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a b s t r a c t

An alternative in vitro model of human follicle-associated epithelium (FAE) to study nanopar-

ticle transport mechanisms by M cells was developed and characterized. The previous in

vitro model of human FAE has been improved by inverting inserts after Caco-2 cell seeding.

Raji and M cells were identified only in inverted co-culture cell monolayers by immuno-

histochemistry, confocal microscopy, and electron microscopy. The M cell conversion rate

evaluated by scanning electron microscopy ranged between 15 and 30% of cells. Transport

of 200 nm carboxylated polystyrene nanoparticles was higher and more reproducible in

the inverted model. Nanoparticle transport was temperature-dependent, not affected by
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the presence of EGTA or by potassium depletion, but inhibited by EIPA or nystatin, sug-

gesting that it occurs most likely by macropinocytosis. The inverted model appears more

physiologic, functional and reproducible than the normally oriented model.

© 2007 Elsevier B.V. All rights reserved.

the gastrointestinal mucosa (Owen, 1977); this tissue consists
Caco-2

1. Introduction

The intestinal epithelium consists of a cell monolayer, which

is predominantly composed of enterocytes mixed, e.g., with
mucus-secreting goblet cells; this layer constitutes an effective
barrier that should prevent the entrance of microorganisms
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Abbreviations: FAE, follicle associated epithelium; TEER, transepith

lymphoid tissues; DMEM, Dulbecco modified Eagle’s minimal essential
saline; HBSS, Hank’s balanced salt solution buffer; SEM, scanning ele
lactate dehydrogenase
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and other particles into the organism. Organized mucosa-
associated lymphoid tissue (O-MALT) is scattered throughout
elial electrical resistance; O-MALT, organized mucosa-associated
medium; PEST, penicillin–streptomycin; PBS, phosphate-buffered
ctron microscopy; TEM, transmission electron microscopy; LDH,

of lymphoid follicles arranged either individually or in clusters
to form distinct structures, such as Peyer’s patches, situated
immediately beneath the epithelial cell layer. In the intestine,
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hese lymphoid structures are separated from the lumen by
he follicle-associated epithelium (FAE), which differs from
ormal epithelium in that it contains, in addition to entero-
ytes and few goblet cells, specialized epithelial M cells with
he capacity to transport particulate matter, such as bacteria
nd viruses. M cells are specialized for antigen sampling, but
hey are also exploited by many pathogens as a route of host
nvasion (Gebert and Bartels, 1995; Gebert et al., 1996). Due to
heir high transcytotic capacities and their ability to transport
broad range of materials, including nanoparticles (Frey et al.,
996; Neutra et al., 2003), these cells have become a promis-
ng research field, offering a putative way for oral delivery of
anoencapsulated therapeutic peptides and vaccines.

It has been shown that soluble tracers are endocytosed by
cells via fluid-phase endocytosis (Gebert and Bartels, 1995).

ther soluble antigens, such as lectins, bind to receptors on
he apical membrane of M cells and are taken up by receptor-

ediated endocytosis (Gebert et al., 1996). In addition, M cells
onduct clathrin-mediated endocytosis of ligand-coated par-
icles (Frey et al., 1996), fluid-phase pinocytosis (Owen, 1977),
ctin-dependent phagocytosis (Beier and Gebert, 1998; Neutra
t al., 2003), and macropinocytosis engulfment involving dis-
uption of the apical cytoskeletal organization (Jones et al.,
994).

However, although the potentially useful properties of M
ells on particle uptake are now well known and described,
he mechanisms whereby particles are taken up and trans-
orted by M cells remain poorly understood. Due to the small
umber of M cells in the human gastrointestinal tract (5% of
he human FAE, i.e., less than 1% of the total intestinal sur-
ace (Giannasca et al., 1999)), in vivo studies are difficult to
erform and not always relevant due to the highly variable
roportion and phenotype of M cells among different species

Jepson et al., 1996; Brayden and Baird, 2001). In addition,
ntestinal loops from anesthetized rodents have some inher-
nt drawbacks (Brayden, 2001) and difficulty in maintaining
ifferentiated primary intestinal M cells in culture, as well as
he lack of in vitro models, has delayed progress in the under-
tanding of M cell physiology and function (Niedergang and
raehenbuhl, 2000).

Recently, in vitro models of human FAE have been devel-
ped. First, Kerneis et al. (1997) proposed a “mixed” co-culture
ystem of Caco-2 cells and isolated lymphocytes from mouse
eyer’s patches on inverted culture inserts. Then, to avoid
sing primary murine lymphocytes, Gullberg et al. (2000) sug-
ested a model based on co-culture of Caco-2 cells and human
aji B lymphocytes on normally oriented inserts. We previ-
usly used this FAE model to study the influence of M cells
n the oral delivery of nanoencapsulated drugs (des Rieux et
l., 2005). Our results, however, indicated that a more phys-
ological model would be more useful. To achieve this goal,
he inserts were inverted to make the Caco-2 cell monolayer

ore accessible to B lymphocytes and to encourage closer con-
acts between the two cell types (Honbo et al., 2004). This
nverted model was characterized and compared with the

odel developed by Gullberg et al. (2000), in terms of func-

ionality and reproducibility. Moreover, for the first time, as far
s we know, the percentage of M cells present in the inverted

n vitro model of the human FAE was evaluated. Finally, we
tudied the mechanisms of transport of model nanoparticles
l s c i e n c e s 3 0 ( 2 0 0 7 ) 380–391 381

(200 nm carboxylated polystyrene particles) by the inverted
FAE model.

2. Materials and methods

2.1. Materials

2.1.1. Cell lines
Human colon carcinoma Caco-2 line (clone 1), obtained from
Dr. Maria Rescigno, University of Milano-Bicocca, Milano, Italy
(Rescigno et al., 2001), from passage x + 12 to x + 30, and human
Burkitt’s lymphoma Raji B line (American Type Culture Collec-
tion, Manassas, VA) from passages 102–110 were used.

