage suspension (6.5 × 1010 pfu/ml) con-
taining 50 �M EIPA at the apical side (400 �l) of the cell monolayers.
Inserts were incubated at 37 ◦C for 90 min. Finally, the basolateral
solutions were sampled and the number of transported phages was
measured by titration.

Results are expressed as apparent permeability coeffi-
cient (Papp) (Artursson, 1990; des Rieux et al., 2007) as a
mean ± standard error of the mean (SEM). The apparent perme-
ability coefficient (Papp, cm s−1) was calculated using the following
equation:

Papp = dQ

dtAC0

where dQ/dt is the number of phages (pfu) or the amount of
14C-mannitol (dpm) present in the basal compartment (output) in
function of time (s), A the area of Transwell (A = 1.13 cm2) and C0
the initial concentration of phages (input) or mannitol in apical
compartment (pfu/ml or dpm/ml).

2.3.3. Screening of a phage library for peptides that mediate
phage transcytosis

After equilibration in HBSS at 37 ◦C, the apical medium of the
cell monolayers was replaced by the phage suspension (400 �l,
7.5 × 1010 pfu/ml) and inserts were incubated at 37 ◦C during
90 min. The basolateral solutions were then sampled and the num-
ber of transported phages was measured by titration. Recovered
phages were then propagated by infection of bacteria and purified.
After five rounds of selection and propagation, phage clones were
sequenced.

2.4. Formulation of peptide-conjugated nanoparticles

2.4.1. Polymers synthesis and characterization
Poly(dl-lactic-co-glycolic) acid (PLGA), fluorescent PLGA,

poly(dl-lactic-co-glycolic) acid–polyethylene glycol (PLGA–PEG)
and polycaprolactone–polyethylene glycol (PCL–PEG) were all
prepared by ring-opening polymerization as previously described
(Fievez et al., 2009; Garinot et al., 2007). They were charac-
terized by 1H NMR (400 MHz, Bruker DRX400) spectra and by
size-exclusion chromatography (SEC) (Fievez et al., 2009). The
polymers used for the preparation of nanoparticles and PCL–PEG

used for grafting are described in Table 1.

2.4.2. Photografting of peptides on PCL–PEG
CTGKSC, LRVG and PAVLG peptides (>95% purity) were pur-

chased from Eurogentec (Seraing, BE). The grafting of these
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eptides on PCL–PEG (13,200–5000) was carried out as previously
escribed (Garinot et al., 2007; Pourcelle et al., 2009; Fievez et al.,
009). Briefly, polymer was solubilized in methylene dichloride
r acetonitrile with O-succinimidyl 4-(p-azidophenyl) butanoate
0.6 mmol per gram of PCL–PEG). After solvent evaporation, the
ample was irradiated at 254 nm in a quartz flask under an argon
tmosphere for 20 min. After washing, the “activated” sample was
mmersed in a 1 mM solution of ligand in phosphate buffer (0.1 M):
cetonitrile (1:1, v/v) at pH 8 and shook for 24 h at 20 ◦C. Then the
ample was washed and dried under a vacuum at 40 ◦C to constant
eight. As described elsewhere (Fievez et al., 2009; Pourcelle et

l., 2009) the grafting rates were controlled with a tritrated probe
l-[4,5-3H] lysine monohydrochloride). Rates of 3300 nmol of cova-
ently fixed probes per gram of copolymer were attained.

.4.3. Preparation of PEGylated PLGA-based nanoparticles
Fluorescent nanoparticles were prepared by the “water-in-oil-

n-water” solvent evaporation method as reported by Garinot et
l. (2007). Briefly, 50 �L of PBS buffer were emulsified with 1 ml
f methylene dichloride (Acros, Beerse, BE) containing 50 mg of
olymers (70% PLGA/15% PLGA–PEG/15% PCL–PEG) with or with-
ut the ligand with an ultrasonic processor (70W, 15 s). The second
mulsion was performed with 2 ml of 1% (w/v) sodium cholate
Sigma) aqueous solution. The double emulsion was then poured
nto 100 ml of a 0.3% sodium cholate aqueous solution, and stirred
t 37 ◦C for 45 min. The nanoparticle suspension was then washed
wice in PBS by centrifugation at 22,000 g for 1 h. Particle size and
eta potential were determined as previously described by Garinot
t al. (2007) using the Zetasiezer Nano Series Malvern (Worcester-
hire, UK). For targeted nanoparticles a concentration of 24.75 nmol
f peptidic sequence per formulation was attained.

