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Abstract

The pathogenesis of common diseases, such as metabolic
diseases, is caused by the complex and individual interplay
of many susceptibility genes, which necessitates both
personalized diagnosis and therapy. Small-molecule drugs
which adequately address the multiple tissue-specific target
proteins affected probably will not become available in near
future. In contrast, therapeutic proteins, such as growth
factors and antibodies, specifically replacing or inactivating
the corresponding susceptibility gene products, are
currently being identified with increasing efficacy. However,
the failure to be administered by the oral route and to reach
the cytoplasm of the diseased cells typically prevents
their therapeutic use. Recent developments suggest that
these limitations may be overcome by encapsulation of
therapeutic proteins into nanoparticles or their covalent
modification with glycolipid (glycosylphosphatidylinositol,
GPI) structures. These act as membrane anchors for so-
called GPl-anchored proteins and direct certain attached
passenger proteins from lipid raft areas of the plasma
membrane via cytoplasmic lipid droplets into small vesicles.
These leave the donor cells and transfer the GPIl-anchored
proteins into the cytoplasm of acceptor cells. This pathway
may enable the transport of therapeutic proteins across the
intestinal barrier into the circulation and eventually across the
plasma membrane of the diseased target cells. For therapy,
a number of challenges remains to be tackled, in particular,
control of release from the GPI anchor which determines the
pharmacokinetic and pharmacodynamic profiles. Together
these findings nourish the hope that oral path finding to
drug targets by encapsulation and covalent modification of
therapeutic proteins may enable personalized therapy of
common diseases.

Personalized therapy

Introduction

Common, multifactorial and chronic diseases typical
for the Western life style are characterized by high and
still increasing incidence, meanwhile also in developing
countries, complex etiology, long-lasting pathogenesis and
extremely variable phenotypes between the affected patients.
They are caused by individual and complex interactions
between multiple susceptibility genes and environmental
factors (Gibson, 2009). Consequently their cure requires
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personalized diagnosis and polytherapy (Janssens et al.,
2004; Miller, 2010). However, one should always keep in
mind that the appropriate drugs have not only to be applied
to the right patient, but have also to be transported to the
right localizations within the patient’s body via acceptable or
accepted routes (Rajendran et al., 2010).

Type Il diabetes

A highly representative example for a complex common
disease with 5 to 10 % frequency in the Western countries
represents type Il diabetes (Muller, 2010). Permanently
elevated blood glucose in fastened and postprandial
states leads to the non-enzymic glycation of long-living
intra- and extracellular proteins accompanied by functional
impairments in multiple cells and tissues. Over years
this sequence of events causes the chronic diabetic late
complications which affect many different organ systems,
such as eyes, neurons, kidney, legs, blood vessels and
heart with varying degrees and huge inter-interindividual
variability in the often severe clinical outcomes, including
reduced life quality and expectancy.

Many distinct organ systems are afflicted in type Il
diabetes, such as pancreatic R-cells, the brain, the intestine,
adipose, muscle and liver cells. They control via complex
networks insulin secretion, glucose sensing, insulin action
and energy intake, which in concert regulate glucose
and lipid metabolism and guarantee their homeostasis
(Lindgren, 2007; Prokopenko et al., 2008). In consequence,
gross mutations and single nucleotide polymorphisms in
the majority of these so-called susceptibility genes may
compromise the pleiotropic and interconnected signalling
pathways and thereby contribute to the pathogenesis of
type Il diabetes as is the case for other common complex
diseases (Ridderstrale and Groop, 2009). For type Il diabetes
the number of susceptibility genes has been estimated to
account for 2000 to 4000 (Florez, 2008). Importantly, their
individual contribution to the increase in the relative disease
risk is typically rather small, ranging from 0.1 to 5 % (Midiller,
2010). Thus only combinations of considerable numbers
of different susceptibility genes superimposed with various
environmental factors ultimately trigger the pathogenesis. It
is the huge number of these different putative combinations
which creates the enormous variability of the phenotypes
and clinical outcomes between patients affected by the
same complex common disease and necessitates their
personalized diagnosis and therapy (Lusis et al., 2008).
However, as we all know, personalized medicine has
remained fiction or vision so far, best exemplified by the
current therapy of type Il diabetes with just six different
approved drug classes. What are the reasons for this failure,
at least with regard to the treatment options?

