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Abstract
Immunotherapy, in recent times, has found its application in a variety of immunologically
mediated diseases. Oral immunotherapy may not only increase patient compliance but may, in
particular, also induce both systemic as well as mucosal immune responses, due to mucosal
application of active agents. To improve the bioavailability and to trigger strong immunological
responses, recent research projects focused on the encapsulation of drugs and antigens into
polymer particles. These particles protect the loaded antigen from the harsh conditions in the GI
tract. Furthermore, modification of the surface of particles by the use of lectins, such as Aleuria
aurantia lectin, wheatgerm agglutinin or Ulex europaeus-I, enhances the binding to epithelial cells,
in particular to membranous cells, of the mucosa-associated lymphoid tissue. Membranous cell-
specific targeting leads to an improved transepithelial transport of the particle carriers. Thus,
enhanced uptake and presentation of the encapsulated antigen by antigen-presenting cells favor
strong systemic, but also local, mucosal immune responses.

Immunotherapy is a widely accepted and applied therapeutic approach for a range of
immunologically mediated diseases including autoimmunity, cancer and allergy. It aims to
restore deficient functions of the immune system by the administration of biological
substances, which either enhance or suppress immune responses. Although immunotherapy
is often applied parenterally, the oral administration route is preferred due to higher
compliance of patients and lower complication rates [1]. However, the harsh conditions of
the gastrointestinal (GI) environment constitute a substantial challenge for designing
immunotherapeutic drugs, which often suffer from low bioavailability when administered
via the oral route. Therefore, there have been extensive research efforts to improve and
optimize drugs intended for oral application. During recent years, one of these novel
approaches has been the encapsulation of therapeutic agents into polymer particles within
the nano- or micro-meter range in size. These micro particles (MPs) or nanoparticles (NPs)
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display several features, which make them suitable for oral application and increase
bioavailability of encapsulated substances.

Besides describing the characteristics and advantages of polymer particles for oral
immunotherapy, we will focus on recent studies investigating lectins as bioactive
substances for functionalizing the surface of particles to improve intestinal uptake in this
review.

Preparation techniques of particle carriers for oral immunotherapy
Polymer particles used for oral immunotherapy are often made from polylactide-co-
glycolide (PLGA) or polylactide (PLA) not only due to their special carrier properties, but
also because of their adjuvant effects [2]. Both PLGA and PLA are characterized by high
biocompatibility and biodegradability, as their degradation products are eliminated via the
Krebs cycle, which is why their application in human patients has been approved by the US
FDA [3–5].

Numerous studies have focused on the develop ment and improvement of the preparation
processes for vaccine-loaded particles. It has become apparent that two techniques, the
double-emulsion technique and spray-drying technique, are typically being applied today.

The water-in-oil-in-water (w/o/w) or double-emulsion technique allows for entrapment of
hydrophilic substances such as vaccines. A small volume of an aqueous vaccine solution is
emulsified in a PLGA- or PLA-rich organic solution, for example, dichlormethane or ethyl
acetate, to form the primary water-in-oil emulsion. Dispersion of this primary emulsion in an
excess of a second, aqueous surfactant solution yields the w/o/w emulsion followed by
formation and hardening of the particles due to evaporation or extraction of the organic
solvent. The surfactants in use are mostly poly(vinyl alcohol), but also poloxamer 188
(Pluronic® F-68) and poly(ethylene-alt-maleic acid) [6–8]. Although this w/o/w method is a
relatively simple and economic technique [9], the sometimes low encapsulation efficiency or
payload as well as the huge initial burst release, because of the limited speed of removal of
organic solvent, are disadvantageous [10]. Therefore, different modifications were
investigated in order to overcome these obstacles. The solid-in-oil-in-water method differs
from the double-emulsion technique in as much as the first aqueous phase is replaced by an
aqueous, very fine suspension of the antigen. Since the solid state is most favorable for
protein stability and, thus, bioactivity, this technique might be useful for entrapment of
unstable antigens [11]. Another variation of w/o/w method is the water-in-oil-in-oil
technique, also termed as co acervation method. In this, a nonsolvent is added to the primary
emulsion yielding coacervate droplets, which are finally hardened by another organic
solvent [12].

The spray-drying technique is a second, widely used method to prepare PLGA or PLA
particles. A fine suspension or emulsion containing the vaccine and the polymer is sprayed
into the air for atomization and the organic solvent is evaporated at an elevated temperature
to yield solid particles. This technique allows easy tuning of particle characteristics and
scale-up, but high product loss, especially in small batches, might be crucial [13].