.4.4. Nanoparticle transport
The concentration of stock nanoparticle solutions were checked

y FACS analysis (FACScan, Becton Dickinson, Erembodegem, BE)
nd adjusted by dilution in HBSS to a final concentration of
.7 × 1010 nanoparticles/ml. After equilibration in HBSS at 37 ◦C,
he apical medium of the cell monolayers was replaced by the
anoparticle suspension (400 �l) and inserts were incubated at
7 ◦C during 90 min. The basolateral solutions (1200 �l) were then
ampled and the number of transported particles was measured by
ACS analysis. The measurements were based on both fluorescence
nd particle size.

.5. Statistics

The phages and nanoparticle transport across the co- and
onocultures cell monolayers was compared using Kruskal–Wallis

on-parametric tests (p < 0.05).

. Results

.1. Screening the T7 phage library for cell binding assay

To check if phages could specifically bind to enterocytes and/or
o M cells, monocultures (Caco-2 monolayers) or cocultures (mono-
ayers of Caco-2 and 15–30% of M cells) (des Rieux et al., 2007)

ere incubated at 4 ◦C with the 77 phage library. The phages bound
o cells were recovered by washing. After five selection rounds in
he mono- as well as in the cocultures, a large proportion of the
ecovered phages did not display any specific peptide sequence

wild type) (data not shown). These wild type phages are however
nown to amplify more efficiently than phages bearing peptides
n fusion with their own surface proteins. So, their presence in
he phages selected after four rounds of selection may indicate
hat no sequence had a high affinity for the apical surface of the
Pharmaceutics 394 (2010) 35–42

cells. In addition, most of the sequenced phages possessed a smaller
sequence due to the presence of a stop codon in the first part of the
insert, which could provoke a higher amplification. The evolution
of the number of phages recovered on the apical side of mono- and
cocultures after each round of selection could also confirm that no
sequence had been selected since no enrichment of the library was
observed. It was possible, however, that experimental conditions
may have been unfavourable in terms of selection quality since this
experiment was performed at 4 ◦C – a temperature at which cells
are the most sensitive.

3.2. Mechanisms of phage transcytosis in the in vitro FAE model

In order to overcome these potential problems encountered at
4 ◦C, a second selection was performed at 37 ◦C. At this tempera-
ture, cells should be able to bind and transport the phages from
the apical towards the basolateral compartment. So, in this sec-
ond selection, peptides could be selected for their ability to induce
a specific transmucosal transport of the phages. Before perform-
ing transepithelial selections, however, the transport mechanism
of the phage library by the two cell monolayers first needed to
be characterized. We have previously shown that the transport of
reference carboxylated nanoparticle of 200 nm in the in vitro FAE
model was mediated by a transcellular energy-dependent mecha-
nism (des Rieux et al., 2007). To check whether it was also the case
for the phage transport, cell monolayers were also incubated at 4
and 37 ◦C in the presence of 14C-mannitol, a paracellular marker.
Phage transport by monocultures was not influenced by temper-
ature whereas it was dramatically increased in the cocultures at
37 ◦C (Fig. 1A). Irrespective of the temperature, the Papps of man-
nitol were higher for co- than for monocultures (Fig. 1B) and were
in the same range that the values previously obtained (des Rieux et
al., 2007), demonstrating that the tight junctions were functional
and that cell monolayers were unaffected by phages.

Phage transport between the apical and basolateral com-
partments was also investigated. Phages were 10 times more
transported across cell monolayers in the apical-to-basal direction
than in the opposite direction (Fig. 2). In addition, as previously
shown for polystyrene and polymeric nanoparticles (des Rieux et
al., 2007; Fievez et al., 2009; Garinot et al., 2007), the number of
transported phages after 90 min of incubation at 37 ◦C was very
significantly higher in the cocultures than in monocultures. These
results suggest that the uptake of phages like that of reference
nanoparticles by M cells occurred by an energy-dependent mech-
anism.

