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Abstract

Murine intestinal M-cells express-L-fucose residues. We constructed.-fucose-targeting particles for oral immunotherapy of IgE-
mediated allergy. Poly(L-lactic-co-glycolic acid)-microspheres were loaded with birch pollen allergens, and functionalised with the
L-fucose specifidAleuria aurantialectin (AAL). The AAL-microspheres had a size of 1w, protected the entrapped allergens from
gastric degradation and released 46.5.3% allergen over 21 days in vitro. Oral gavages of AAL-particles iwenBALB/c mice induced
birch pollen-specific IgG2a, but not IgG1 antibodies. We conclude that targeting allergensftecose-receptor bearing cells using AAL-
microspheres induces specific Thl-antibody responses possibly counteracting Th2-dominated allergy, and therefore provides a potentially
useful formulation for oral immunotherapy.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction zymes and create a highly degradative microenvironment at
the apical cell surfaces. Various strategies have been devised
The gastrointestinal tract is the most favoured site for mu- to enhance drug and vaccine delivery by prolonging the in-
cosal drug and vaccine delivef$,2]. Many factors deter-  testinal residence time. These include the use of bioadhesins
mine the bioavailability of orally administered substances. that bind either to intestinal mucus (mucoadhesins) or to the
They must be stable in the gut, non-toxic and compatible with apical surfaces of intestinal epithelial cells. Since many of
other gut luminal contents such as food digests and commen-them are selective for specific cell types within the gastroin-
sal flora[2,3]. They have to persist in the intestinal lumen for testinal tract, they may also be used for site-directed targeting
a sufficient length of time to contact the apical membranes [3].
of intestinal epithelial cells and to be transcytosed. Direct  Lymphoepithelial Peyer's patches of the gastrointestinal
access to the intestinal epithelial cell membranes is inhib- tract are covered by a specialized follicle-associated epithe-
ited by the mucus gel layer, closely packed microvilliand the lium containing M-cells, which directly overlay mucosal
cell surface glycocalyx. Together these structures harbour endymphoid tissues and perform a sampling function for surveil-
lance of foreign antigerig]. This is facilitated by the relative
* Corresponding author. Tel.: +43 1 40400 5103; fax: +43 1 40400 5130. acquS|b|I|ty of their apical mgmbranes. To achieve effecuve
E-mail addressErika.jensen-jarolim@meduniwien.ac.at delivery to M-cells, the administered reagent should ideally
(E. Jensen-Jarolim). target the M-cell apical membranes and accumulate the anti-
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gen here for subsequent effective internalisation and transport2.2. Covalent coupling of lectins to the microspheres

[3]. Several studies have convincingly demonstrated that M-

cells of murine and rabbit Peyer’s patches sample micropar- For covalent coupling of proteins, the surface carboxylic
ticles, with the assumption that this translates into mucosal groups of the polymer were activated by carbodiimitte/
immunity [1]. Also Kerneis et al[5] showed in an M-cell hydroxysuccinimide at a molar ratio of 0.7:1 for 30 min at
like model of human origin that they were able to sample room temperaturg0], and subsequently incubated for one
microparticles, although this model is still controversial. hour with 400ug/ml AAL (Vector Laboratories, Burlingame,

A thorough investigation of the gene expression on the CA), or glycine. Excess coupling sites were blocked by
human M-like cell model has been performg&], how- adding 10% glycine for 15 min. For estimation of the cou-
ever many surface components of human M-cells remain un-pling rate, biotin-tagged lectins were immobilised on PLGA-
known. Experimentally, Ulex europaeus agglutinin-1 (UEA- microspheres, incubated with fluorescein-labelled avidin and
1), the lectin of the toxic plant gorse, which harbours speci- hydrolysed in 0.1 N NaOH. Fluorescein was measured at
ficity for a-L-fucose residues, is often used to target murine 485/535 nm.