Recently, several new methods to manufacture PLGA or PLA particles have been reported,
such as the ultrasonic atomization method [14,15], the electrospray method [16], the
microfluidic method [17,18], the pore-closing and thermoreversible-gel method [19,20], and
the microfabrication method [21]. Although these innovative techniques are being applied
rarely for the preparation of vaccine-loaded particles as of now, they still offer new
possibilities for manufacturing particles with improved characteristics.
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Characteristics of particles for oral immunotherapy & their fate upon
ingestion

The use of particle carriers as an oral-delivery system aims to protect the encapsulated
substances and deliver them in an intact form to the immunocompetent cells of the GI tract.
Thus, systemic or even mucosal immune responses, when being administered via the
mucosal surface, can take place. Under normal conditions, upon ingestion, proteins or
carbohydrates are exposed to changing pH levels and digestive enzymes of the oral cavity,
stomach, pancreas and bile as well as brush-border hydrolases during GI transit resulting in
degradation [22]. Additionally, after mucosal uptake hapten drugs encounter the hepatic
first-pass metabolism leading to low bioavailability of active substances [5]. Encapsulation
of antigens into particle carriers protects against these harsh GI degrading conditions [23],
enabling an intestinal uptake of intact antigens and drugs, and the circumvention of the
hepatic first-pass metabolism due to protection of the payload by the particle matrix.
Furthermore, functionalization of particles by special targeting substances can direct particle
binding to specific cells and enhance the particle uptake capacity via intestinal cells.

In the intestinal mucosa, two different cell types are responsible for the uptake of particulate
structures: enterocytes and ‘membranous’ or ‘microfold’ cells (M cells). M cells are part of
the follicle-associated epithelium overlying the organized gut-associated lymphoid tissue,
which can either be located in isolated form or within organized follicular clusters, the so-
called Peyer’s patches [24,25]. With the loss of brush-border enzymes, such as alkaline
phosphatase, M cells show a reduced digestive function, which makes them even more
interesting for drug targeting [26,27]. They are mainly responsible for the uptake of intact,
particulate structures [28]. Although the proportion of M cells in follicle-associated
epithelium of Peyer’s patches can be high in rabbits and mini-pigs, the occurrence in rodents
(10%) and humans (<5%) is much lower [29]. These cells are responsible for antigen-
specific intestinal immune responses by transporting foreign material from the gut lumen to
the mucosa-associated lymphatic tissue in an intact form, making them an optimal entry for
antigens in oral immunotherapy. The capacity of transcytosis through the intestinal epithelial
layer depends on the size, with a particle size of below 1 μm for optimal M-cell absorption
[30], but also on the charge and hydrophilicity of the particle carrier [31–33]. Once bound to
the apical side of M cells, macromolecules are endocytosed via clathrin-coated vesicles,
thereby reaching the lysosomal compartment, from which they are exocytosed to the
basolateral site to be taken up by antigen presenting cells (APCs) [34,35].

The particles’ size is pivotal for stability, distribution, release of the encapsulated antigens
and induction of immune responses [36,37]. Furthermore, the particles’ size determines not
only the uptake, but also the retention time at M-cell sites. NPs are rapidly internalized
mainly by a process that involves receptor-mediated endocytosis, and are then disseminated
systemically [5,38]. In contrast, MPs greater than 5 μm remain trapped in the Peyers patches
for up to 35 days [39]. The size of particles able to cross the intestinal barrier has been
narrowed down to ranges between 700 nm and 10 μm [40]. In recent in vitro studies using
the colon carcinoma cell line Caco-2 as an intestinal epithelial model, particles of different
sizes from nano- to micro-meter range have been investigated for their interaction with
intestinal cells and their properties for cellular uptake. NPs of 100-nm size showed a high
interaction rate of more than 6000 PLGA and 200,000 polystyrene (PS) particles per Caco-2
cell. Particles with a size of 1 or 2 μm interacted in very low numbers (12 and below) with
one Caco-2 cell [41]. Furthermore, while small NPs were detected intracellularly, also
within the nuclei, particles bigger than 300 nm were attached to the apical membrane of
Caco-2 cells. Thus, a very small difference in particle size is decisive for either sole cell-
binding or even internalization [41]. Upon shuttling of NPs through intestinal epithelial cells
encapsulated drugs circumvent the P-glycoprotein efflux from enterocytes and bypass liver
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metabolism, which enhance their oral bioavailability [42]. Additionally, slight differences of
NP size have an impact on the availability of encapsulated drugs in the circulation. Particles
with a size of 150 nm show a prolonged circulation time and sustained blood levels
compared with particles with a size lower than 100 nm or above 200 nm, which may be
taken up by the reticulo-endothelial system cells. In comparison, NPs between 100 and 200
nm can escape reticulo-endothelial system uptake [5,43]. A further property of PLGA and
PLA particles is their negative surface charge [44–45]. As epithelial cells and mucus of the
GI tract are negatively charged, the uptake of PLGA and PLA particles without surface
modification may be poor. However, positively charging PLGA particles, for example
using positively charged stabilizers, increases the epithelial penetration and systemic uptake
of encapsulated, slightly soluble drugs. These favorable characteristics are not found in
particulate carriers prepared with anionic stabilizers [5,46]. Therefore, the characteristics of
particles, such as size and surface charge, influence the interaction, uptake and distribution
by intestinal epithelial cells. The impact of particle hydrophilicity on intestinal uptake has
been described very controversially in literature. Coating of PS particles with poloxamer,
which increases hydrophilicity, was demonstrated to decrease the GI uptake [47]. A similar
effect was shown for NPs made of polymers with different hydrophilic properties [48].
However, surface modification with poloxamer or particle preparation with different
polymers influences the surface charge of the particles, which could contribute to reduced
intestinal uptake [49]. A recent study by Gaumet et al. reported that modification of surface
hydrophilicity by coating PLGA particles with chitosan, which did not affect surface charge
or particle size, enhanced the interaction of particles with intestinal Caco-2 cells [49].