As internalization of reference nanoparticles by M cells is inhib-
ited by EIPA a non-specific macropinocytosis inhibitor (des Rieux et
al., 2007), phage transport was studied in presence of EIPA. Phage
transport was not significantly inhibited in the mono- as in the
cocultures by this inhibitor (Fig. 3) which is consistent with the
presence at the phage surface of random peptide sequences that
might mediate the phage transport via receptor-mediated transcy-
tosis.

3.3. Selection of phages that undergo transcytosis in the human
FAE in vitro model

The phages selection that undergoes the transcytosis was thus
achieved in HBSS at 37 ◦C during 90 min in the absence of any
inhibitor. In order to enrich sufficiently the library for phages that
preferentially improve its transport in vitro, five rounds of selec-

tion were performed, after which it consisted of ca. 3 × 108 different
peptides. The number of recovered phages on mono- and cocultures
increased as compared to the first transport experiment (Fig. 4).

Phages obtained after 5 rounds of selection were then
sequenced. Results are presented in Table 2. Three identical clones
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Fig. 1. Temperature dependence of phage transcytosis across mono- and cocultures of Caco-2 cells. Mono- and cocultures of Caco-2 cells were incubated in HBSS at 4 or 37 ◦C
with 6 × 1010 pfu/ml of phages suspended in HBSS further containing 0.9 �Ci/ml of 14C-m
Mono- and cocultures were incubated for 30 min at 4 ◦C and then for 60 min at 37 ◦C (
manufacturer’s instructions (T7Select® System Manual). (B) 14C-Mannitol was quantifie
(cm/s) as a mean ± standard error of the mean (SEM). Groups a, b and c were significantly

Fig. 2. Unidirectional apical-to-basal phage transport in mono- and cocultures of
Caco-2 cells. Cells were cultured on 12 wells inserts (n = 16). 2 × 100 phages were
applied either into the apical or basal compartments of culture inserts. Following the
incubation at 37 ◦C for 3 h, aliquots were taken from the opposite chambers and the
phage titer was determined as above. Results are expressed as apparent permeability
coefficient (Papp) as a mean ± standard error of the mean (SEM). Groups a and b
were significantly different (p < 0.05). A → B: transport from the apical towards the
basolateral compartment; B → A: transport from the basolateral towards the apical
compartment.

Fig. 3. Effect of an endocytosis inhibitor on phage transport by mono- and cocultures
of Caco-2 cells. Cell monolayers (n = 20–25) were first apically pre-incubated with
EIPA in HBSS for 20 min at 37 ◦C, before adding phage suspension (7.5 × 1010 pfu/ml).
The inhibitor was present throughout the whole experiment (90 min at 37 ◦C). Cocul-
tures incubated in HBSS were used as control. The number of transported phages
was evaluated by titration as above. Results are expressed as apparent permeabil-
ity coefficient (Papp), as a mean ± standard error of the mean (SEM). Groups a and
group b were significantly different (p < 0.05).
annitol, pre-incubated at 4 or 37 ◦C, and added to apical pole of cell monolayers.
n = 6). (A) Titration of phages by plating bacteria on LB medium according to the
d by liquid scintillation. Results are expressed as apparent permeability or Papp
different (p < 0.05).

(CTGKSC, PAVLG and LRVG) appeared at high frequency after
selection on both mono- and cocultures (Table 2), whereas one con-
sensus sequence of amino acids was found only upon selection on
cocultures (SGTS and SGGTS), although to a lesser extent than the
others clones. Consensus sequences of amino acids appearing in dif-
ferent contexts and particular peptide sequences present with high
frequencies are commonly considered as an important evidence of
the phage display selection. The progressive enrichment in phage
titers along the succeeding rounds of selection is also commonly
observed.