2.1.2. Cell culture media, chemicals, nanoparticles and
antibodies
Dulbecco modified Eagle’s minimal essential medium (DMEM,
25 mM glucose), RPMI 1640 medium, nonessential amino
acids, l-glutamine and penicillin–streptomycin (PEST) were
purchased from GibcoTM Invitrogen Corporation (Carlsbad,
CA). Heat inactivated fetal calf serum was obtained from
Hyclone (Perbio Sciences, Erembodegem, BE). Trypsin-EDTA
consisted of 2.5% (w/v) trypsin (GibcoTM) and 0.2% (w/v) EDTA
(IGN, Aurora, OH) in phosphate-buffered saline (PBS, GibcoTM).
Hank’s balanced salt solution buffer (HBSS), PBS with or with-
out calcium and magnesium were obtained from GibcoTM.
Rhodamine-phalloidin was obtained from Molecular Probes
(Eugene, OR). Nystatin was purchased from Sigma (St. Louis,
MO), as well as 5-(N-ethyl-N-isopropyl) amiloride (EIPA), ethy-
lene glycol-bis(�-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
tetrasodium salt (EGTA). For the potassium depletion study,
HBSS without potassium was prepared with 140 mM NaCl,
1 mM CaCl2, 1 mM MgCl2, 20 mM Hepes and 5.5 mM glucose, pH
7.4. Glutaraldehyde was purchased from Merck (Darmstadt,
GE). Transwell® polycarbonate inserts (12 wells, pore diam-
eter of 3 �m, polycarbonate) were purchased from Corning
Costar (New York, NY). Inserts were coated with MatrigelTM

Basement Membrane Matrix (Becton Dickinson, Bedford, MA).
Yellow–green carboxylated latex particles (FluoSpheres®) with
a mean diameter of 200 nm were obtained from Molecular
Probes. The silicon tubes (internal Ø14 mm) came from Labo-
Moderne (Paris, FR). Petri dishes (glass, Ø × h (mm) = 200 × 50)
were purchased from VWR (Leuven, BE). 14C-Mannitol was
from GE Healthcare (Chalfont St. Giles, UK). The CellTraceTM

Carboxyfluorescein succinimidyl ester (CFSE) Cell Prolifera-
tion kit was obtained from Molecular Probes. The anti-B
cell specific activator protein (BSAP) antibody was pur-
chased from BD transduction Lab. The Envision system was
from Dako (Glostrup, DK). Fluorescein-isothiocyanate (FITC)-
dextran, 4 kDa and 12 kDa, and diaminobenzidine (DAB), were
purchased from Sigma. The LDH activity was measured with
a kit from Roche (Vilvoorde, BE) (ref. 1 644 793).

2.2. In vitro model of the human FAE
Caco-2 cells were grown in flasks in DMEM supplemented with
10% (v/v) fetal calf serum, 1% (v/v) non-essential amino-acids,
and 1% (v/v) l-glutamine, at 37 ◦C under a 10% CO2 water sat-
urated atmosphere. Caco-2 cells were grown on inserts in the
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Fig. 1 – Time scale of the protocol developed t

same medium, further supplemented with 1% (v/v) PEST. Raji
cells are non-adherent cells and perform as a suspension cul-
ture both in the normally and inverted co-culture models.
There were cultivated in RPMI supplemented with 10% (v/v)
fetal calf serum, 1% (v/v) non-essential amino-acids, 1% (v/v)
l-glutamine, and 1% (v/v) PEST, at 37 ◦C in a 5% CO2 water
saturated atmosphere.

The normally oriented FAE model was obtained follow-
ing the protocol developed by Gullberg et al. (Gullberg et al.,
2000; des Rieux et al., 2005) (Fig. 1a). Briefly, Transwell® inserts
were coated with MatrigelTM, prepared in pure DMEM to a
final protein concentration of 100 �g/ml; 300 �l of this solu-
tion was poured onto the inserts (30 �g/cm2), which were
then placed at room temperature for 1 h. Supernatants were
then removed and inserts washed with 500 �l of DMEM. Five
hundred thousand Caco-2 cells, suspended in 500 �l of sup-
plemented DMEM + 1% (v/v) PEST, were seeded on the upper
insert side and cultivated for 14 days. Five hundred thousand
Raji cells, in supplemented DMEM + 1% (v/v) PEST, were then
added to the basolateral insert compartment. The co-cultures
were maintained for 4–5 days (Fig. 1a). The upper compart-
ment medium was changed every other day. Mono-cultures
of Caco-2 cells, cultivated as above but without the Raji cells,
were used as controls.

The inverted FAE model was obtained by adapting an exist-
ing protocol (Honbo et al., 2004) (Fig. 1b). Cells were cultivated
as described above but, 3–5 days after Caco-2 cell seeding,
the inserts were inverted in Petri dishes filled with supple-
mented DMEM + 1% (v/v) PEST; a piece of silicon tube was then
placed on the basolateral side of each insert and was filled with
supplemented DMEM + 1% (v/v) PEST. Inverted inserts were
cultivated for 9–11 days and the basolateral compartment
medium was changed every other day. Raji cells, resuspended
in supplemented DMEM + 1% (v/v) PEST, were then added to

the basolateral compartment of the 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
ain an optimized inverted in vitro FAE model.

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 experiments.

2.3. Validation and characterization of the inverted in
vitro model of human FAE

2.3.1. Assessment of cell monolayer integrity
Cell monolayer integrity, both in co- and mono-cultures,
was controlled by measurement of transepithelial electrical
resistance (TEER) and by evaluation of cell permeability to
14C-Mannitol and FITC-dextrans (4 and 12 kDa).