Therefore it is obvious that a ‘fine-tuning’ of particle properties and design by the choice of
size and hydrophilicity is substantial for optimizing the uptake and the resulting
immunological response. While the intestinal epithelial transport of particles in the
nanometer range might be optimal, one has to keep in mind that nanospheres are taken up
into the cells with distinct intracellular distribution, which might lead to side effects not yet
known.

Immune response triggered by particles
In addition, the type and intensity of the elicited immune response are also influenced by th
character istics of the particle carrier. PLGA is not only a highly biocompatible and bio
degradable material, it further affects the immune response via its adjuvant properties [50],
which were hypothesized to be due to the particulate structure of the allergen carrier and due
to the sustained allergen release from the particles [51]. Various studies demonstrated that
the capacity of PLGA particles to act as vaccine adjuvant was high and comparable to the
conventional aluminum-adsorbed vaccine formulations [52–54]. Subcutaneously applied
NPs encapsulating the birch pollen allergen Bet v1 induced comparable IgG1, IgG2a and
IgG2b titers in BALB/c mice as subcutaneous treatment with allergen combined with
aluminum [55]. In animal studies, intraperitoneal immunization with PLGA MPs loaded
with pollen extract even induced a Th1-dominant immune response including IgG2a
antibodies and IFN-γ production by spleen cells [56,57]. In contrast, the widely used
vaccine component aluminum hydroxide triggers a Th2-driven immune response. Therefore,
the use of PLGA particles for immunomodulating purposes may be beneficial, especially in
situations where the immune system is biased towards a Th2 environment, such as in
allergic diseases.

Also with regards to immune response, the particle size determines the outcome. Only MPs
between 1 and 10 μm in size promote humoral responses, whereas NPs below 1 μm mainly
induce cellular responses (Figure 1) [58]. Particle structures smaller than 5 μm are taken up
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by APCs, such as dendritic cells (DCs) and macrophages [59–61], and are transported
directly to the lymph node [58], where the encapsulated antigen can be presented to T cells.

NPs loaded with FITC–bovine serum albumin were shown to be phagocytosed by APCs,
leading to a two–threefold increase of cell size, and were then continuously endocytosed and
exocytosed from the cells. Thus, only low concentrations of intra cellularly released antigen
could be observed over time [2]. Interestingly, immunizations with NPs containing hepatitis
B surface antigen (HBsAg) led to low production of IgG, secretion of IFN-γ and
upregulation of MHC-I on APCs, which indicated the induction of a cellular immune
response. The uptake of NPs may result in the production and release of pro-inflammatory
cytokines, such as IL-1, IL-5, IL-8, IL-10, IL-18 and TNF-α [62,63]. Semete et al.,
however, observed no increase in cytokine production [64]. Fluorescent MPs (2–8 μm) were
found to attach to the cell surface of APCs in a nonspecific manner [2]. Additionally, the
encapsulated antigen is slowly and continuously released into the cell leading to enhanced
antibody responses, increased production of IL-4 and upregulation of MHC-II molecules,
which in concert triggers a predominant humoral response. The high concentration of
released soluble antigen leads to direct binding of the antigen to MHC-II molecules and
subsequent presentation [2]. Besides the different impact on the release pattern of the
entrapped antigen by hydrophobic particles in comparison to more hydrophilic carriers, the
hydrophobicity of polymer microspheres and a rough surface further increase the attachment
to the surface of APCs [65], and enhance the antibody response [66]. Interestingly, the
capacity of phagocytosis by macrophages can be increased by coating microspheres with
targeting substances, such as wheatgerm agglutinin (WGA), arginine–glycine-aspartic acid-
containing peptide or mannose-polyethylene glycol(PEG)3-NH2 [67].

