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Neuraminidases act as a virulence factors for several pathogens that invade the human body through Peyer’s patch M-cells.
he structural similarity ofAleuria aurantialectin (AAL) to neuraminidases, we hypothesized that AAL might also target human M
n an in vitro human M-cell co-culture model significantly more particles were transported across the epithelium when microparti
unctionalized with AAL versus those that were not. Moreover, high concentrations of AAL induced no detectable cytotoxic e
he related intestinal epithelial cell cultures, epithelial Caco2- and HT29-MTX-E12-cells. Upon incubation with AAL, PBMCs of
olunteers proliferated in response to AAL and secreted the cytokines, IL-2, IFN-�, IL-10 and IL-5 in a concentration-dependent man
ndicating immune-stimulatory properties of the lectin. We conclude that AAL-coated microparticles may have the potential to target
ntigens to human M-cells for oral vaccination.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Many pathogens invade the body by exploiting the mu-
osal routes such as the gastro-intestinal (G/I) tract. Higher
ertebrates have the ability to mount an adaptive immune
esponse to pathogens without compromising the integrity of
he mucosal barrier[1]. For this reason Peyer’s patch “mem-
ranous” or “microfold” cells, termed M-cells, have been
volved. These cells are able to transport antigens from the

umen across the follicle-associated epithelium (FAE) to the

Abbreviations: AAL, Aleuria aurantialectin; WGA, wheat germ ag-
lutinin; M-cells, membranous cells; BP, birch pollen extract; HSA, human
erum albumin
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underlying lymphoid cells, thereby stimulating spec
mucosal immune responses[2]. M-cells are characterized
their poorly organized brush border, high endocytic act
and basolateral lymphocyte-containing pocket[3]. They are
a differentiated epithelial cell subset comprising∼5% of
the cells within the human FAE and they perform anti
sampling for presentation to the organized lymphoid tis
beneath[4,5]. Such organized mucosal lymphoid tiss
are located in the nasal cavity, pharynx, bronchia, s
intestine, colon and rectum[6]. M-cells are preferentiall
exploited for invasion by many pathogens. Exam
include the enteric pathogens areVibrio cholerae [7],
Salmonella typhimurium[8], Yersinia pseudotuberculos
[9] and reoviruses[10]. Also non-enteric pathogens li
influenza virus A mainly enter the body by target
M-cells of another mucosal immunity induction s
human nasopharyngeal tonsils[11]. Thus, extensive studi
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have been performed in vaccine research to find specific
surface markers for targeting M-cells. However, there are
considerable species and site related variations[12–14].
Murine M-cells express�-l-fucose, but for other species,
no specific surface markers for M-cells have yet been
consistently defined, even thorough claims have been
made for sialylated Lewis antigen A in man[15]. Other
investigations attempting to identify human M-cell surface
receptors include analysis of the gene expression patterns in
human M-like cells[16].

TheAleuria aurantialectin (AAL) has�-l-fucose speci-
ficity and exhibits structural similarity to neuraminidases
from different pathogens that invade via M-cells[17]. AAL is
derived from the edible orange peel mushroomA. aurantia.
Our hypothesis is that AAL might be a means for targeting
M-cells. In a murine model we have shown by indirect meth-
ods that this may be the case since feedings of microparticles
loaded with birch pollen proteins induced allergen-specific
Th1-responses only when they were coated with AAL[18].
Arising from the immune responses detected in mice, it seems
that we may have succeeded in harnessing the sampling func-
tion of M-cells in this model.

The aims of this study were to examine whether this prin-
ciple would hold in a human system. We demonstrate here
that AAL-functionalized microparticles: (1) are non-toxic,
(2) can target Peyer’s patches ex vivo, (3) are effectively
t bor
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and performed according manufacture’s instruction (Sigma,
St. Louis, MO, USA). The assay is based on the reduction of
NAD+ by the action of LDH. Briefly, cells were grown for 5–6
days in 96-well microtiter plates and incubated with AAL,
wheat germ agglutinin (WGA; in the concentration range of
0–1 mg/ml) or 1% (v/v) Triton X-100 as control, diluted in
DMEM without FCS and phenol red, at 37◦C/5% CO2. After
45 min, 60�l/well were transferred in a new microtiter plates
and 60�l of freshly prepared LDH-solution containing the
enzyme and the substrate were added for another 30 min.
Reaction was stopped with 1N HCl and optical density mea-
sured at 492 nm. Measurements were performed in triplicate.