Cell monolayers were washed twice in HBSS, unless stated
otherwise, and allowed to equilibrate for 30 min at 37 ◦C before
TEER measurements. Cell monolayer TEER was measured in
HBSS at 37 ◦C with an EndohmTM tissue resistance chamber
(Endohm-12, World Precision Instruments, Sarasota, FL) con-
nected to a Millicell®-RES (Millipore, Billerica, MA.) ohmmeter.
The resistance of HBSS alone (9 � cm2) was considered as
background resistance and subtracted from each TEER value.
TEER values were measured before and after the transport
experiments.

The integrity of the cell monolayer tight junctions was con-
trolled by evaluation of the permeability to 14C-mannitol and
4 or 12 kDa FITC-dextran in transport conditions (HBSS) and
in the presence of EGTA. Donor solutions were prepared by
diluting 14C-mannitol and FITC-dextrans in HBSS to a final
concentration of 0.9 �Ci/ml or 0.1 mM, respectively, and were
added apically to cell monolayers (400 �l). In transport condi-
tions (HBSS), inserts were incubated at 37 ◦C for the required
duration and basolateral solutions were then sampled. To
open the cellular tight junctions, inserts were incubated api-
cally and basolaterally with 2.5 mM EGTA in HBSS, pH 7.4,
for two 15 min periods at 37 ◦C before TEER measurements. A

fresh EGTA solution was then placed basolaterally and FITC-
dextran (4 or 12 kDa,) or 14C-mannitol were added apically
(400 �l). Inserts were incubated for 1 h at 37 ◦C. Basolateral
solutions were then sampled and analyzed.
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The amount of transported 14C-mannitol was measured
y liquid scintillation; that of 4 or 12 kDa FITC-dextran by
uorimetry (485/530 nm) and the results were expressed as
pparent permeabilities. Before to calculate apparent perme-
bility coefficients (Papp, cm s−1), the steady state condition
f mannitol and dextran transport was checked. Papp were
alculated using the following equation:

app = �Q

�t
× 1

A × C0

here �Q/�t is the amount of 14C-mannitol or FITC-dextran
ransported in the basolateral compartment per time unit (t).
ransport rates were calculated by plotting the amount of 14C-
annitol or FITC-dextran transported to the basolateral side

ersus time and then by determining the slope of the plot. C0 is
he initial concentration in the donor compartment. A is the
urface area of the Caco-2 monolayer (A = 1.13 cm2). Results
re expressed as mean ± standard error of the mean (S.E.M.).

.3.2. Localization of Raji cells in co-culture monolayers
wo methods were used to identify and localize Raji cells
ithin the cell monolayers. First, Raji cells were labeled

ellow–green fluorescent with a CellTraceTM CFSE Cell Prolifer-
tion Kit (excitation 492 nm and emission 517 nm) according
o the supplier’s instructions, 3 days before incubation with
aco-2 cells (co-cultures). Briefly, a 5 mM CellTraceTM CFSE
tock solution was prepared immediately prior to use by
issolving the content of one vial in 18 �l of dimethyl sul-
oxide (DMSO). 10 × 106 Raji cells were centrifuged and the
upernatant was removed. The 5 mM CFSE stock solution was
iluted in PBS to 10 �M. Cells were gently suspended in pre-
armed (37 ◦C) PBS containing the probe, incubated for 15 min

t 37 ◦C, re-centrifuged and suspended in fresh prewarmed
edium. Finally, Raji cells were incubated for another 30 min

o ensure complete probe modification and washed again.
hree days later, co-cultures were prepared as described: 14
ays after Caco-2 cell seeding, fluorescent Raji cells were
dded to the basolateral pole of the inserts and the co-cultures
ere maintained for 5 days. Inserts were then washed three

imes in PBS, fixed in 4% (v/v) formaldehyde and washed
gain in PBS. Actin was stained with 250 �l of rhodamine-
halloidin (4 U/ml) in HBSS + 0.2% (v/v) Triton X-100 for 10 min
o reveal cell borders. After washing in HBSS, the inserts were
ut and mounted on glass slides. Mono- and co-cultures were
bserved with a DMIRE2 Leica confocal microscope (Wetzlar,
E) to localize Raji cells within the cell monolayers. Data were
nalyzed by Leica confocal software to obtain y–z and x–y
iews of cell monolayers. To confirm the correlation between
ellow–green fluorescence and Raji cells, 5 �M of TOTO-3, for
ucleus labeling, was added to the mounting medium. Mono-
ultures were used as controls.

Second, Raji cells were identified and localized by immuno-
istochemistry. Inserts were fixed in 4% formalin, and then
ut with a razor blade into thin sheets that were placed in
gar gel and embedded in paraffin. Five micrometers thick
ections were cut and, after paraffin removal by xylene, were

ehydrated and boiled for 75 min in 0.01 M citrate buffer
.05% (v/v) Triton X-100, pH 5.8 with a water bath. Endoge-
ous peroxidase activity was blocked by incubating in 0.3%

2O2 for 30 min and non-specific antibody staining was pre-
l s c i e n c e s 3 0 ( 2 0 0 7 ) 380–391 383

vented by preincubation in 10% (v/v) normal goat serum for
30 min. Sections were then incubated with anti-B cell spe-
cific activator protein (BSAP) monoclonal antibody (1:100)
at 4 ◦C overnight and revealed using the Envision system
with diaminobenzidine (DAB). Finally, samples were coun-
terstained with hematoxylin, mounted, and examined with
an AxioVision 3.1 microscope (Zeiss, Göttingen, GE) equipped
with an AxioCam HRc digital camera (Zeiss). In addition, sec-
tions of normally oriented and inverted cell monolayers were
stained with Hematoxylin-Eosin.