Current problems with drug discovery

The past two decades of drug discovery have been
characterized by very low numbers of approved and really
innovative novel small-molecule drugs despite enormous
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technical and financial efforts required for high-throughput
technologies and structural knowledge about the target
proteins (Billingsley, 2008). Apparently, small-molecule
drugs, which typically can be administered orally and easily
penetrate into cells, are very difficult to discover, in part due to
inherent, i.e. size-based, problems with their selectivity and
safety. Gene therapy and regenerative medicine seem to be
very promising approaches, but in the long term only, and
important issues remain to be solved, such as introduction
of safe vector systems and exclusion of proliferative
potential (Li and Huang, 2007). Moreover, both approaches
seem unlikely to be applicable for the simultaneous
treatment of different target cells, as is required for common
complex diseases. Therapeutic proteins benefit from rapid
identification and validation in parallel with the discovery
of novel disease susceptibility genes and from their very
selective and safe action. However, both approaches suffer
from their inherent resistance toward oral application and
penetration into the diseased target cells. Nevertheless,
therapeutic proteins and antibodies, in principle, are capable
of substituting for and inhibiting, respectively, each potential
susceptibility gene product, being it a soluble component of
the serum, such as hormones, growth factors and enzymes,
or a cell surface receptor, or an intracellular signalling or
structural protein or enzyme. Taken together, therapeutic
proteins have the potential for personalized polytherapy
provided strategies for their oral administration and cellular
penetration can be realized in the near future.

Oral drug delivery

So far the long path from intake through the mouth to the
drug target within the body across the intestinal and cellular
barriers has remained the major hurdle for the application
of protein therapeutics in humans. The intestine is lined
by a monolayer of epithelial cells, so-called enterocytes,
which are surrounded by a bipartite plasma membrane.
The apical plasma membrane area is directed toward the
intestinal lumen and forms microvilli, the basolateral area
is directed toward the blood vessels and faces underlying
tissues (Figure 1). The enterocytes are interconnected to
each other by specific protein complexes, so-called tight
junctions, which seal the monolayer in a rigid fashion. Any
nutrient, chemical or drug taken up orally has two options
for passage from the intestinal lumen into the circulation
and the underlying tissues. It can either use the paracellular
route thereby crossing the tight junctions or the transcellular
route thereby consecutively crossing the apical plasma
membrane, cytoplasm and basolateral plasma membrane.
Small-molecule drugs, molecular weight less than 500 Da,
can engage both pathways. In contrast, macromolecules,
such as proteins and nucleic acids, fail to use either
pathway. In fact, the so-called oral bioavailability of even
very small proteins, such as insulin, molecular weight about
5000 Da, typically accounts for less than 1 %. During the
past 60 years biotechnologists and pharmacologists have
undertaken enormous efforts to overcome these intestinal
and cellular barriers for the application of putative protein
drugs in humans (for reviews see Uhrich et al., 1999;
Yokoyama, 2005; Ebbesen and Jensen, 2006; Kirpotin et
al., 2006; Yang et al., 2007; Matsumara, 2008; Soussan et
al., 2009; Gullotti and Yeo, 2009; Mok et al., 2009). In the
following two technologies are presented which hopefully
will fulfil the dream of needle-free admininistration of

protein drugs, i.e their encapsulation into microspheres or
nanoparticles, which take the paracellular route, and their
covalent modification with the so-called GPI anchor, which
acts as signal for transcellular transport (Figure 1).

For in vitro testing of and discrimination between
transcellular and paracellular transport of proteins a cell
culture-based so-called multiplex assay system was
developed (Figure 2). For this, cultured enterocytes (e.g.
CaCo-2) are grown in sealed monolayers with correctly
formed tight junctions and adherent to a filter plate, which
enables exchange of small molecule nutrients and ions,
only. This assembly separates the apical area above the
filter plate from the basolateral area below the filter plate.
The protein drug candidates to be tested are continuously
applied to the apical area and their transport across the cell
layeris continuously monitored, either simply by conventional
analytics of the incubation medium in the basolateral
area or in case of using fluorescently labelled proteins by
confocal laser scanning microscopy and subsequent virtual
reconstruction of 3-dimensional pictures from the original
2-dimensional images. Thereby the transcellular passage
of a fluorescent protein in the X-Z direction from the apical
surface into the depth of the monolayer can be visualized
directly in real time (Figure 2, lower inset). Simultaneously
the electrical resistance between the apical and basolateral
areas across the monolayer is measured which represents
a parameter for the transcellular vs. the paracellular route
(see below). In addition, putative effects of the protein drug
during transcellular transport on glucose/lipid metabolism
as well as protein/DNA synthesis can be detected in
parallel. For this, scintillation cocktail is incorporated in the
filter plate which monitors accumulation of radiolabelled
glycogen, lipid, protein and DNA formed in the adherent
monolayer enterocytes from corresponding radiolabelled
building blocks (Figure 2). This multiplex assays system has
meanwhile been adapted to an automated low-throughput
scale.