2.4. Binding of AAL-microparticles to murine Peyer’s
patches

Immediately after mice death, small intestine were
removed and perfused with 5% CO2/95% O2-saturated
Krebs-buffer of following mM composition: NaCl 112,
NaHCO3 25, KCl 5, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.3,
d-glucose 12. The duodenum was opened by a longitudinal
cut and softly rinsed with Krebs-buffer. For covalent cou-
pling of proteins to microparticles, the surface carboxylic
groups of microparticles were activated by carbodiimide/N-
hydroxysuccinimide and subsequently incubated with AAL
or HSA, as previously described[21]. The tissues were
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mmune-stimulatory properties.

. Materials and methods

.1. Animals

Female C57BL/6 mice, that were 18–20 weeks old, w
btained from Harlan UK, Blackthorn, England. Mice w
uthanized by cervical dislocation and all experiments
erformed post-mortem.

.2. Allergic individuals

All allergic human subjects had a history of hayfe
uring early spring, a positive skin prick reaction (wh
5 mm) to birch pollen extract (Soluprick; ALK, Hørshol
enmark), and a radioallergosorbent test to birch po
3 (median, 24.9 kU/ml; RAST/CAP; Pharmacia, Upps
weden). None had received immunotherapy before.

.3. In vitro toxicology assay

The human enterocyte-like cell line Caco-2 was obta
rom the American Type Culture Collection (Rockvil
D, USA), whereas the mucus-secreting HT29-MTX-E

ells (E12)[19,20] were kindly donated by Professor P
rtursson (Department of Pharmacy, University of Upps
weden). Lactate dehydrogenase assay (LDH) was us
easuring membrane integrity of Caco-2- and E12-c
ncubated with AAL-fluospheres in Krebs-buffer or cont
uospheres for 20 min. Afterwards tissue were washed
xed in 4% paraformaldehyde. Peyer’s patches and adj
arts were cut out, mounted, sealed and stored at 4◦C in the
ark. All images were obtained using a Nikon Eclipse E
icroscope and a Nikon Digital Camera DXM1200.

.5. Cellular uptake of AAL-fluospheres by human
-like cells

Polarized Caco-2-cells were grown on transwell fi
nserts in inverted orientation for 21 days and co-cultu
ith human Raji B-cells for 3 days as described elsew

22,23]. Carboxy-modified fluospheres 0.01% (w/v) (2�m,
olecular Probes, Leiden, NL) or same fluospheres f

ionalized with AAL were incubated for 60 min on t
pical sides of Caco-2/Raji-B co-cultures at 37◦C under
entle agitation. Thus, for cellular uptake, particles ha
ompete against gravitation. After thoroughly washing
embranes with PBS, fluospheres from basolateral si
ell as of the membranes were collected and dissolve
.1N NaOH. Fluorescence was measured at 485/530 n
ontrol, cellular uptake-study was performed simultaneo
ith mono-cultures of polarized Caco-2 cells (n= 6 for
uospheres and AAL-fluospheres, respectively).

.6. Stimulation of PBMC

PBMC were isolated from peripheral blood of aller
atients by Ficoll-Hypaque density gradient centrifuga
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(Pharmacia) and cultivated in serum-free Ultra Culture
Medium (BioWhittaker, Walkersville, MD) supplemented
with 2 mM l-glutamine and 2× 10−5 M 2-ME. PBMC
(2× 105/200�l) were stimulated with birch pollen-
loaded microparticles functionalized either with AAL or
human serum albumin (HSA) in triplicates in 96-well
plates (Nunclone; Nunc) in the concentration range of
50–400�g microparticle/well. Both types of microparticles
contained approximately 40�g birch pollen proteins/mg.
After 6 days, cell-free culture supernatants were harvested
and analyzed for IL-2, IL-5, IL-10 and IFN-� production by
ELISA [24].