2.3.3. Quantification of Raji cells in co-cultured cell
monolayers
The proportion of Raji cells located in the cell monolayer was
evaluated by flow cytometry. Raji cells were labeled with CFSE
and co-cultured as described above. Cell monolayers were
washed twice in HBSS and incubated apically and basolat-
erally with a 5% (w/v) Trypsin-EDTA solution at 37 ◦C. Cells
were then gently detached and filtered on 80 �m nylon filters.
Cell suspensions were analyzed by flow cytometry (FACScan,
Becton Dickinson) with 488 nm excitation and emission filters
appropriate for fluorescein; differentiation of Caco-2 and Raji
cells was based on fluorescence and size. The number of Raji
cells was expressed as a percentage of the total number of
counted Caco-2 and Raji cells. Mono-cultures were used as
controls.

2.3.4. Presence and quantification of M cell co-cultures
Cells morphologically similar to M cells were discriminated
from Caco-2 cells using transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). TEM and SEM
were used to evaluate morphological changes of cells after co-
culture with Raji cells. Mono- and co-cultures were washed
twice in HBSS and fixed in 4% (v/v) formaldehyde/2% (v/v)
glutaraldehyde. Ultra-thin sections of cell-covered filters were
prepared for TEM analysis by standard methods, as described
(Mast et al., 2005). Observations were made using a Philips
EM208S TEM (FEI, Einhoven, NE). Samples processed for SEM
analysis were dehydrated, dried at critical point and gold-
coated. Pictures of cell monolayers were obtained with a DMS
982 Gemini SEM (Zeiss).

Since no human-specific marker of M cell has yet been
identified, discrimination of M cells within cell monolayers
was based on morphological criteria. The microvilli-free mor-
phology of M cells was used to identify and quantify them by
SEM. The proportion of M cells was evaluated by measuring
the surface (�m2) represented by cells morphologically simi-
lar to M cells (no or fewer and shorter microvilli) as a function
of the total surface analyzed (9869 �m2). Five co-cultures were
examined in four different random localizations selected by
two persons. The cell surface was evaluated using Axioplan
software (Zeiss). Mono-cultures were used as controls.

2.4. Nanoparticle transport

2.4.1. Assessment of model functionality by nanoparticle

transport experiments
Transport experiments were run in HBSS. Nanoparticle
transport was studied at 37 ◦C, unless stated otherwise.
Nanoparticle concentration was adjusted by diluting the stock
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solution (checked by FACS analysis) in HBSS to a final con-
centration of 4.5 × 109 nanoparticles/ml and then vortexed
for 1 min to dissociate possible aggregates. After equilibra-
tion in HBSS at 37 ◦C (unless stated otherwise), the apical
medium of the cell monolayers was replaced by a nanopar-
ticle suspension (400 �l) and inserts were incubated at 37 ◦C
(unless stated otherwise) for the required duration. Basolateral
solutions were then sampled and the number of transported
nanoparticles measured using a flow cytometer (FACScan,
Becton Dickinson) (Gullberg et al., 2000; des Rieux et al., 2005).
Results were expressed as percentages of the donor solution.
Nanoparticle transport was expressed as mean ± S.E.M.

2.4.2. Transcytosis mechanisms of nanoparticle transport
by M cells
2.4.2.1. Transcellular transport. Inserts were incubated api-
cally and basolaterally with 2.5 mM EGTA (in HBSS, pH
7.4) twice for 15 min at 37 ◦C. Tight junction opening was
checked by TEER measurement. Fresh EGTA was then placed
basolaterally and the nanoparticle suspension (4.5 × 109

nanoparticles/ml in HBSS) was added to the apical side of
the cell monolayers (400 �l). Inserts were incubated for 1 h
at 37 ◦C and basolateral solutions were then sampled and
analyzed. The number of transported nanoparticles was mea-
sured using a flow cytometer (Gullberg et al., 2000; des Rieux et
al., 2005). The absence of cytotoxicity in the presence of EGTA
was assessed by measuring the lactate dehydrogenase (LDH)
activity released from the cytosol of damaged cells into the
apical medium.

2.4.2.2. Energy dependent mechanism. The transport of
200 nm carboxylated polystyrene nanoparticles by mono-
and co-cultures was evaluated at 4, 10, 16 and 37 ◦C. Inserts
were pre-incubated for 15 min in HBSS at different tempera-
tures. The nanoparticle suspension, first preincubated at the
desired temperature, was added to the apical side of the cell
monolayers (400 �l) and inserts were incubated at 4, 10, 16 or
37 ◦C for 30 min. Finally, basolateral solutions were sampled
and the number of transported particles was measured using
a flow cytometer (Gullberg et al., 2000; des Rieux et al., 2005).
Results were expressed as percentages of the donor solution.

2.4.2.3. Endocytosis mechanism. In order to determine by
which mechanism carboxylated nanoparticles were trans-
ported, transport experiments were conducted with inhibitors
of macropinocytosis (nystatin and EIPA) and in potassium
depleted conditions that inhibit clathrin-mediated endocyto-
sis.

For inhibition experiments, cell monolayers were first
preincubated apically with 150 �l of inhibitor in HBSS (nys-
tatin 11 �M, EIPA 50 �M (Ragnarsson, 2006)) for 20 min at 37 ◦C,
before adding the nanoparticle suspension. The inhibitor was
present throughout the nanoparticle transport experiment.
The absence of cytotoxicity in the presence of inhibitors was
assessed by measuring the LDH activity released from the
cytosol of damaged cells into the apical medium after the

transport experiments.