The uptake of NPs and the intensity of antigen presentation by APCs can be modulated by
the use of substances bound to the particle surface, specifically targeting APCs, such as DC-
specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) antibodies.
With this DC-specific targeting approach, antigen-specific cellular responses can be
stimulated at 10–100-fold lower particle concentrations than with nontargeted NPs [68]. By
the incorporation of fluorescent labeled peptides and the inclusion of iron oxide,
encapsulated antigens can be microscopically tracked without the loss of vaccine function.
In this study, peptides loaded into NPs, which specifically targeted DC-SIGN on DCs, were
found in the lysosomal compartment of DCs within 24 h and were presented to T cells
despite the presence of fluorescent labels [68]. Interestingly, the surface modification with a
DC-SIGN-specific antibody did not enhance uptake and presentation of MP encapsulated
antigens. Recently, NPs’ surface modification with an antibody against the DC lectin
DEC-205 receptor induced the production of IL-10 by DCs and T cells in vitro. When these
modified particles were intraperitoneally injected into ovalbumin (OVA) primed mice, a
similar IL-10 pattern was observed, which was dependent on the density of surface
modification [69]. Previous studies have shown that mannosylated particles can specifically
deliver antigens and drugs to DCs and result in enhanced presentation to T cells [70]. When
a dimannosyl ligand was used for liposomal vesicles targeting, which contained the Toll-like
receptor (TLR)-2 ligand Pam2CAG for strong immune stimulation and further peptide
sequences of ERbB2 and Th-helper epitopes, tumors expressing ErbB2 were eradicated
more efficiently in an artificial mouse tumor model [71]. This combination of mannose
receptor and TLR targeting beneficially affects the binding to APCs and the stimulation of
cellular immune responses. Mannan or PEG coating was shown to protect against protein
opsonization, enabling specific receptor-ligand binding. However, mannose coupling to
microspheres initiated the phagocytosis by C-type lectin receptor, it could not stimulate DC
maturation and activation toward T-cell responses [72].
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After the induction of the first immune responses, the longevity of the protective effects
after vaccination is determined by the induction of a memory response. The continuous
release of inoculated antigens from PLGA particles after the first burst is advantageous to
restimulate memory cells and responsible for a long protection time even after one
vaccination [52], underlining the beneficial effects of PLGA as a carrier substance for novel
vaccination approaches.

Particles for oral immunotherapy
Oral immunomodulation with polymeric particulate carriers has been investigated for a wide
range of therapeutic applications, such as immuno suppressive drugs [42], viral and bacterial
antigens [58,65], hormones [5,73], anticancer drugs [74], and allergens [75]. The majority of
these studies focused on the investigation of PLGA particle carriers loaded with drugs or
antigen but without further functionalization of the particle surface for cell targeting in the
GI tract.

Recently, it was observed that the encapsulation of antigens into PLGA particles did not
only protect from GI digestion, but also initiated specific immune responses by the means of
IgG and IFN-γ production at very low antigen amounts [76]. In this study, encapsulation of
the food allergen OVA, which was found to be degraded under physiological conditions
during the GI transit [77], remained stable when entrapped within PLGA NPs. Oral
application of OVA-loaded PLGA nanospheres, which were further coated with PEG to
reduce particle aggregation and to enhance particulate blood circulation [78], initiated a high
OVA-specific IgG response at very low allergen amounts (5 μg). However, PEGylation of
glycan-modified liposomes interfered with the targeting potential to DCs, which has to be
taken into consideration for designing novel formulations [79]. Moreover, very low IL-4 and
significantly higher IFN-γ production of spleen cells was observed in animals immunized
with particles compared with mice being fed unprotected OVA, which was even more
pronounced when the β1 integrin on M cells was specifically targeted by an RGD-
containing peptide [76].

In order to design PLGA particles as oral therapeutics, the size, lipophilic properties and
surface charge have to be taken into consideration. However, the development of these
formulations becomes even more complicated when hydrophilic drugs, such as insulin, are
subject to encapsulation. This problem can be solved by the use of specific ampholytic
surfactants, such as phospholipids. In a recent study, PLGA NPs loaded with insulin for oral
application in diabetic rats revealed slower absorption and sustained elimination, while
serum insulin concentration steadily increased over 6 h. Thus, the insulin absorption was
markedly enhanced by the use of an insulin–soybean phosphatidyl choline complex loaded
into PLGA NPs compared with subcutaneous insulin injection [73].

Comparing the oral route with others, a recent study focused on the encapsulation of viruses,
such as rotavirus in MPs. PLA and PLGA microspheres containing rotavirus were evaluated
for in vivo immunogenicity in mice using intra nasal and oral administration as different
routes of immunization. A single particle administration elicited an increase of systemic
rotavirus-specific IgA and IgG antibody titers. Orally applied PLA microspheres induced a
more persistent and longer-lasting serum IgA antibody response, which could be explained
by the higher hydro phobicity of PLA and the slower polymer degradation. PLGA
microspheres showed an improved antibody response when being applied via the intranasal
route. However, it is questionable whether antibody titers in serum are significant for
protection against rotaviruses as it is well known that mucosal IgA protection is most
efficient [80]. Therefore, the authors hypothesized that oral immunization with these
microspheres might induce a strong intestinal antibody response, although mucosal IgA
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levels have not been analyzed in this study [58]. This was also the subject of investigation in
a murine study analyzing the systemic and mucosal immune response after oral
immunization with Helicobacter pylori lysate-loaded PLGA NPs, in order to evaluate their
potential as a novel antimicrobial treatment strategy against H. pylori infections. Kim et al.
demonstrated that after two oral administrations of H. pylori-PLGA nanospheres, H. plyori-
specific serum IgG1 and IgG2b levels and gut lavaged IgA were significantly elevated [81].

Another field of application is anticancer therapy with particulate carriers incorporating
anticancer drugs [82–83]. It was reported that the bioavailability of chemotherapeutic drugs,
such as tamoxifen or doxorubicin, encapsulated in particles significantly increased [83–84].
Furthermore, in a 7,12-dimethylbenz[a]anthracene-induced breast cancer rat model, oral
administration of doxorubicin loaded PLGA NPs revealed a higher antitumor efficacy as a
result of enhanced bioavailability, tumor permeation and retention effect [74]. In addition,
incorporation of doxorubicin into PLGA nanospheres significantly reduced the doxorubicin-
induced cardiotoxicity [74].