Paracellular transport of protein drugs by encapsulation
As a representative example for paracellular transport of
protein drugs by encapsulation, nanoparticles assemblied
from the biomaterials chitosan, alginate, mannans and
y-polyglutamic acid at specific ratios are briefly discussed
(Mathiowitz et al., 1997; Lin et al., 2007; Mathiowitz, 2008).
Along their paracellular route these nanoparticles are faced
with several challenges. First they have to adhere to the
negatively charged mucus and glycocalyx layers of the
small intestine (see Figure 1), which is achieved by their
positive net surface charge. Following infiltration of these
layers the nanoparticles have to trigger opening of the tight
junctions, presumably by causing redistribution of some of
their constituent proteins, e.g. F-actin and ZO-1, for their
subsequent passage between two neighbouring enterocytes.
However, immediately thereafter the tight junctions have to
reseal in order to maintain the intestinal permeability barrier.
Otherwise the uncontrolled flux of nutrients and infectious
components from the intestinal lumen into the circulation
could lead to a catastrophy.

The opening and closure of the tight junctions during
paracellular transport can be followed by measurement of
the electrical resistance with the multiplex assay system
introduced above (see Figure 2). Immediately following
addition of correctly assembled nanoparticles the electrical
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Figure 1. The long path to pharmacological drug targets — Transport of drugs across the intestinal and cellular barriers.
Therapeutic proteins and antibodies can not use the paracellular or transcellular route for passage from the intestinal lumen
into the circulation and underlying tissue target cells. Currently two main strategies are being evaluated to overcome the
intestinal barrier formed by the mucus and glycocalyx and then either the apical plasma membrane of the microvillli, the
cytoplasm and the basolateral plasma membrane of the enterocytes or the tight junctions and subsequently the plasma
membrane of the target tissue cells: Transient opening of the tight junctions by permeation enhancers, i.e. detergent-like
molecules, or nanoparticles with the protein drug incorporated and, alternatively, transport across the enterocytes by covalent
modification of the protein drug, which acts as signal for transcellular transport. The type of the nanoparticle materials

(indicated by different thickness) may determine the tissue distribution of the protein drug.

resistance dramatically drops (Mathiowitz et al., 1997). After
their removal by several washing cycles of the filter plate the
electrical resistance does not decline further and instead
gradually increases with time to about the initial values
within the next 30 to 60 min. This procedure can be repeated
several times with similar results showing the transient
and reversible nature of the opening and closure of tight
junctions by these nanoparticles. Finally, after arrival of the
nanoparticles at the blood stream they have to release their
protein load, which is achieved by their dissociation. The
assembly of this type of nanoparticles is strongly dependent
on the pH. They are stable at pH 6.6 as adjusted during
their production and dissociate at pH 7.4 as prevalent in
the blood. Here the released protein drugs may exert their
physiological action or eventually they have to be further
transported across the plasma membrane into the cytoplasm
of the target cells (Mathiowitz et al., 1997). Importantly,

there are many critical requirements for nanoparticles for
(chronic) use in humans, predominantly concerning safety,
non-immunogenicity and non-accumulation in the body due
to their proper degradation and excretion. So far, materials
fulfilling all these criteria are not available and consequently
there is urgent need for the discovery and development of
novel biomaterials.

Transcellular transport of protein drugs by covalent
modification

As a representative example for transcellular transport
of protein drugs by covalent modification the concept of
glycosylphosphatidylinositol-anchored proteins, abbreviated
GPl-anchored proteins in the following is introduced here. In
contrast to typical transmembrane proteins, GPl-anchored
proteins are embedded in the outer leaflet of the plasma
membrane by a specific GPI glycolipid which consists
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Figure 2. Multiplex assay system for simultaneous measurement of transcellular vs. paracellular transport and physiological
activity of protein therapeutics. Transport of unlabelled or fluorescently labelled free, covalently modified or encapsulated
therapeutic proteins and antibodies is assessed by their application to the apical area of the enterocyte monolayers and
determination of their concentration (e.g. by ELISA) or confocal laser scanning microscopy. The reconstruction of a 3D
image demonstrating the transport of a fluorescently labelled protein across the endothelial monolayer (X-Z direction) is
shown in the inset below. Simultaneous measurement of the electrical resistance across the monolayer and of the amount
of radiolabelled macromolecules synthesized from the corresponding radiolabelled building blocks and accumulated in the
enterocytes adherent to the filter plate provides information about para- vs. transcellular transport mode and about putative
effects of the protein drug on macromolecule synthesis during transport.