To evaluate the ability of the different clones selected with a
very high frequency to improve their transmucosal passage, the
transport by mono- and cocultures of phages displaying these pep-
tides was compared (Fig. 5A). For the phages bearing the CTGKSC
or LRVG peptides as well as for the library, the transport across
cocultures was significantly higher than that across monocultures
(p < 0.05). LRVG peptide increased the phage transport by cocul-
tures 14 times when compared to the library. CTGKSC peptide was

also able to increase phage transport by the cocultures, but to a
lesser extent than LRVG peptide, since this transport was improved
by only 3 times. Surprisingly, the transport of phages bearing the
PAVLG sequence was the same in the mono- and cocultures and

Fig. 4. Evolution of transported phages in function of the selection round. Mono- and
cocultures were incubated with 7.5 × 1010 pfu/ml of phage suspension and transcy-
tosis was assessed at 37 ◦C during 90 min. Basolateral solutions were sampled and
the number of transported phages was measured by plating as above. Recovered
phages were then propagated by infection of bacteria and purified. After five rounds
of selection and propagation, individual phage clones were sequenced. Results are
expressed as apparent permeability coefficient (Papp) as a mean ± standard error of
the mean (SEM). *p < 0.05.
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Table 2
Phage selection. Clones were sequences after five rounds of selection in the human
FAE in vitro model. T5C were clones selected for their abilities to induce phage tran-
scytosis on cocultures and T5M on monocultures. Numbers 1 and 2 represent both
sequencing in which 12 and 50 clones were analyzed respectively.

Clones name Sequence/peptide Frequency

T5C1-2/3/5/11-T5C2-1/4 L-R-V-G-stop 6
T5C1-1 – T5C2-3/5/8/10/12/14/17/19 C-T-G-K-S-C-stop 25
/22/24/26/28/38/40/42/45/47
T5C1-4 C-stop 1
T5C1-6 C-E-G-P-L-K-P-stop 1
T5C1-7 C-G-G-X-D-N-S-C
T5C1-8 – T5C2-2/13/20/30/41 S-stop 6
T5C1-9 C-A-P-I-L-F-P-R-C 1
T5C1-10 – T5C2-7/29/34/36/37 P-A-stop 6
T5C1-12 – T5C2-9 C-L-E-S-K-K-K-T-C 2
T5C2-21/27 P-A-V-L-G 2
T5C2-6 C-R-M-K 1
T5C2-18 C-E-K-R 1
T5C2-25 C-I-G-K-R-D-A-K-H 1
T5C2-32 C-R-R-stop 1
T5C2-33 C-K-S-G-G-T-S-A-C 1
T5C2-35 C-R-S-G-T-S-R-S-C 1
T5C2-46 C-R-D-stop 1

T5M1-2/4/8 – T5M2-9/11/18/23 P-A-V-L-G 7
T5M1-1 – T5M2-1/3/7/20/24 C-T-G-K-S-C 25
/26/28/30/35/38/45/48/49
T5M1-3 – T5M2-4 S-A-stop 2
T5M1-5 – T5M2-16/21 P-A-stop 2
T5M1-6 C-I-E-V-P-C 1
T5M1-7 C-G-E-K-K-M-R-C 1
T5M1-9 C-G-K-S-T-K-N-W 1
T5M1-10 – T5M2-5/8/10/17/22 S-stop 6
T5M1-11 P-A-R-L-A-R-L 1
T5M2-2/13/14/19/25 L-R-V-G 5
T5M2-36/46/47 C-P-F-D-S-stop 3
T5M2-6/12 C-K-stop 2
T5M2-29 L-V-G-G-H-C-G-E-C 1
T5M2-15 C-Q-E-A-T-N-R-K-C 1
T5M2-37 C-T-G-K-R 1

Bold type represents identical clones recovered at high frequency after selection on
mono- and cocultures.

Fig. 5. Influence of selected sequences on phage and nanoparticle transport by mono-
37 ◦C with 1 × 1010 phages/ml of each formulation suspended in HBSS. The number of tra
permeability coefficient. (Papp) as a mean ± standard error of the mean (SEM). Groups a an
for 90 min at 37 ◦C with 2.7 × 1010 nanoparticles/ml of each formulation suspended in HB
is expressed as apparent permeability coefficient. (Papp) as a mean ± standard error of
experiment (n = 8) showed the same tendency (data not shown).

Table 3
Physicochemical properties of the nanoparticles.

Non-targeted

Size (nm) 186 ± 30
Pdi 0.110
Zeta potential (mV) −12 ± 5
Pharmaceutics 394 (2010) 35–42

was not significantly enhanced as compared to the transport of the
library.