Potassium depletion was performed according to Madshus
et al. (1987a, 1987b). After TEER measurement, cell monolay-
ers were submitted to a 5 min hypotonic shock in DMEM/H20
a l s c i e n c e s 3 0 ( 2 0 0 7 ) 380–391

(1:1) at 37 ◦C. Cells were rinsed once with HBSS devoid of potas-
sium and incubated in this medium for 1 h at 37 ◦C. TEERs were
measured and apical and basolateral media were removed.
Nanoparticles suspended in HBSS devoid of potassium were
added apically (400 �l) while HBSS devoid of potassium was
added basolaterally. Cell monolayers were incubated for 1 h
at 37 ◦C. Basolateral solutions were then sampled and the
number of transported particles was measured using a flow
cytometer (Gullberg et al., 2000; des Rieux et al., 2005).

2.5. Statistics

Differences among treated groups were analyzed using a
Mann–Whitney non-parametric test (significance P < 0.05).

3. Results and discussion

3.1. Validation and characterization of the inverted in
vitro model of human FAE

Before performing transepithelial transport experiments, the
inverted in vitro model first needed to be validated and charac-
terized. The integrity and functionality of the cell monolayer,
as well as the presence of M cells, were compared in both the
normal and the inverted model.

3.1.1. Cell monolayer integrity
3.1.1.1. Inverted model. A drawback of in vitro FAE models is
the decrease in TEER observed after 5 days of co-culture, and
hence the possible deterioration in tight junction function.
TEER decrease is considered to be a result of Caco-2 cell con-
version into M cells (Gullberg, 2005). Reduction of the inverted
co-culture TEER was a first sign of this conversion, and raised
the question of tight junction integrity. To test the barrier func-
tion of the tight junctions, the Papps of paracellular markers
(mannitol and 4 and 12 kDa dextrans) (Riley et al., 1991; Sakai
et al., 1997) were evaluated in HBSS and in the presence of
2.5 mM EGTA, a calcium chelator (Mounier et al., 1992; Knipp
et al., 1997; Sergent et al., 2006) that opens tight junctions
(Fig. 2A). The Papps of mannitol and dextrans were higher for
co- than for mono-cultures. Co-culture tight junctions may be
less tight than those of mono-cultures but, considering the
increased ability of co-cultures to perform endocytosis, these
molecules may also cross the epithelial barrier by transcyto-
sis. However, addition of EGTA induced a systematic increase
in the Papp, demonstrating that the tight junctions were func-
tioning and able to open under EGTA action. Finally, the higher
the molecular weight, the lower the Papp. These data indicate
that mono- and co-culture intercellular junctions remained
tight.

3.1.1.2. Comparison of normal and inverted model. In both
the normally oriented and inverted models, mannitol Papps

were four-fold higher in co- than in mono-cultures, and they
were two-fold higher in inverted co-cultures than in nor-

mally oriented co-cultures (Fig. 2B). However, the Papp values
remained in the range (10−6 cm s−1) reported in the literature
for Caco-2 cell monolayers with good tightness (Artursson
et al., 2001). The mannitol Papps of normally oriented and
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Fig. 2 – In vitro model characterization. (A) Cell monolayer
integrity of the inverted model. 14C-mannitol, 4 and 12 kDa
FITC-dextrans have been incubated with inverted mono-
and co-culture for 60 min at 37 ◦C (n = 3), either in HBSS or
with 2.5 mM EGTA in HBSS. Dex stands for Dextran.
14C-mannitol was quantified by liquid scintillation and
dextrans by fluorimetry. (a) P < 0.05 vs. corresponding Papp

of mono-cultures (b) P < 0.05 vs. corresponding Papp of
mannitol; (c) P < 0.05 vs. corresponding Papp without EGTA.
(B) Comparison of the normally oriented and inverted FAE
models. 4.5 × 109 nanoparticles/ml (0.2 �m FITC-labelled
carboxylated nanoparticles) and 0.9 �Ci/ml of 14C-mannitol,
suspended in HBSS, were added to the apical pole of the
cell monolayers. Mono- and co-cultures were incubated
with the cell monolayers for 60 min at 37 ◦C (n = 5). The
number of transported nanoparticles was evaluated by flow
cytometry and the amount of transported 14C-mannitol
was measured by liquid scintillation. TEER values appear
above each group results. (a) P < 0.05 (nanoparticles and
mannitol Papp) vs. mono-cultures; (b) P < 0.05 (nanoparticles
a

i
m

h

Fig. 3 – Comparison of the normally oriented and inverted
cell monolayers sections of normally oriented (A) and
inverted (B) cell monolayers were stained with
hematoxilin-eosin. The presence of cells growing on the
nd mannitol Papp) vs. normally oriented co-cultures.
nverted mono-cultures were not significantly different. Thus,
ono- and co-cultures retained a significant barrier function.
The TEER difference between mono- and co-cultures that

as already been described (Gullberg et al., 2000; des Rieux
basolateral side of the insert was put in evidence (black
arrows).

et al., 2005) was observed both in normal and in inverted
inserts (Fig. 2B). The TEERs of normally oriented inserts were
slightly higher than those of inverted inserts. The increased
TEER of normally oriented inserts may have resulted from
the presence of Caco-2 cells on the lower insert side as evi-
denced by histology (Fig. 3). When seeded on inserts with
3 �m pores, Caco-2 cells can cross the membrane and grow
on the basolateral side of the insert membranes. Inverting the
inserts decreased this phenomenon, which may also explain
the slightly higher mannitol permeability of inverted inserts.

3.1.2. Localization and quantification of Raji cells in
co-cultured cell monolayers
Aiming for a more physiological model, we expected that
inverting inserts would induce Raji penetration within the cell
monolayers and thus allow direct contact between Caco-2 and
Raji cells. The presence or absence of direct contact between
Raji and Caco-2 cells was explored in the two models. Raji
cells were localized by confocal microscopy and by immuno-
histochemistry. Quantification of the Raji cells found within
the cell monolayers was performed by flow cytometry. Mono-
and co-cultures of normally oriented and inverted inserts were
compared.