Targeting via surface bound lectin improves intestinal uptake of particles
While the above mentioned oral application approaches of PLGA particles seem to work
appropriately in these experimental models, a further strategy to improve the quality of
PLGA carriers is the functionalization of particle surface with bioactive substances.
Following this approach, mucosal cells are specifically targeted, thereby improving the
cellular uptake as well as transepithelial transport and inducing not only a systemic, but also
a strong mucosal immune response.

Enterocytes represent the majority of epithelial cells in the intestinal tract. Thus, enterocyte-
specific targeting, for example by WGA, substantially increases the transepithelial transport,
which may especially be of interest for drug development where no mucosal immune
response induction is needed. Enterocyte-specific targeting induces a rather systemic IgG-
mediated immune response [22]. As a second group of intestinal epithelial cells that are of
interest, M cells can be specifically addressed by particle functionalization. The idea of M-
cell-specific uptake and the induction of subsequent immune responses derives from nature.
A number of enteropathogenic microorganisms, such as Vibrio cholerae [85,86], Salmonella
typhimurium [87,88], Shigella flexneri [89–91], Yersinia pseudotuberculosis and Yersinia
enterocolotica [92–94], and reoviruses [95], but also nonenteropathogenic pathogens, such
as influenza virus A [96], or human immunodeficiency virus-1 (HIV-1) [97], are primarily
taken up by M cells, as reviewed by Corr et al. [98]. Although underlying mechanisms of the
M-cell uptake are in many cases not fully understood to date, it is suspected that pathogens
use specific binding approaches to surface structures on M cells to invade the human body
via transmucosal transport [99]. Possible interaction partners might be M-cell expressed
TLR4, platelet activating factor receptor and α5β1 integrin [100], carbohydrates and
Claudin 4. The latter functions as a receptor for Clostridium perfringens enterotoxin (CPE)
and has been recent focus for targeting approaches [101]. CPE30, the C-terminal 30 amino
acid part of CPE, was coated to PLGA NPs, which increased the uptake by upper airways
when administered intranasally or by intestinal M cells after ingestion [101]. However, in
depth investigation of pathogen M-cell-binding partners has been quite difficult due to the
lack of suitable in vitro and in vivo models. Due to the low number of M cells in the
intestinal tract and due to the inter-species variability in surface receptors [99], results
obtained in experimental animal models can only be extrapolated into the human situation
when taking into account certain limitation. Furthermore, it has to be kept in mind that the
distribution of surface structures on human M cells of different intestinal regions may also
differ [24], which may indicate a certain local functionality. Therefore, the most convenient
approach for M-cell studies might represent the human M-cell-like co-culture model, where
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M cells are generated by co-culturing Caco-2 cells, a colon carcinoma cell line with
intestinal phenotype, together with Raji-B cells, a cell line derived from Burkitt lymphoma
[102]. As this model is based on the use of carcinoma cell lines, it should be noted that
epithelial glycosylation patterns in the gut are altered in colon cancer, questioning the value
of this experimental model [24]. However, due to the lack of information on M-cell-specific
carbohydrate residues in humans, the M-cell-like co-culture model might represent the only
valuable experimental model currently available. Using this model, it has become obvious
that bacterial and viral transcytosis via M cells might, in some cases, be initiated by a
receptor-mediated process [99].

Numerous studies rely on the idea of specifically targeting M cells to increase the mucosal
transport. Several bioactive substances, especially lectins, have been the focus of extensive
research to date. Lectins are proteins that selectively bind to carbohydrate residues of
epithelial cells’ glycocalyx and may serve as molecules on particle surface for specifically
targeting M cells [103,104].

Lectins, derived from Ulex europaeus (UEA-I), Lycopersicon esculentum (tomato lectin),
Bandeiraea simplicifolia I, Canavalia ensiformis, Triticum vulgare (WGA) and Aleuria
aurantia lectin (AAL) have been propagated for intestinal cell targeting, however, they differ
in their specificity for the intestinal cell type, as reviewed by Clark [105].

WGA for targeting enterocytes
WGA represents a dietary nontoxic lectin, which is contained in wheat flour [22]. WGA
specifically binds to N-acetyl-D-glucosamine and sialic acid moieties of both, epithelial cells
and M cells [106,107]. The usability of WGA-coated, allergen-loaded PLGA microspheres
for oral immunotherapy was assessed in animal studies. After two gavages of WGA-coated
microspheres, mice revealed a higher allergen-specfic IgG production compared with
feedings of uncoated particles [108]. However, when the efficacy of WGA-coated allergen-
loaded microspheres was evaluated in birch pollen-sensitized mice, oral treatment did not
induce an allergen-specific isotype switch towards IgG2a or the production of the Th1
cytokine IFN-γ in comparison to gavages of plain microspheres [74]. Additionally, WGA
attached to carbopol has recently been used for surface modification of liposomes, which
significantly increased the receptor mediated binding to Caco-2 cells and further enhanced
the pharmaco logical efficacy of calcitonin, when loaded into the nanocarriers [109].