2.7. Data analysis and statistics

Data are presented as mean values± S.E.M. Statistical
analyses were performed using the Student’st-test to com-
pare mean values between the Gaussian-distributed groups
(software SPSS Vers.11.5 for Windows). In each case,p val-
ues <0.05 were considered statistically significant.

3. Results

3.1. AAL-microparticle bind specific to Peyer’s patches

rated
m er’s
p rned

from the adjacent crypts by their lack of microvilli (Fig. 1).
In the Peyer’s patches a large number of fluorescein-labeled
AAL-microparticles were localized (a, c) whereas hardly any
uncoated microparticles could be detected in the adjacent
parts of the Peyer’s patches (b, d).

3.2. AAL induces no cytotoxicity in mucus-secreting
E12-cells and enterocyte-like Caco-2 cells

AAL was tested for the potential to induce cytotoxic
effects on human mucus-secreting E12-cells and Caco-2
cells in vitro. The cell viability of Caco-2 cells and E12-
cells was unaffected by incubation with AAL (Fig. 2). Even
the highest concentration of 1 mg/ml AAL caused only
1.1± 0.3 and 2.5± 1.2% cell death in Caco-2 and E12,
respectively. The control lectin WGA impaired the viabil-
ity of the cells to a greater extent. Addition of 1 mg/ml
WGA resulted in 14.7± 0.8 and 8.1± 2.6% cell death,
respectively.

3.3. AAL-microparticle bind to human M-like cells in
vitro

We circumvented the obstacle to obtain fresh human
Peyer’s patches for binding-studies, by testing our AAL-
m el
o i-
a with

F rescen t
s
b

One of the aims was to demonstrate that the gene
icroparticles were suitable for specific targeting to Pey
atches ex vivo. Murine Peyer’s patch can be easily disce

ig. 1. Binding of AAL-microparticles to murine Peyer’s patches. Fluo

mall intestinal segments of mice. After washing, intestines were fixed and ima
ound specifically to murine Peyer’s patches (a, c), whereas nearly no micro
icroparticles in an in vitro M-cell like co-culture mod
f human origin[16,19]. In this model, M-cells different
te from enterocyte-like Caco2-cells upon co-culture

ce-labeled microparticles functionalized with AAL were incubated wih murine

ges taken under light (a, b) and fluorescence microscopy (c, d). AAL-microparticles
particles could be observed in adjacent parts (b, d).
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Fig. 2. Influence of AAL and WGA on cell viability. Caco2- and E12-cells
were grown for 5 days in 96 well plates, followed by incubation with various
concentrations of AAL (©) or WGA (�). Subsequently, LDH-leakages of
cell membranes were measured as indicator of cell viability. At the highest
concentration, AAL impaired the viability of human enterocyte-like Caco2-
and mucus-secreting E12-cells to 1.14± 0.29 3 and 2.45 5± 1.21%, re-
spectively. In contrast, incubation with 1 mg/ml WGA resulted in toxic
cell lysis to14.66 7± 0.8 and 8.12± 2.6%, respectively. Data represent
mean± S.E.M. of three experiments.

Raji-B cells derived from a human Burkitt lymphoma. In
this experiment a significantly increased cellular uptake
and transcytosis of microparticles was achieved when they
were coated with AAL, as compared to non-functionalized
microparticles. Even in the absence of a human M-cell-
specific marker, the conversion to M-cell like cells was
proven at a functional level by a significantly enhanced par-
ticle uptake in the filter-grown co-cultures versus mono-
cultures (Fig. 3; fluospheres:p= 0.0286, AAL-fluospheres:
p= 0.0485). Importantly, there was a significant increase in
cellular uptake of fluospheres functionalized with AAL com-
pared to non-functionalized ones in both, the mono-culture
(p= 0.0179) as well as in the co-culture model (p= 0.0149).
The co-cultures therefore took up more AAL-coated than
uncoated particles and in each case, the levels of uptake
were increased over the uptake seen in respective mono-
cultures.