Fluorescent labeling and confocal analysis allowed cell bor-
ders (red) and nuclei (blue) to be visualized (Fig. 4a). When
analyzing inverted co-cultures, Raji cells (yellow–green) were
observed within the enterocyte layer (Fig. 4b), xz views show-
ing Raji cell localization within the co-culture cell monolayers.
Double staining of the nucleus and cytoplasm of Raji cells
demonstrated that the yellow–green fluorescence belonged to

Raji cells and was not the result of free fluorescence accumu-
lation (Fig. 4c). No Raji cells were detected in mono-cultures
(Fig. 4d). In addition, in agreement with Gullberg et al. (2000),
confocal analysis of normally oriented co-cultures clearly
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Fig. 4 – Display of Raji cells within co-cultures by confocal analysis. Enterocyte actin was stained with rhodamine-phalloidin
(red) and Raji cells were CFSE-labelled (yellow–green). Inverted (b)–(d) and normally oriented co-cultures (e) were fixed after 5
days of incubation with CFSE-labelled Raji cells. Mono-cultures were used as control (a) and (d). White arrows indicate the
Raji localization in the cell monolayers. To confirm the correlation between the yellow–green fluorescence and the presence
of Raji cells in the co-cultures, 5 �M of TOTO-3 (blue color), labelling the cell nuclei, were added in the mounting medium (c).
Turquoise blue color resulted from the merge of blue and yellow–green fluorescence (white star). Mono-cultures were used

nola
d, th
as controls (a). Grey lines indicate where, within the cell mo
interpretation of the references to colour in this figure legen

showed that no Raji cells were present in the cell monolayers
(Fig. 4e).

The presence of Raji cells in inverted co-cultures was cor-
roborated by immunohistochemistry. Examination of paraffin
sections revealed the presence and localization of Raji cells
(brown) below inserts, but also within the cell monolayers
(blue) (Fig. 5).

The percentage of Raji cells in inverted co-cultures was
evaluated to range between 17 and 30% of the total number
of detected cells (Caco-2 and Raji cells) (mean = 22.45 ± 1.6%,
n = 8). FACS analysis confirmed the confocal microscopy obser-
vations, since no Raji cell was detected in mono-cultures (both
normally oriented and inverted) or in normally oriented co-
cultures (n = 5).

In conclusion, close contact between Raji and Caco-2 cells
was only observed for inverted co-cultures, which, therefore,
reflect the human FAE more closely than the normally oriented
co-cultures.

3.1.3. Assessment of M cell presence and evaluation of the
percentage of M cells in inverted co-cultures
To complete the inverted human FAE model characterization,
it seemed essential to provide evidence of the presence of con-

verted M cells within the cell monolayers. In the absence of any
specific marker of human M cells, the discrimination between
Caco-2 and M cells was done on a morphological basis. M cells
show a reduced brush border as well as an invaginated baso-
yers, the pictures were taken and analyzed. (For
e reader is referred to the web version of the article.)

lateral membrane, forming a pocket to welcome immune cells
(Gebert et al., 1996). The particular shape of their apical mem-
brane was used to identify cells morphologically similar to M
cells by TEM and SEM.

Mono- and co-cultures were analyzed by TEM. While
enterocyte-like cells with a well developed brush border
were observed in mono-cultures (Fig. 6A, a), cells without
microvilli were visualized in co-cultures (Fig. 6A, b), although
desmosomes between them and adjacent cells suggest their
enterocytic origin (Fig. 6A, c). Moreover, underlying these ente-
rocytes, cells were observed that could have been Raji cells
based on their relatively condensated chromatin and their lack
of desmosomes (Fig. 6A, b). These observations indicated that
at least some of the Caco-2 cells had converted into M cells.

These results were confirmed by SEM analysis of mono-
and co-cultures. SEM has already been used to identify and
localize M cells in Peyer’s patch biopsies (Gebert, 1997) and
in the in vitro FAE model (Schulte et al., 2000) developed by
Kerneis et al. (1997). Analyzing cell monolayers in the inverted
FAE model, SEM revealed that some Caco-2 cells, after 5 days
co-culture, expressed short and irregular microvilli (Fig. 6B,
c and d), whereas, in mono-cultures, all differentiated Caco-2
cells displayed a regular brush border and well-developed tight

junctions (Fig. 6B, a and b). In co-cultures, two types of cells can
be distinguished on the basis of surface structures: enterocyte-
like cells with a regular brush border, and M-like cells with
a less regular arrangement of microvilli than enterocyte-like
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Fig. 5 – Localization of Raji cells in co-culture cell
monolayers by immunohistochemistry. Sections of mono-
and co-cultures were incubated with the BSAP monoclonal
antibody and revealed with DAB (brown) (counterstained
with haematoxylin (blue)). Mono-cultures were used as
controls. (A) Inverted mono-cultures and (B) inverted
co-cultures. (For interpretation of the references to colour in
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his figure legend, the reader is referred to the web version
f the article.)

ells. No cell with few or sparse microvilli were observed in
he mono-cultures.

As far as we know, the percentage of M cells present within
o-cultures of Caco-2 and Raji cells has never been evaluated.
his information is of outmost importance to interpret in vitro
esults and to put them in context with the in vivo situation.
ells with few or no microvilli were identified as cells morpho-

ogically comparable to M cells by SEM and their proportion
as evaluated. The surface occupied by cells morphologically

imilar to M cells in the co-cultures was evaluated to range
etween 15 and 30% (mean = 22.87 ± 2.4%, n = 5). As mentioned
bove, no cells with few or sparse microvilli were observed in
he mono-cultures.

Hence, in the inverted in vitro model of human FAE, 15–30%
f the Caco-2 cells were converted to M cells, assuming a sur-
ace equivalence for M and Caco-2 cells.