As targeting of orally applied particle carriers to epithelial cells in situations of Th2
modulation does not seem sufficient to trigger immune responses, a M-cell-specific
targeting approach may increase the efficiency, because transcytosed particles reach the
lymphatic tissue underlying the M cells and induce a strong mucosal, as well as systemic
immune response.

Concanavalin A for interaction with intestinal epithelial cells & immune cells
Concanavalin A is a lectin from Canavalia ensiformis (Jack bean), which specifically
recognizes glycoproteins and glycolipids containing α-D-mannosyl and α-D-glucosyl
residues. Concanavalin A can not only interact with the intestinal epithelium but also with
immune cells, such as macrophages, resulting in their activation and subsequent
upregulation of TLRs as well as the production of NO and proinflammatory cytokines [110–
112].

As the lectins listed below bind specifically to α-L-fucose, their use as targeting moieties
should result in M-cell-specific adherence.
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Ulex europaeus I
The lectin UEA-I has recently been used for the functionalization of HBsAg incorporating
NPs [113]. These NPs were shown to specifically bind via α-L-fucose to mouse M cells ex
vivo. After three oral immunizations with UEA-I coated, HBsAg loaded NPs and a booster
immunization after 3 weeks, mice developed HBsAg-specific serum antibody titers
comparable to levels measured after intramuscular injection of HBsAg adsorbed to
aluminum hydroxide. Furthermore, gavages of these UEA-I coated NPs-induced mucosal
secretion of sIgA and the production of IL-2 and IFN-γ in spleens, indicating a Th1-
dominant immune response [113].

Although UEA-I may be a promising targeting substance, its origin is a highly toxic plant,
which makes its beneficial application in humans questionable.

Lotus tetragonolobus
The Lotus tetragonolobus agglutinin (LTA) from Asparagus pea represents another lectin
candidate for functionalization of particles. Similar to UEA-I, LTA targets M cells
specifically via α-L-fucose. Encapsulation of HBsAg in LTA-coated PLGA NPs can
effectively be delivered to murine M cells. Upon oral immunization these particle carriers
elicited a significantly higher sIgA response compared with uncoated nanospheres.
Furthermore, mice immunized orally with these LTA-coated NPs developed a significantly
higher Th1 response by means of IgG2a/IgG1 production ratio compared with intra
muscular aluminum hydroxide-based HBsAg injections. This was underlined by higher
levels of the Th1 cytokines IFN-γ and IL-2, suggesting the induction of cell-mediated
immunity [114].

Aleuria aurantia lectin
AAL from the edible, nontoxic orange peel mushroom Aleuria aurantia also possesses α-L-
fucose specificity and, thus, was shown to bind to murine Peyer’s patches [115].
Additionally, a common in vitro M cell-like co-culture model of human origin was used to
confirm AAL binding to human M cells. AAL coating of fluospheres resulted in an
increased transcytosis of MPs by M cells compared with plain particles [115]. In the same
study, AAL-coated PLGA microspheres induced a high production of the Th1 cytokines
IL-2 and IFN-γ compared with only small quantities of IL-5 and IL-10 in peripheral blood
mononuclear cells of allergic individuals. These data supported the suitability of AAL-
coated microspheres for allergy therapy.

In subsequent studies, AAL-coated PLGA MPs were loaded with an allergen in order to
evaluate their efficacy as oral allergy immunotherapy in vivo. Naive BALB/c mice were
orally immunized with AAL-coated, birch-pollen-loaded MPs six-times. This oral
immunization regimen induced a three-times higher IgG2a antibody response compared
with noncoated MPs [116]. The immunotherapeutic efficacy of these AAL functionalized
MPs was further evaluated by oral treatment of birch pollen sensitized mice. Animals fed
with AAL-functionalized, allergen-loaded microspheres for 15-times revealed an increase of
birch pollen-specific IgG2a, whereas IgE and IgG1 were not affected, indicating the
induction of a prominent Th1-biased immune response. In addition, spleen cells of animals
being treated with AAL MPs via the oral route secreted significantly more T-regulatory
cytokine IL-10 and Th1 cytokine IFN-γ [75]. These studies corroborate the potential of
AAL functionalized MPs as a novel strategy for oral immunotherapy against Th2-biased
diseases, such as allergy.

Although lectin targeting prolongs the retention time in the intestine and may, therefore
improve the mucosal uptake and the subsequent immune response, one has to keep in mind
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that lectins are often toxic and susceptible to proteolytic degradation in the GI tract, which
renders some of them inappropriate for in vivo application [105,117]. Several studies have
focused on novel approaches to overcome the limitations of the toxicity of lectins, such as
UEA-I. The production of recombinant lectins with modified properties but with the same
binding characteristics has been described for the recombinant mistletoe lectin [118].
Additionally, synthesized peptides, which mimic function and characteristics of lectins, such
as size and stability, have been designed. These are promising novel interaction partners and
can reduce costs. A tetragalloyl D-lysine amide construct, as the main compound of two
UEA1 mimetics, leads to successful delivery of coated PS particles to mouse M cells and
might specifically bind via α-L-fucose [117]. Based on this study, Misumi et al. have
recently synthesized a tetragalloyl-D-lysine dendrimer (TGDK) and evaluated its use for M-
cell binding in nonhuman primates and in vitro M cell-like culture model [119]. After
gavage of TGDK to rhesus macaques, the dendrimer was efficiently delivered to rhesus
Peyer’s patches’ M cells in vivo. Additionally, oral immunization with TGDK-conjugated
multi antigens containing bovine serum albumin and a rhesus CCR5-derived cyclopeptide,
which has recently been discussed as an attractive target for mucosal HIV-1 vaccines,
elicited mucosal rcDDR5-specific IgA with neutralizing activity. However, dose-finding
studies need to be performed in addition to address the functional aspects of these induced
autoantibodies [119].