3.4. In vitro transport of targeted nanoparticles

To check if the selected sequences could also influence the trans-
mucosal transport of vaccine-loaded nanoparticles, these selected
peptides were covalently grafted on the surface of PLGA poly-
meric nanoparticles as previously described for others ligands
(Fievez et al., 2009; Garinot et al., 2007) and their influence on
the nanoparticle transport was studied in vitro. Formulations were
first characterized in term of size and zeta potential (Table 3). As
previously shown (Fievez et al., 2009; Garinot et al., 2007), all for-
mulations presented a homogenous size around 200 nm, which is
commonly considered as optimal size for nanoparticles to be taken
up by M cells (des Rieux et al., 2005). In addition, the presence of
PEG chains in the formulation probably shielded negative charges
present at the nanoparticle surface. Consequently, the zeta poten-
tials of the four populations were close to zero, and as previously
reported, formulations close to zero benefited from a preferen-
tial uptake by M cells when compared to ionized formulations
(Florence, 2005).

Grafted and non-grafted nanoparticles were added at the api-
cal side of the mono- and cocultures, at 37 ◦C, for 90 min. For
all groups the transport across the cocultures was significantly
higher than that across monocultures (p < 0.05) (Fig. 5B). As pre-
viously observed for the phage transport, the presence of LRVG and
CTGKSC peptides at the nanoparticle surface significantly increased
their transport across cocultures by 8 and 4 times respectively
when compared to non-conjugated nanoparticles. The transport of
PAVLG-conjugated nanoparticles by cocultures was the same than
that of non-conjugated nanoparticles.
4. Discussion

The aim of the current study was to identify novel targeting lig-
ands for human M cells of Peyer’s patches using the in vitro phage

and cocultures of Caco-2 cells. (A) Cell monolayers were incubated for 90 min at
nsported phages was evaluated by titration as above and is expressed as apparent
d b were significantly different (p < 0.05). (B) Cell monolayers (n = 9) were incubated
SS. The number of transported nanoparticles was evaluated by flow cytometry and
the mean (SEM). Groups a and b were significantly different (p < 0.05). A second

LRVG PAVLG CTGKSC

193 ± 22 186 ± 25 179 ± 24
0.170 0.130 0.110
−10 ± 5 −11 ± 4.5 −12 ± 6
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isplay methodology. The screening of phage-displayed peptide
ibraries on intact mammalian cells has proven to be a fruit-
ul method to identify peptides that recognize certain cell types
ith high affinity and cell-specificity (Ivanenkov et al., 1999a,b;

vanenkov and Menon, 2000). This technique does not require prior
nowledge of the cellular receptor and, therefore, allows the iso-
ation of targeting peptides for cell types for which little is known
bout their cell surface architecture. Since it is the case for human

cells, phage display appeared thus ideal to identify a new ligand
pecific of their apical surface.

We firstly used a protocol of biopanning in which phages were
elected at 4 ◦C for their binding affinity for the apical surface of
ono- and cocultures. However, after four rounds of selection, no

equence had really shown a high affinity for the apical surface of
cells, probably due to the harsh experimental conditions, which

ould have a negative effect on the quality of the selection.
Since phage particles displaying ligands can bind to internaliz-

ng receptors, such as integrins and undergo an efficient uptake by
argeted cells (Ivanenkov & Menon, 2000), a second experiment in
hich peptides ligands were selected for their ability to induce the

ransmucosal transport of the phages was realized. Before perform-
ng the selection, the mechanism of transport of the phage library
y cell monolayers was first characterized. This transport was
ssentially unidirectional, driven between the apical towards the
asolateral compartments and occurred by an energy-dependent
echanism as previously observed using MDCK cells (Ivanenkov

nd Menon, 2000). In contrast to the transport of carboxylated ref-
rence nanoparticles that was inhibited by the presence of EIPA, an
nhibitor of macropinocytosis (des Rieux et al., 2007), that of phages

as not influenced by its presence, which suggests that this trans-
ort occurs by a mechanism other than macropinocytosis. Then,
fter five rounds of selection to enrich the phage library in phages
hat preferentially improve their transport in vitro, three different
equences (LRVG, PAVLG and CTGKSC) were selected with a high
requency on mono- and cocultures. The selection of similar and
ommon sequences in both cultures is in agreement with the fact
hat only 15–30% of enterocytes were converted into M-like cells
n the vitro model of the human FAE (des Rieux et al., 2007). In
ivo, phage display has already been used to select peptides that
mprove the transmucosal transport of phages across the murine
ntestine (Kang et al., 2008; Kim et al., 2006; Takagi et al., 2007) and
o identify novel peptide ligands targeting M cells on rat Peyer’s
atches (Higgins et al., 2004). None of the sequences found in this
ork seemed to have similarity with those selected in the previ-

us studies, which is however consistent with the complexity and
he important variability in the intestinal cell surface proteins that
xists across different species.