.2. Transport of nanoparticles by M cells

.2.1. Nanoparticle transport

.2.1.1. Inverted model. The most remarkable and interest-
ng property of M cells is their high transcytotic capacity
nd their ability to transport a broad range of materi-
ls, including nanoparticles (Frey and Neutra, 1997; Clark
t al., 2000). To monitor the conversion of Caco-2 cells
nto M cells, the transport rate of 200 nm carboxylated
olystyrene nanoparticles across inverted mono- and co-

ultures was studied (Gullberg et al., 2000). The number of
ransported nanoparticles after 60 min of incubation at 37 ◦C
as significantly higher in co-cultures than in mono-cultures

38,900 ± 5600 versus 806 ± 510 nanoparticles, respectively;
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n = 5, P < 0.05), establishing the conversion of Caco-2 cells into
M cells.

3.2.1.2. Comparison of normal and inverted models. Both
models were functional, although nanoparticle transport in
normal co-cultures was only 3-fold higher than in mono-
cultures whereas it was 50-fold higher in inverted co-cultures
(Fig. 2B). Hence, inverted co-cultures were more efficient
at transcytosing nanoparticles than normally oriented cul-
tures. No significant difference was observed between the
nanoparticle Papps for normal and inverted mono-cultures
(n = 5).

In addition, the inter-experiment coefficient of variation of
normally oriented co-cultures was systematically (five inde-
pendent experiments) larger than the coefficient of variation
of inverted co-cultures (121 and 55% on average for normally
oriented and inverted co-cultures, respectively). The intra-
experiment coefficient of variation (five independent inserts)
of normally oriented co-cultures was also higher than for
inverted co-cultures (95 and 14% for normally oriented and
inverted co-cultures, respectively).

In conclusion, by inverting the inserts, a more physiologi-
cal, functional and reproducible in vitro model of human FAE
has been obtained to study nanoparticle transport.

3.2.2. Transcytosis mechanisms of nanoparticle transport
In order to determine by which mechanism(s) the 200 nm car-
boxylated polystyrene nanoparticles were transported by M
cells across cell monolayers, several experiments were per-
formed.

To verify that nanoparticle transport by M cells was tran-
scellular, inverted cell monolayers were incubated in the
presence of 2.5 mM EGTA to induce the opening of entero-
cyte tight junctions. Nanoparticle transport was not increased
in the presence of EGTA and was even lower in co-cultures
(53 ± 13 versus 87 ± 41 nanoparticles/h for mono-cultures and
24,450 ± 7130 versus 15,880 ± 2300 nanoparticles/h for co-
cultures, n = 5). These results suggest, therefore, that 200 nm
carboxylated polystyrene nanoparticles were not transported
by the paracellular route. Most probably these nanoparticles
are too large to be transported by this route, even when the
tight junctions are open. Moreover, nanoparticles are com-
posed of polystyrene, a polymer unable to open cell tight
junctions, unlike chitosan (Artursson et al., 1994).

Nanoparticle transport by M cells is known to be pre-
dominantly mediated by endocytosis, an energy-dependent
mechanism (Gebert et al., 1996). To evaluate if this mechanism
was also involved for M cells in the inverted model, transport
rates at 4, 10, 16 and 37 ◦C were compared (Fig. 7). At 4 ◦C,
nanoparticle uptake should be inhibited (Kerneis et al., 1997;
Gullberg et al., 2000; des Rieux et al., 2005), whereas at 10 ◦C
deep invagination of the pits occurs, but internalization is still
prevented (Beaumelle et al., 1990), thus inhibiting nanopar-
ticle endocytosis. Above 16 ◦C, nanoparticle endocytosis by M
cells is no longer inhibited (Ellinger et al., 2002; Zaro and Shen,
2005). The number of transported nanoparticles in co-cultures

was significantly higher than in mono-cultures, regardless
of the temperature. Nanoparticle transport by mono-cultures
was not influenced by temperature. For the co-cultures, trans-
port rates at 16 and 37 ◦C were comparable, and were increased
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Fig. 6 – Identification of M cells by microscopy. (A) TEM analysis. Cell monolayers were fixed and processed for TEM
analysis. Mono-cultures present a columnar shape as well as a brush border (a). M cells were identified by their lack of
microvilli at their apical surface (b) and the presence of desmosomes (c, with circle). A cell that could be identified as a Raji
lymphocyte based on its relatively condensated chromatin and its lack of desmosomes between its membrane and that of
adjacent enterocytes, lies under the enterocyte monolayer (b, white star). (B) SEM analysis. Cell monolayers were fixed and
processed for SEM analysis. M cells were identified by their lack or fewer microvilli at their apical surface (c) and (d).

Mono-cultures were used as control (a) and (b).

about 10-fold compared to transport rates at 4 and 10 ◦C (not
significantly different).

Whether the internalization of nanoparticles by M cells
occurs by macropinocytosis or receptor-mediated endocytosis
remains largely unknown. In order to investigate the mech-
anisms of nanoparticle transcytosis by M cells, nanoparticle
transport was studied in the inverted in vitro model of human
FAE, in the presence of classical endocytosis inhibitors, i.e.
EIPA and nystatin, and in the absence of potassium. EIPA

has been used as a selective inhibitor of macropinocytosis
(Wadia et al., 2004; Fallman and Gustavsson, 2005), although
the exact mechanism of inhibition is not well understood.
It has been suggested that EIPA inhibits the cell membrane
Na+/H+ exchange protein (Pizarro-Cerda and Cossart, 2004),
altering intracellular pH and thus inducing alterations in
the cytoskeleton (Peachman et al., 2004), or in other pro-
cesses related to macropinocytosis (Liu et al., 1993). Nystatin
disrupts lipid-raft mediated pathways, including caveolae
and macropinocytosis, by removing cholesterol from mem-
branes (Liu et al., 2002; Wadia et al., 2004). Since Larkin et
al. (1983) have demonstrated that a depletion in intracel-
lular potassium reversibly arrests coated pit formation and