Fig. 3. Cellular uptake of microparticles in the presence and absence of
AAL-functionalization. Caco-2 cells were grown in mono-culture (white
panels) or in co-culture with Raji-cells (grey panels). Microparticles were
incubated for one hour with the cell cultures. After rigorous washing,
fluospheres- and AAL-fluospheres of cellular and basolateral compartments
were dissolved in 0.1N NaOH and detected fluorimetrically at 485/535 nm.
In the co-cultures, significantly more uncoated particles were absorbed and
transcytosed than in the mono-cultures. Additional functionalization of the
microparticles with AAL resulted in a significant increase in particle uptake
compared to non-functionalized microparticles. Data from six experiments
are presented as mean± S.E.M.

3.4. AAL-microparticles-induced cytokine production by
PBMCs of allergic individuals

To evaluate the effects of allergen-loaded microparticles
functionalized with either AAL or HSA (control) on the
cytokine production from allergic patients, PBMC from three
birch pollen-allergic individuals were stimulated with differ-
ent concentrations of both types of coated microparticles and
analyzed for the secretion of IL-2, IL-5, IFN-� and IL-10. As
shown inFig. 4, AAL-functionalized microparticles induced
a dose-dependent cytokine production whereas particles
coated with HSA did not. AAL-coated microparticles
stimulated significant production of Th1-cytokines (IL-2,
IFN-�), Th2-type (IL-5) and immunomodulating cytokines
(IL-10). Large amounts of IFN-� (1.2–6.4 ng/ml) and IL-2
(14–46 ng/ml) were detected, whereas IL-10 (8–23 pg/ml)
and IL-5 (37–51 pg/ml) were found in smaller quantities in
the supernatants of PBMCs derived from allergic individuals.

4. Discussion

We generated AAL-microparticles that may be applicable
not only for murine proof-of-concept studies for targeted oral
vaccine delivery to M-cells in Peyer’s patches, but also for
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Fig. 4. Cytokine production upon stimulation with allergen-loaded microparticles. PBMC from three birch pollen-allergic individuals (�, ©, ×) were cultured
with birch pollen-loaded microparticles functionalized with either AAL (AAL-MSBP) or HSA (HSA-MSBP) in the concentration range of 50–400�g mi-
croparticle per well for 6 days. Subsequently, cell-free supernatants were analyzed for IL-2, IL-5, IL-10 and IFN-�. Incubation of allergen-loaded microparticles
(40�g birch pollen proteins/mg microparticles) resulted in a concentration-dependent induction of all cytokines only when microparticles were coatedwith
AAL.

oral human vaccination. The biggest advantage of oral vac-
cines is believed to be the induction of mucosal immunity in
addition to systemic immunity[25], since lymphocytes acti-
vated in a certain organ system tend to home back to their site
of activation[26]. In practice, the bioavailability of oral vac-
cine and peptide particulate formulations is lower than for
parenteral routes, primarily because of insufficient particle
uptake across epithelial barriers including Peyer’s patches.
Lectins, which are naturally occurring proteins with affinity
for sugar residues, bind specifically to oligosaccharide moi-
eties on the surface of intestinal cells and have been investi-
gated as agents of bioadhesion in the gut[21,27]. For mucosal
drug targeting in humans these bioadhesins have to be suitable
for conjugation to delivery systems, be non-toxic, stable in the
gut and compatible with other gut luminal contents such as
food digesta and commensal flora. Finally, the bioadhesins
should enhance intestinal absorption by the targeted cells.
AAL seems to combine all of these beneficial properties.