Although these novel approaches of synthesizing lectin mimetics may be promising for
future application, the question remains whether synthetic targets are superior to lectins
derived from nature, which also feature characteristics suitable for oral application in
humans. The targeting substances WGA [120] and AAL are nontoxic and highly resistant
against gastric digestion [DIESNER SC, SCHULTZ C, WANG X-Y ET AL., UNPUBLISHED DATA] and enhance the
retention time and transepithelial transport of MPs at the GI mucosa, finally resulting in
improved efficacy, as reviewed by Des Rieux et al. [23].

Preparation of WGA & AAL microspheres
For preparation of WGA- and AAL-grafted MPs, the uncapped type of PLGA-containing
terminal carboxylate groups or PLA is used as a matrix for anchorage of the lectins at the
particle surface. For coupling, the carbodiimide method is applied, which represents the
most popular zero-length cross-linked coupling technique [121]. Here, the carboxylic groups
of PLGA or PLA react with N-substituted carbodiimides to yield highly reactive, but highly
instable O-acylisourea intermediates. The latter can react with nucleophiles such as primary
amino groups of the lectins to form stable amide bonds yielding isourea as a by-product. To
achieve optimum coupling rates, the pH is maintained between 4.5 and 7.5. Usually, the
water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide is applied, which is
dissolved rapidly and used immediately to prevent extensive loss of activity. Furthermore, in
presence of N-hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide the stability of the
active intermediate is extended to a few hours by preventing rapid hydrolysis. Moreover,
upon use of NHS, the reaction can be performed in two steps. In the first step, the carboxylic
groups are activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/NHS. After
removing the excess coupling reagents by washing, the amine component is added and
allowed to react with the active ester. The advantage of this being that the coupling of
proteins, which contain both carboxylate and amine groups, may be improved by avoiding
the cross-linking of protein molecules with each other. Altogether, the addition of NHS may
improve the efficiency of the reaction [122].
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Current highlights & pitfalls of PLGA-based immunotherapy
Irrespective of the route of application, PLGA particles have been further developed for
allergy vaccination encapsulating immunomodulatory motives. Beside the above-mentioned
studies focusing on lectin-coated microspheres for allergy treatment, recent data indicated
the counterbalance of Th2 responses by the use of PLGA particles co-encapsulated with the
immuno stimulatory TLR9 ligand oligodeoxy-nucleotide (CpG), protamine and
phospholipase A2 from bee venom [123]. Whether or not this approach may be effective in
human allergic patients remains to be elucidated as especially the receptor of CpG, TLR9, is
diversely expressed in mice, while in humans its expression is restricted to B-cells and
plasmayctoid DCs [124], probably leading to different immunological responses.

Further novel approaches of immunomodulation in various diseases, such as infections,
autoimmunity and cancer, represent the adoptive immunotherapy [125]. Antigen-specific
cytotoxic T cells expand by ex vivo stimulation with activated APCs and are subsequently
reinfused into patients. The generation and the use of APCs, however, carry the risk for
infections and therefore attempts are made to replace them by novel approaches, such as
artificial APC (aAPC) systems. In 2008, the concept of aAPCs using PLGA particles
encapsulating IL-2 for T-cell stimulation presenting adaptor elements for recognition ligands
as well as co-stimulatory ligands in high density was first introduced [126]. With this aAPC
approach, peptide-specific cytotoxic T cells were even more efficiently activated than when
using autologous cellular APCs [125]. By the coupling of different peptides and cytokines,
aAPC systems based on PLGA particles might represent a promising novel approach for a
number of different diseases in the future, inducing a very specific, beneficial T-cell
response. Additionally, PLGA particles encapsulating tumor antigen were recently
introduced for intracellular loading of DCs, which should then become efficient activators of
a cytotoxic anti-tumor T-cell response [127,128].