receptor-mediated endocytosis in human fibroblasts, exper-
iments to determine whether nanoparticles were transported
by a clathrin-associated pathway, were conducted in intra-
cellular potassium depletion conditions.
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Fig. 7 – Is transport of nanoparticles by M cells
energy-dependent? Mono- and co-cultures were incubated
in HBSS at 4, 10, 16 and 37 ◦C and 4.5 × 109 nanoparticles/ml
(0.2 �m FITC-labelled carboxylated nanoparticles),
suspended in HBSS, pre-incubated at 4, 10, 16 and 37 ◦C,
were added to apical pole of cell monolayers. Mono- and
co-cultures were incubated with cell monolayers for 60 min
at 37 ◦C (n = 4 and 8 for monocultures and co-cultures,
respectively). The number of transported nanoparticles was
evaluated by flow cytometry. (a) P < 0.05 vs. mono-cultures
(b) P < 0.05 vs. co-cultures when incubated at 4 and 10 ◦C.

Fig. 8 – Mechanistic characterisation of nanoparticle
transport by M cells. Endocytosis inhibitors: cell
monolayers were first apically pre-incubated with
inhibitors (EIPA and nystatin) in HBSS for 20 min at 37 ◦C,
before adding nanoparticle suspension (n = 4). Inhibitor was
present throughout the whole nanoparticle experiment
(60 min at 37 ◦C). Co-cultures incubated in HBSS were used
as control. Potassium depletion: nanoparticles suspended
in HBSS devoid of potassium were incubated with cell
monolayers for 1 h at 37 ◦C (n = 4). Co-cultures incubated in
HBSS were used as control. The number of transported
nanoparticles was evaluated by flow cytometry. Values are
expressed as a percentage of transported nanoparticles by
co-cultures in the presence of inhibitor compared with the
number of transported nanoparticles by co-cultures in
HBSS. (a) P < 0.05 vs. the control.
l s c i e n c e s 3 0 ( 2 0 0 7 ) 380–391 389

The results of these experiments are summarized in Fig. 8.
EIPA reduced nanoparticle transport by 99% and nystatin by
78%, compared to the control (P < 0.05). This conclusion is con-
sistent with results previously obtained by Ragnarsson (2006)
working with a FAE model obtained by Caco-2 cell incuba-
tion with Yersinia pseudotuberculosis. However, the potassium
depletion conditions used for this experiment did not modify
the nanoparticle transport rate, suggesting that nanoparticle
endocytosis by M cells is not a clathrin-dependent process.
The possible cytotoxicity during incubation with endocytosis
inhibitors, evaluated by measuring the LDH activity released
from the cytosol of damaged cells into the apical medium after
the transport experiments, remained below 5% of the total
activity. These results suggest that uptake of 200 nm model
carboxylated polystyrene nanoparticles by M cells occurs by
non-specific absorptive endocytosis, through a non-clathrin
dependent route, most likely macropinocytosis.

4. Conclusion

Since in vitro models are currently almost the only tools for
studying human M cells, it seems extremely important that
they should be characterized as much as possible. Character-
ization of the inverted in vitro model of human FAE revealed
the presence of Raji cells in co-culture cell monolayers and
allowed the identification of cells morphologically similar to
M cells. Morphologic analysis also permitted, for the first time,
estimation of the percentage of M cells in the co-cultures
(between 15 and 30%). This information is crucial to interpret
results and to compare them with in vivo data as well as to bet-
ter characterize the model. Indeed, expressed as a percentage
of M cells in the total FAE, rabbits and pigs are well-endowed
at 30–50% (Jepson et al., 1993; Gebert et al., 1994). By contrast,
there are proportionally fewer M cells in the Peyer’s patches
of rodents: 10% (Clark et al., 1993, 1994) and humans: <10%
(Owen and Ermak, 1990). Hence, the nanoparticle transport
results obtained with this model may overestimate the situ-
ation in humans, but, nevertheless, the inverted model is a
useful tool to study the influence of M cells on nanoparticle
transport.

The characterization and comparison of the inverted in
vitro model of human FAE with the normally oriented model
demonstrates the importance of B lymphocytes (Raji cells)
on Caco-2 cell conversion. Close contact is not mandatory to
obtain a functional model but direct contact of Caco-2 and Raji
cells, as well as the concentration of Raji cells at the basolat-
eral pole of Caco-2 cells, seemed to induce a more functional
and more reproducible in vitro model. In addition, close contact
between Caco-2 and Raji cells reproduces in vivo FAE organi-
zation more faithfully.

With regard the transport of carboxylated nanoparticles,
mechanistic studies showed that their transport by M cells
occurs by the transcellular route and is energy-dependent.
Transport inhibition by EIPA or nystatin, but not by potassium
depletion, suggested that M cells take up 200 nm carboxy-

lated polystyrene nanoparticles by non-specific absorption
endocytosis, requiring an intact microtubule network, most
likely macropinocytosis. However, these data were obtained
with model nanoparticles. For future drug delivery applica-
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tions, it would be worth checking whether different carriers
are transported by M cells by the same pathway, since the
properties of nanoparticles influence their uptake by M cells.
Indeed, previous work studying the influence of nanoparti-
cle surface properties on their transport by M cells showed
the impact of nanoparticle surface hydrophobicity (des Rieux
et al., 2005). In addition, Alonso-Sande et al. (2006) have
demonstrated that the transport of chitosan and chitosan-
glucomannan nanoparticles by M cells occurs via a different
mechanism compared to polystyrene model nanoparticles. It
is also probable that grafting an M cell targeting molecule to
the nanoparticle surface could improve M cell oral delivery
strategies by influencing the endocytic mechanisms involved
in their uptake by M cells (des Rieux et al., 2006).
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