M-cells [7-11]. For humans, it is still debated whethe- ) ) _

fucose is really expressed on M-cells to any exf&af13] A 2.3. Fluorescein-labelled birch pollen proteins

disadvantage of UEA-1 is the high toxicity of the plant that . . .
may hinder the usage in humans. Therefore, many attempts B|rch pollen aIIergens.were labelled with fluorescem—
are made to avoid this lectin, e.g. the generation of small isothiocyanate, as describgd9], and loaded into AAL
peptides that just mimic UEAL and thus may have prop- coated microparticles. For the release study, 10 mg were sus-
erties applicable to targeted drug delivéiyt, 15} For our pendedin 1 mIPBS containing 0.02% (w/v) sodium azide and
approach, we selected tieuria aurantialectin (AAL), a ipcupated at 37C for 21 days under rotation. Afterdifferent
fucose-binding lectin from the fruiting bodies of the edible time intervals, supernatants were collected and microspheres
“orange peel fungus”. This lectin has a molecular weight of Were resuspended in fresh buffer to maintain sink conditions
72kDa and is composed of two identical 312-amino acid and control the pH. The amounts of released fluorescein-
subunits[16]. Since it is the only available lectin with high labelled birch pollen proteins were determined fluorimetri-
affinity to a-fuc1-6GICNAC present in the core of complex cally at 485/530 nm. Experiments were performed in six par-
N-glycans, it is widely used in fractionation of glycoproteins ~allél determinations.

[17]. Thus, AAL harbours the beneficial characteristics of
UEA-1, i.e. targeting M-cells without adverse toxicity.

The aim of this study was to construct a novel allergen
delivery system with the ability for mucosal targeting. For
entrapment in microspheres, we selected birch pollen pro-
teins, one of the major elicitors of allergic symptoms in the
temperate climate zone of the woflkB]. Microspheres were
loaded with allergens, functionalised with AAL and charac-
terized pharmacologically. Their binding features to human
intestinal epithelial cells were tested in vitro, and their capac- 5 5 Tissue culture
ity to induce an allergen-specificimmune response upon oral
administration was tested in an in vivo model using BALB/C  The colon carcinoma cell line Caco-2, harbouring a differ-

2.4. Scanning electron microscopy of microspheres

The surface morphology of the microspheres was analysed
by scanning electron microscopy (SEM). After air drying, the
samples were applied to polycarbonate-carbon discs (Plano,
Germany), gold coated (approx. 5nm) using a Baltec SCD
040 sputter coater and viewed at 15kV with a Cambridge
Stereoscan 90 in the SED mode.

mice. entiated intestinal phenotype, were obtained from the Amer-
ican Type Culture Collection (HTB-37, Rockville, MD).

2. Materials and methods Tissue culture reagents were purchased from Sigma and
Gibco Life Technologies (Vienna, Austria). Caco-2 cells

2.1. Preparation of allergen-loaded microspheres were grown in RPMI 1640 cell culture medium containing

. . 10% fetal calf serum, 4 mM-glutamine and 150.g/ml gen-
Microspheres of the H-type of polyfi-lactide-co-  tamycine in a humidified 5% C£95% air atmosphere at
glycolide) polymer (PLGA) (Boehringer Ingelheim, Ingel-  37°C, and subcultivated by trypsination. For lectin binding
heim, Germany) were prepared as descrified]. Proteins  5gsays, cells between passage 20 and 40 were seeded in 96-

of birch pollen (Sigma, St. Louis, MO) were extracted and \ye| tissue culture microplates at a density ok 105/well
analysed by SDS-PAG9]. Briefly, aw/o emulsion ofbirch 5 cultured for 14 days.

pollen proteins and PLGA was prepared by magnetic stirring

and spray-dried. The mean diameter and particle size distri-2.6. Binding specificity of biotin-labelled lectin in a