In contrast with these recently published highlights in the development of novel
immunotherapeutical approaches, one should also critically reflect on current research
regarding PLGA-based immunotherapies. Due to numerous studies within recent decades,
our knowledge on optimizing properties of PLGA particle carriers, such as size,
functionalization or preparation methods, has extensively broadened. However, clinical
trials in human patients proving the usability of PLGA particles for oral immunotherapy
application are still missing, making conclusions on their efficacy and applicability
impossible. Due to substantial differences of M-cell distribution and surface receptor
expression between mice and men [99], data generated in animal studies might not reflect
the situation in humans. The only valuable model currently available, the M cell-like co-
culture model, is based on the formation of M cells from the colon cancer cell line, which is
known to differently express carbohydrate residues [24]. As data on the expression of
specific receptors on human M cells is lacking, the development of M-cell-specific targeting
strategies, such as the coating of particles with lectins or lectin mimetics [117,119], might be
more difficult than expected. It was even hypothesized that the role of M cells for luminal
antigen uptake is overrated as these cells account for only a minority in the intestinal
epithelium and might exert diverse functions in different intestinal regions [24], making the
field of M-cell targeting even more complex.

Therefore, as long as suitable and physiological M-cell models, as well as human clinical
studies are missing, conclusions on the applicability of lectin-functionalized PLGA particles
for oral immunotherapy in humans have to be drawn with great caution.
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Future perspective
As reviewed in this article, functionalized particles loaded with active agents to be delivered
to the gut-associated lymphoid tissue, might represent a successful novel treatment strategy,
especially in situations when the immune system is biased towards Th2, such as allergic
diseases. Without any doubt, the murine system mirrors only partially the situation in human
patients [129]. Therefore, clinical studies to prove the therapeutic efficacy of the proposed
novel oral immunotherapy formulations are of paramount importance. However, additional
strategies may still be improved in the future. In ongoing current research efforts to
approach the aim of successful oral immunotherapy, two functionalization strategies of
particle carriers emerged, being of special interest when screening the scientific literature:

Active targeting of apical receptors on M cells as highlighted by Brayden et al. [130]. Since
α-L-fucose is part of the sparsely mucus-coated glycocalyx of M cells, binding of active
substances can be mediated by lectin-coated formulations. For oral administration, however,
these certain lectins have to resist the harsh conditions during GI transit. Additional
properties required are nontoxicity as well as non-immunogenicity of the carrier material,
which can be achieved by synthetic modification of the carriers or by the careful choice of
naturally derived targeting substances, such as WGA and AAL. Furthermore, cellular
interaction is mediated by only small units of most complex structured lectin molecules.
Thus, undesired effects might be avoided by designing ‘neolectins’, which represent
exclusively the binding domain, by using phage display techniques for example.
Nevertheless, one should keep in mind that cell-binding is only the first stage of a complex
journey through the epithelial layer to the subjacent immune cells until an efficient immune
response is elicited.

The transepithelial uptake as the second step can be enhanced by physical properties of the
particulate structure. It is generally accepted that particles below 1 μm are optimally taken
up by Peyer’s patches and can thus, lead to sufficient antigen processing. Since the volume
and, therefore, the loading capacity of MPs by far exceeds that of NPs, the usage of particles
in the micrometer range seems to be most suitable in the case of encapsulating large proteins
for allergen-specific immunotherapy. Thus, the combination of both targeting strategies
using a biodegradable polymeric matrix with adjuvant properties might represent the
deciding prerequisite for successful oral immunotherapy in the future but have to be
investigated in-depth for their suitability in humans.
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Executive summary

Preparation techniques of particle carriers for oral immunotherapy

▪ The double-emulsion technique sometimes yields low payload and huge initial
burst release of particles, which might be overcome by the use of solid antigens or
coacervation.

▪ The spray-drying technique allows fine tuning of particle characteristics and easy
scaling-up. However, high product loss occurs upon processing of small batches.

Characteristics & gastrointestinal fate of particles for oral immunotherapy

▪ The particle matrix protects encapsulated antigens from harsh conditions in the GI
tract and helps them escape the hepatic first-pass metabolism.

▪ Positive surface charge facilitates adhesion of particles to the negatively charged
cell membrane and hydrophilicity seems to enhance the interaction with cells.
Particles <1μm are taken up by M-cells as opposed to epithelial cells, whereas
particles >300nm remain bound to the cell membrane and smaller ones accumulate
intracellularly.

Immune response triggered by particles

▪ Polylactide-co-glycolide possesses adjuvant properties comparable to aluminum-
adsorbed formulations. In this regard, microparticles trigger a humoral response,
whereas nanoparticles elicit a cellular response.

▪ The sustained release of antigens restimulates memory cells.

Lectin-modified particles for oral immunotherapy

▪ Lectins can improve uptake and transcellular transport of particles inducing not
only a systemic but also a strong mucosal response.

▪ Wheat-germ agglutinin-grafted microparticles interacting with both M-cells and
absorptive enterocytes, induce higher IgG-levels than plain ones.

▪ Particles modified with α-L-fucose binding lectins such as Ulex europaeus-I, Lotus
tetragonolobus agglutinin and Aleuria aurantia lectin induce a Th1-dominant
response.

Future challenges

▪ (Bio)synthesis of nontoxic lectin-mimetics exhibiting gastrointestinal stability,
low-molecular weight and high specificity of carbohydrate binding as targeting
ligands for site-specific delivery of particles will promote progress in the field.

▪ Development of preclinical models with glycosylation patterns similar to that in
humans and clinical trials in humans will be milestones for further advances in oral
immunotherapy.
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Figure 1.
Particle-induced immune response.
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