Our data clearly demonstrate that AAL does not harm
intestinal cells and might be safe and suitable for application
also in humans. Further AAL is capable of detecting
�-linked fucosyl units regardless of the structure of the
aglycone. It has been successfully employed to examine
fucoglycoproteins non-reactive with the lectins fromLotus
tetragonolobusand Ulex europaeus[28]. This feature is
important, since murine M-cells can be targeted almost
exclusively by their�-l-fucose residues[12–14,29]. Indeed,
AAL-microparticles bound to murine Peyer’s patches,
but not to the adjacent parts using fresh isolated small
intestine. Encapsulated antigens may, therefore, be directly
delivered to immunocompetent cells that underlie the Peyer’s
patches enabling site-directed investigations in the intestine.
This explains our previous observation where antigen-
loaded microparticles were able to achieve an effective
immune response in mice only when targeted to M-cells by
AAL [18].
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The six 4-stranded�-sheet motifs of AAL and its close
structural similarity toS. typhimuriumLT2 neuraminidase
has been revealed recently by two independent groups by
crystallographic studies[30,31]. Extensive searches in liter-
ature, protein and structural databases (PDB, SCOP) showed
that the six 4-stranded�-sheet motifs are very common for
neuraminidases. Some of the neuraminidases from pathogens
like influenza virus[32] and paramyxoviruses[33] are known
to be required for invading the host through the mucosa.
Moreover, nearly all pathogens that invade humans through
M-cells possess this enzyme. Therefore, it is tempting to
speculate that neuraminidases-like structures in general
might be a prerequisite for invasion of the human host by
this route. Our hypothesis was that AAL might structurally
mimic neuraminidases, target an antigen to M-cells and
facilitate its entrance to the human body. As a consequence,
we performed in vitro transport studies where M-like cells
of human origin were generated by co-culturing with B-cells
[22,34], demonstrating the significantly enhanced uptake of
AAL-conjugated particles versus unconjugated ones. From
these data, it seemed likely that AAL functionally imitates
neuraminidases through its structure. While co-culture
remains controversial in respect of the human M-cell pheno-
type, it is gaining more acceptances due to the characteristics
being demonstrated by a number of research groups over
time [22,23,34–36]. These include particle and pathogen
u
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immune responses. Thus, we propose that AAL-micro-
particles may be suitable vehicles for oral immunotherapy,
e.g. in type I allergy.
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[21] Walter F, Scḧoll I, Untersmayr E, Ellinger A, Boltz-Nitulescu G,
Scheiner O, et al. Functionalisation of allergen-loaded microspheres
with wheat germ agglutinin for targeting enterocytes. Biochem Bio-
phys Res Commun 2004;315:281–7.

[22] Gullberg E, Leonard M, Karlsson J, Hopkins AM, Brayden D, Baird
AW, et al. Expression of specific markers and particle transport in a
new human intestinal M-cell model. Biochem Biophys Res Commun
2000;279:808–13.

[23] Kerneis S, Caliot E, Stubbe H, Bogdanova A, Kraehenbuhl J,
Pringault E. Molecular studies of the intestinal mucosal barrier phys-
iopathology using cocultures of epithelial and immune cells: a tech-
nical update. Microbes Infect 2000;2:1119–24.

[24] Bohle B, Breitwieser A, Zwolfer B, Jahn-Schmid B, Sara M, Sleytr
om-
and
s

unol

[ cles:

[ tion

[ heat
cells

[ very
itz

E, Chickering D, Lehr C, editors. Bioadhesive drug delivery
systems—fundamentals, novel approaches and development. New
York: Marcel Dekker; 1999. p. 387–9.

[29] Sharma R, Schumacher U, Adam E. Lectin histochemistry reveals
the appearance of M-cells in Peyer’s patches of SCID mice after syn-
geneic normal bone marrow transplantation. J Histochem Cytochem
1998;46:143–8.

[30] Fujihashi M, Peapus DH, Kamiya N, Nagata Y, Miki K. Crys-
tal structure of fucose-specific lectin fromAleuria aurantia bind-
ing ligands at three of its five sugar recognition sites. Biochemistry
2003;42:11093–9.