bution was examined by laser diffraction and electron mi- competitive assay

croscopy. To determine protein loading, microspheres were

dissolved in 0.05N NaOH/1% SDS and a bicinchonic acid  Prior to addition of the lectin with the competitive
protein assay was performed. sugar to the monolayer, cell surfaces were incubated
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with 200pl of 2% (w/v) BSA in PBS for 30min in 2.10. Determination of birch pollen-specific IgG1 and
order to block non-specific binding sites. After wash- IgG2a levels
ing twice with 200ul PBS, 300nM solution of biotin-
labelled AAL containing increasing amounts @f-L- Birch pollen-specific IgG1 and IgG2a serum antibodies
fucose, or for controlN,N',N"-triacetyl-chitotriose (TCT)  were measured by a standard ELISA proced®2é. Briefly,
were added in each well. After addition of avidin-FITC birch pollen proteins (fug/well) or serial dilutions of mouse
for 30min, cells were lysed by incubation with 0.1M IgG1 and IgG2a standards (Southern Biotechnology Asso-
NaOH/1% SDS for 12 h at room temperature. Cell-associated ciates, Birmingham, AL) were coated over night, blocked
fluorescein-labelled AAL was determined fluorimetrically at and incubated with 1:100 diluted sera. Detection was per-
485/535 nm. formed using rat anti-mouse IgG1 and IgG2a (PharMingen,
San Diego, CA), respectively, followed by incubation with
2.7. Binding study of AAL-microparticles to Caco-2 cells ~ Peroxidase-conjugated mouse anti-ratlgG. As substrate, 2,2
azino-bis(3-ethylbenzthiazoline)-6-sulphonic acid (ABTS)
Polarized Caco-2 cells were grown on transwell fil- Was used and the reaction detected at 405-490 nm.

ter inserts for 21 days and incubated with fluores- o )

cein labeled microparticles which were uncoated or 2-11. Statistical analysis

coated with AAL or BSA as control n(=4). After o _ )

rinsing cells thoroughly, monolayer-associated microparti-  Statistical analysis was performed using the Student's
cles and cells were dissolved in 0.1N NaOH/1% SDs. test.p-values of less than 0.05 were considered significant.
Bound fluorescence was measured at 485/539nm, cutoff

530 nm. i ]
3. Results and discussion

2.8. Gastric digestion of microspheres 3.1. Binding specificity of biotin-labelled AAL to human

. , enterocytes
Birch pollen allergen-loaded microspheres (10 mg) were

incubated with 1 ml 0.87 mg/mi pepsinin 0.1 M HCl at 37 From studies using mouse models it is known that UEA-1,

forvarious time intervalf21]. Digestion was terminated with .+ f,cose specific lectin, binds almost exclusively to the

sodium hydroxide. The microspheres were spun down, SU-apical membrane. As UEA-1 has a cytotoxic potential, we

pernatants discarded, and microspheres incubated in carbongpose the edible lectin, AAL, for our studies and verified the
ate buffer (50 mM, pH 96) over nlght under rotation. Pro- blndlng-speCIfICIty of this lectin.
teins released from microspheres were coated on microtiter

plates over night and detected with polyclonal rabbit anti-
Betv 1antibodies, followed by peroxidase-conjugated mouse g the hinding specificity of AAL to human enterocytes. To
anti-rabbit I9G antibodies (Jackson ImmunoResearch, Westinnipit the interaction between AAL and the cells, we used
Grove, PA). Tetramethylbenzidine was used as substrate anq _f,cose or TCT as a non-specific control in a competitive as-
the reaction stopped with 1 M sulphuric acid. Optical density g5y, g establish optimum conditions for inhibition, AAL was

was measured at 450-570 nm. preincubated withy-L-fucose or TCT before co-incubation.
As shown inFig. 1, the percentage of cell-bound lectins
2.9. Immunisation protocol decreased in the presencecof.-fucose (37.8:1.8%), but
not in the presence of the non-specific carbohydrate TCT
Six to eight weeks old female BALB/c mice (Insti- (99.9+7.7%). AAL and UEA-1 showed comparable com-
tute for Laboratory Animal Science and Genetics, Uni- petition capacity as UEA-1 (data not shown). Therefore, we
versity of Vienna, Austria) were used and treated accord- conclude that AAL binds specifically ta-linked fucosyl
ing to European Community rules of animal care (per- units expressed on Caco-2 cells and that, as a consequence,
mission number GZ 66.009/211-Pr/4/2001 of the Aus- AAL-functionalised microspheres also adhereattinked fu-
trian Ministry of Science). Mice (=5 per group) re- cosyl units. Since BALB/c mice express high levelsxef -
ceived oral gavages of empty microparticles or birch fucose on M-cell§11,23-26] the AAL-functionalised mi-
pollen protein-loaded microparticles uncoated or coated crospheres are also capable of targeting murine M-cells.
with AAL (200 p.g birch pollen proteins/dose) suspended
in 0.9% sodium chloride (15@l/dose). For control, one  3.2. AAL is suitable for conjugation to
group received the same amount of solubilised birch PLGA-microspheres
pollen proteins. Feedings were performed on 3 subse-
guent days on days O and 22. Blood was taken from In mucosal drug targeting it is important to select bioad-
the tail vein before first feeding, and on days 16 and hesins that bind specifically to the moieties to be targeted
39. and, moreover, that they do not lose these properties upon