The influence of the 3 sequences identified on the transport of
hage and grafted nanoparticles was investigated. The comparison
f the transport of these clones in the human in vitro FAE model,
howed a significant enhancement of the phage transport across
he cocultures for phages bearing the LRVG and the CTGKSC pep-
ide. The transport of PAVLG-phages was the same across mono-
nd cocultures and identical to the phage library transport across
onocultures. In order to check if these three sequences were

lso able to influence the transport of vaccine-loaded nanoparti-
les, they were grafted at the surface of polymeric nanoparticles.
he transport of conjugated nanoparticles in the human in vitro
AE model was significantly improved for the LRVG and CTGKSC
eptide while it remained the same for PAVLG-nanoparticles and
on-conjugated nanoparticles, confirming therefore the previous

ata obtained with the phages.

The enhancement of the in vitro transport by M-like cells using
he LRVG and the CTGKSC peptides could be explained either by
he overexpression of a receptor at the FAE apical surface or by
heir influence on the particle surface properties. Several studies
Pharmaceutics 394 (2010) 35–42 41

have shown that even if some receptors are not specific to M cells,
they could be overexpressed in the FAE and be used to improve
the bioavailability of vaccine particles (Jain and Vyas, 2005, 2006).
Furthermore, the reduced glycocalyx overlaying the FAE should
facilitate the interaction between the targeted particles and M cells,
as compared to enterocytes. The surface properties of particles have
also been identified as crucial for their uptake by intestinal epithe-
lial cells although the conclusions regarding optimal properties
still remain controversial, depending furthermore on the type of
intestinal cell targeted (des Rieux et al., 2006) (enterocytes vs. M
cells). As these peptides are present in 415 copies at the phage sur-
face, their properties could play a role in the interaction of phages
with the intestinal epithelium, influencing the selection and the
transport process. Regarding the hydrophobicity profile of selected
peptides with the Kyte–Doolittle scale (Kyte and Doolittle, 1982)
PAVLG sequence has a rather hydrophobic profile whereas the
LRVG and CTGKSC profiles were more amphiphilic. The CTGKSC
and LRVG sequences display a positive charge whereas the PAVLG
is neutral (CLC Main Worbench 4.0.1 free software). Non-ionized
nanoparticles have been shown to be more transported than pos-
itively charged ones (Shakweh et al., 2005; des Rieux et al., 2005).
According to Jung et al. (2000), the best combination favouring
non-specific absorption across M cells would be an hydrophobic,
neutral particles as displayed by the PAVLG peptide. That suggests
that the positive, amphiphilic peptides (LRVG and CTGKSC), which
increased the phage and nanoparticle transport across cocultures,
might specifically interact with M cells.

The similar transport of PAVLG-conjugated and non-conjugated
nanoparticles could result from the mode of linkage of the ligand
on the polymer since they are grafted by their N-terminal moi-
ety. The method used allows the covalent coupling via an amide
linkage resulting from the N hydroxyl-succinimide displacement
(Pourcelle et al., 2009). In general, the ligands display primary
amines (as CTGKSC or LRVG) but the PAVLG peptide has a cyclic
secondary amine, which induces some steric hindrance that could
limit the reaction. Therefore, the covalent grafting of PAVLG by clip
chemistry would be more difficult and less effective.

5. Conclusion

This study allowed the selection of two peptidic sequences
that improved the transport of phages and polymeric nanoparti-
cles in an in vitro model of the human FAE. As far as we know,
it is the first time that this model was used to perform a selec-
tion using the phage display technique. To confirm the hypothesis
that these sequences could be used to increase the availability
of vaccine-loaded nanoparticles after oral administration, immu-
nizations study should be performed in vivo with antigen-loaded
grafted nanoparticles or with phages displaying these sequences
used as vectors.
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