[31] Wimmerova M, Mitchell E, Sanchez JF, Gautier C, Imberty A. Crys-
tal structure of fungal lectin: six-bladed beta-propeller fold and novel
fucose recognition mode forAleuria aurantia lectin. J Biol Chem
2003;278:27059–67.

[32] Gubareva LV, Kaiser L, Hayden FG. Influenza virus neuraminidase
inhibitors. Lancet 2000;355:827–35.

[33] Crennell S, Takimoto T, Portner A, Taylor G. Crystal structure
of the multifunctional paramyxovirus hemagglutinin-neuraminidase.
Nat Struct Biol 2000;7:1068–74.

[34] van der Lubben IM, van Opdorp FA, Hengeveld MR, Onderwater JJ,
Koerten HK, Verhoef JC, et al. Transport of chitosan microparticles
for mucosal vaccine delivery in a human intestinal M-cell model. J
Drug Target 2002;10:449–56.

[35] Niedergang F, Kraehenbuhl JP. Much ado about M cells. Trends Cell
Biol 2000;10:137–41.

[36] El Bahi S, Caliot E, Bens M, Bogdanova A, Kerneis S, Kahn A, et
al. Lymphoepithelial interactions trigger specific regulation of gene
expression in the M cell-containing follicle-associated epithelium of
Peyer’s patches. J Immunol 2002;168:3713–20.

[37] Chandrasekaran EV, Chawda R, Rhodes JM, Locke RD, Piskorz

of
par-
887–

[ inal

[ nds

[ uble

[ et
ccine
UB, et al. A novel approach to specific allergy treatment: the rec
binant fusion protein of a bacterial cell surface (S-layer) protein
the major birch pollen allergen Bet v 1 (rSbsC-Bet v 1) combine
reduced allergenicity with immunomodulating capacity. J Imm
2004;172:6642–8.

25] Brayden DJ. Oral vaccination in man using antigens in parti
current status. Eur J Pharm Sci 2001;14:183–9.

26] Salmi M, Jalkanen S. Molecules controlling lymphocyte migra
to the gut. Gut 1999;45:148–53.

27] Gabor F, Klausegger U, Wirth M. The interaction between w
germ agglutinin and other plant lectins with prostate cancer
Du-145. Int J Pharm 2001;221:35–47.

28] Pusztai A, Bardocz S, Ewen S. Plant lectins for oral drug deli
to different parts of the gastrointestinal tract. In: Mathiow
CF, Matta KL. The binding characteristics and utilization ofAleuria
aurantia Lens culinaris and few other lectins in the elucidation
fucosyltransferase activities resembling cloned FT VI and ap
ently unique to colon cancer cells. Carbohydr Res 2003;338:
901.

38] Mowat AM. Anatomical basis of tolerance and immunity to intest
antigens. Nat Rev Immunol 2003;3:331–41.

39] Malek TR, Bayer AL. Tolerance, not immunity, crucially depe
on IL-2. Nat Rev Immunol 2004;4:665–74.

40] Thomas HC, Parrot MV. The induction of tolerance to a sol
protein by oral administration. Immunology 1974;27:631–9.

41] Maloney BJ, Takeda N, Suzaki Y, Ami Y, Li TC, Miyamura T,
al. Challenges in creating a vaccine to prevent hepatitis E. Va
2005;23:1870–4.


	Targeting antigens to murine and human M-cells with Aleuria aurantia lectin-functionalized microparticles
	Introduction
	Materials and methods
	Animals
	Allergic individuals
	In vitro toxicology assay
	Binding of AAL-microparticles to murine Peyers patches
	Cellular uptake of AAL-fluospheres by human M-like cells
	Stimulation of PBMC
	Data analysis and statistics

	Results
	AAL-microparticle bind specific to Peyers patches
	AAL induces no cytotoxicity in mucus-secreting E12-cells and enterocyte-like Caco-2 cells
	AAL-microparticle bind to human M-like cells in vitro
	AAL-microparticles-induced cytokine production by PBMCs of allergic individuals

	Discussion
	Acknowledgements
	References