We selected Caco-2 cells, a colon carcinoma cell-line of
human origin, which grows in confluent monolayers, for test-
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Fig. 1. Binding specificity of AAL. Caco-2-monolayers were grown, fol-
lowing incubation at 4C with AAL-biotin and different amounts af-L- Fig. 2. AAL-microspheres enhance binding to Caco-2 compared to albumin-
fucose orN,N',N”-triacetylchitotriose. After incubation with avidin-FITC, conjugated microspheres. Cells were grown on transwells for 21 days,
cellsbinding lectin were lysed and fluorescence detected at485/536nm.  following incubation with fluorescein-labelled microspheres functionalised
FucoseM), but notN,N',N"-triacetylchitotriose £) competitively inhibited with AAL (AAL-MS) or bovine serum albumin (BSA-MS). After washing
binding of fluorescein-labelled AAL to Caco-2 cells. cells with associated microspheres were lysed and fluorescence detected at

485/535 nm.
chemical ligation to a vehicle. Consequently, the binding-
capacity of AAL-functionalised microparticles to Caco-2 [29] reported a limit of 1Qum. There are also publications
cells were controlled in in vitro studies and compared to pat argue that particles have to be belown for uptake in
bovine serum albumin (BSA)—conjugated control particles. moyse M-cells. Therefore, we had to optimise microspheres
As can be seen iRig. 2, AAL is perfectly suited for conjuga- iy size and protein-loading accordingly, rendering micro-
tion to microparticles, since its binding-ability was preserved. spheres measured by laser diffraction with a mean diameter
Furthermore, AAL-microparticles bound significantly better 4 784 0.6m, and 39. 2 4.5 g birch pollen proteins/mg
to Caco-2 cells than particles functionalized with albumin microspheres. SEM-analysis of the surface morphology of
(p=0.00174). Therefore, we suggest that the transition time these microspheres, however, showed that the main popula-
of microparticles could be prolonged and the probability of tjon of particles was around 143n, which is slightly smaller
uptake by M-cells increased, when they are functionalised {hap, the values given by laser diffraction (see above). Nei-

with AAL. ther protein entrapment nor functionalisation had an impact
on the spherical morphology of the microspheres, as depicted

3.3. Characteristics of PLGA-microspheres grafted with in Fig. 3. Since all microspheres were smaller thanu.hd,

AAL but there were also particles smaller than 3 apal, we as-

sume that such microspheres are suitable for uptake by human
Besides site-directed targeting and accumulation of the intestinal M-cells.

formulation to the M-cells, it is necessary to protect the pu-  Subsequently, microspheres were functionalised with
tative vaccine from degradation. Previously, we have shown AAL after activating the surface carboxylic groups of the
that Bet v 1, the major birch pollen allergen, is very sensitive polymer by carbodiimidé-hydroxysuccinimide at a mo-
to proteolyses and is degraded within seconds by gastric di-lar ratio of the cross-linking agents of 0.7:1. Functionalisa-
gestior{18]. As aconsequence, their encapsulation into small tion of birch pollen loaded microspheres with biotin-tagged-
sized, biocompatible and biodegradable microspheres repre-AAL yielded beads containing 0.560.01.g lectin/mg mi-
sents an attractive option to overcome the gastrointestinalcrospheres.
degradation. We formulated PLGA-microspheres with en-  The appropriateness of AAL-functionalised microparti-
trapped birch pollen allergens using the spray-drying tech- cles as an allergen delivery system was evaluated in an in
nigue. References to size and Caco-2 uptake are very convitro release study. Through 21 days we monitored the aller-
troversial. Jani et al[27,28] found that particles of greater genrelease of uncoated and AAL-coated microparticles, both
than 3um were excluded from gut tissue, while Eldrige etal. loaded with fluorescein-labelled birch allergergy 4). Ini-
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Fig. 3. Functionalisation does not influence spherical morphology of micro-
spheres as shown in scanning electron micrographs of AAL-coated (AAL-
MS) and uncoated microspheres (MS).

tially, a burst effect was observed amounting to H B.0%

of the total amount of entrapped proteins (set 100%) from
uncoated, and 168 0.9% of entrapped proteins from AAL-
coated microspheres. This may be due to the hydrophilic
properties of AAL-microspheres, making it easier for an
agueous solution to penetrate into the matrix and to dissoci-
ate the proteins from the rather hydrophobic polymer. Subse-
guently, a slow rise could be observed, reaching 46163%

and 44.5+ 2.6% of released protein on day 21 from AAL-
coated and uncoated microparticles, respectively.

3.4. Sensitivity of allergen to proteolysis

Next, we examined to what extent digestion-sensitive
birch pollen allergens were protected from peptic digestion

ne 23 (2005) 2703-2710 2707
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Fig. 4. In vitro release of fluorescein-labelled birch pollen proteins from
AAL-coated microparticles. Uncoated\J and AAL-coated microspheres

(#) were incubated at 3C for the indicated time periods. The release of
birch pollen allergens was calculated as a percentage of the total amount
(100%) of entrapped allergen. Fluorescence was detected at 485/535 nm.

As shown inFig. 5, allergens were partially protected from
digestion when entrapped in microspheres with or without
AAL-coating. After one hour, still 77.4-0.1% and after 2h
42.4+ 0.0% of birch pollen allergens could be recognised by
Bet v 1-specific antibodies. In contrast, birch pollen allergens
were degraded within seconds when not encapsulated, as we
have already shown earligr9,30]

0 30 60 120

Incubation time (min)

100

60

Antibody recognition (%)

20

Fig. 5. Antibody recognition of birch pollen allergens loaded in AAL-
microspheres is maintained during gastric digestion. AAL-microspheres

when encapsulated in AAL-microspheres. In an in vitro as- with entrapped allergen were incubated with pepsin at pH 1.5 for various time

say, gastric conditions were simulated using pepsin and HCI
at pH 1.5. AAL-microspheres with entrapped birch pollen
allergens were incubated at 3Z for various time intervals.

intervals. The remaining antibody-binding capacity was tested in ELISA,
using a polyclonal rabbit antibody against Bet v 1. The maximal signal of
undigested allergen at an optical density of 405-490 nm was set 100% and

values compared hereto.
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Fig. 6. AAL-microparticles induce birch pollen-specific 1gG2a, but not IgG1 antibodies. Mice were fed with AAL-coated (AAL-MSBP), uncoated birch
pollen-loaded microspheres (MSBP), unloaded microspheres (MS) or birch pollen extract alone (BP). Bound murine 1gG1 or IgG2a antibodiesesere detec
by rat anti-mouse IgG1 and 19G2a, respectively, followed by incubation with peroxidase-labelled mouse anti-rat IgG. As substrate, ABTS watetsed@nd

at an optical density of 405—-490 nm. Data from five mice per group are depicted as a box plots: median (black line), box (first and third quartile), range of
minimum and maximum of individuals in a groufp(< 0.05).

3.5. Antibody responses towards birch pollen allergens in many species and at many sites of the mucosal associated
in mice fed with AAL-micropatrticles lymphoid tissues, the M-cell surface glycocalyx differs in
carbohydrate composition from that of enterocytes, although
Allergy is a Th2-dominated immune response with in- in humans so far no concrete difference could be identified
creased production of IgG1 and IgE antibodies in mice, which [10,11,24] This is in agreement with our experiment, show-
have important effector functions in allerf31—33] Our hy- ing that also a human epithelial cell line, Caco-2, expresses
pothesis was that it might be important to counterbalance a-L-fucose. Nevertheless, in mice this sugar residue is al-
this bias, e.g. through a support of Thl-responses, wheremostexclusively present on M-cells, as already demonstrated
IgG2-antibodies are predominant (in mice 1gG2a). Using a by numerous reports showing binding of UEA-1 to M-cells
BALB/c mouse model, we examined the type of immune [11,23-26] It is not clear yet, whether also in humans M-
response to allergens, when mice were fed with allergen- cells would be targeted by AAL-particles. However, a re-
loaded microparticles coated with AAL and compared with cent crystallographic study of AA[36,37] has revealed its
uncoated particles, described elsewh&d. In the present  close structural similarity to LT2 neuraminidase, a protein
report the immunoglobulin subclasses were determined. Theexpressed on the surface®élmonella typhimuriurf87]. It
results depicted ifrig. 6 demonstrate that feedings of mice is, therefore, tempting to speculate that AAL also may bind
with birch pollen-loaded microparticles functionalised with to human M-cells, aSalmonella typhimuriuradhere to and
AAL resulted in a significant production of allergen-specific invade murine and human M cells selectively. Withle 9
IgG2a as compared to non-functionalised birch pollen-loaded like the LT2 neuraminidasi8], AAL has a positive charge
microparticles f=0.0025), but not of IgG1p=0.7016). In [17]. Coating of this lectin to the hydrophobic microparti-
contrast, feedings with birch pollen protein alone induced cles generates a formulation with a pseudo-lipophilic surface
IgG2a =0.0078), but in addition IgGIp( 0.045), a typi- containing positive charges which seem to be preferentially
cal antibody subclass during Th2-type responses in mice. Wetaken up by M-cell$4].
conclude, therefore, that AAL-functionalised particles do not
only protect antigens from degradation, but also accumulate
the antigens at the desired mucosal site. This feature is maybet. Conclusions
essential to achieve a specific Thl-antibody resp¢dde
via oral immunisation and desirable for counterbalancingthe  From our data we conclude that AAL-functionalised mi-
Th2-dominated allergic diseases. M-cells perform an antigen crospheres may be eventually suitable for successful oral ad-
sampling function for the Peyer’s patches, and are also ex-ministration of allergens. The advantages offered by such
ploited as a route of host invasion by many pathogens, like drug delivery systems are (i) protection of proteins or pep-
Salmonellg4,35]. Lectin-binding studies have revealed that tides during gastrointestinal transit by microencapsulation,
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and (ii) an effective mucosal delivery and accumulation of [13] Gullberg E, Leonard M, Karlsson J, Hopkins AM, Brayden D, Baird

antigen. We suggest that AAL-functionalised microspheres AW, et al. Expression of specific markers and particle transport in a
mostlikely target the follicle-associated epitheliumin Peyer’s ~ Néw human intestinal M-cell model. Biochem Biophys Res Commun

tches. Because of the structural similarity of AAL to the 2000;279(3):808-13.

pa o . y . [14] Lambkin 1, Pinilla C. Targeting approaches to oral drug delivery.

neuraminidase of Salmonella, these microspheres might beé ~ gxpert opin Biol Ther 2002;2(1):67-73.

even taken up by human M-cells. (iii) Since M-cell target- [15] Lambkin I, Pinilla C, Hamashin C, Spindler L, Russell S, Schink

ing by AAL supports the induction of IgG2a-antibodies, this A, et al. Toward targeted oral vaccine delivery systems: selec-
might be a suitable strategy to counteract the Th2-dominated tion of lectin mimetics from combinatorial libraries. Pharm Res

t L all This all deli ¢ thus b it 2003;20(8):1258-66.
ypel allergy. IS allergen delivery system may thus be suit- [16] Gustavsson S, Ohlson C, Karlsson JO. Glycoproteins of axonal

able for oral immunotherapy of type | allergy. transport: affinity chromatography on fucose-specific lectins. J Neu-
rochem 1982;38(3):852-5.
[17] Liener IE, Sharon N, Goldstein IJ. The lectins—properties, func-
tions, and applications in biology and medicine. New York: Aca-
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