of phosphatidylinositol followed by a glycan core and a
phosphodiester-ethanolamine bridge (Brewis et al., 1995;
Nosjean et al., 1997; Ikezawa, 2002; Orlean and Menon,
2007). The protein moiety is coupled via its carboxy-
terminus and an amide bond to this ethanolamine residue. In
consequence, the protein moieties of GPI-anchored proteins
are typically located at the surface of eucaryotic cells from
yeast to man and can be released as soluble versions by
cleavage with certain hydrolases, such as (G)PI-specific
phospholipases C and D (Kiing et al., 1997; Hoener et al.,
1990; Muller et al., 1994a). Although the overall structure of
GPl-anchors is highly conserved from yeast to man, they
differ considerably with regard to their fatty acid and glycan
compositions. The glycan variants from humans, funghi
and protozoa differ with regard to their sugar constituents,
side chains and glycosidic linkages (Nosjean et al., 1997;
Ikezawa, 2002).

Transcellular transport of GPIl-anchored proteins across
adipocytes

During the past three years it became apparent that the
GPI modification can operate as a signal for transcellular
transport (Figure 3). These findings were initially obtained
with adipocytes from young and old mice or rats. As is
typical for all eukaryotic cells, also adipocytes express GPI-
anchored proteins at their cell surface inserted into plasma
membrane lipid rafts (Muller et al., 1994b; Varma and
Major, 1998), i.e. detergent-insoluble glycolipid-enriched
membrane microdomains (Brown and London, 1998).
However unexpectedly, it was found that in primary and
cultured rat and mouse adipocytes certain GPl-anchored
proteins, among them the (c)AMP-binding and degrading
proteins, Gee1 and CD73, are associated with both plasma
membrane lipid rafts (major portion) and lipid droplets (minor
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Figure 3. Model for the transport of GPIl-anchored proteins from plasma membrane lipid rafts to intracellular lipid droplets
in adipocytes. The GPIl-anchored proteins, Gce1 and CD73, are transported from plasma membrane lipid rafts at the
cell surface in the basal state to the surface of cytoplasmic lipid droplets upon challenge with palmitate, the anti-diabetic
sulfonylurea drug glimepiride and hydrogen peroxide. Lowering of the cAMP concentration at the lipid droplet surface through
phosphodiesteratic and nucleolytic cleavages by Gce1 and CD73, respectively, results in downregulation of lipolysis and

upregulation of esterification in rodent adipocytes.

portion) (Muller et al., 2008a and b). These observations
represented the first examples for intracellular residence
and function of GPl-anchored proteins. Importantly this
subcellular distribution of Gece1 and CD73 was detected
in basal, i.e. unstimulated adipocytes. However, upon
their challenge with certain seemingly unrelated stimuli,
such as the anti-diabetic sulfonylurea drug glimepiride
(Mdller, 2005), hydrogen peroxide or palmitic acid, which
all regulate glucose and lipid metabolism, the two GPI-
anchored proteins completely disappeared from the plasma
membranes and simultaneously appeared at the lipid
droplets in time-dependent fashion (Mduller et al., 2008c and
d). This unequivocally demonstrated the stimulus-induced
transport of Gece1 and CD73 from the cell surface onto
the surface of cytoplasmic lipid droplets (Figure 3). As a
prerequisite, the GPI-proteins have to undergo redistribution
between distinct subspecies of the heterogenous plasma
membrane lipid rafts, which are characterized by different
flotation and solubilisation behaviour (Miller and Frick,
1999). Earlier observations with rat adipocytes have
revealed the translocation of Gce1 from “typical” lipid
rafts of high cholesterol content and low buoyant density
to “atypical” ones of lower cholesterol content and higher
buoyant density in response to glimepiride (Miiller et al.,
2001a and b), which was found to be required for its insulin-

mimetic activities (Frick et al., 1998; Miuller, 2005). Gce1
and CD73 cooperate in the degradation of cAMP through
phosphodiesteratic cleavage by Gce1 to AMP and further
to adenosine through nucleolytic cleavage by CD73. Thus
the coordinated transport of Gece1 and CD73 from plasma
membrane lipid rafts to cytoplasmic lipid droplets in response
to palmitate, glimepiride and hydrogen peroxide results
in lowering of the cAMP levels at the lipid droplet surface
zone and consequently in the coordinated upregulation of
esterification and downregulation of lipolysis in adipocytes
(Mller et al., 2008e). This apparently represents (one of)
the physiological role(s) of this unique transport pathway of
Gce1 and CD73 in adipocytes (Figure 3).

Subsequently and unexpectedly, the transport of these
GPl-proteins with major but not exclusive localization at
the adipocyte cell surface was recognized not to stop at
the surface of cytoplasmic lipid droplets. It is known since
decades that almost each mammalian cell type is capable
of releasing small membrane vesicles either by exocytosis,
then they are called exosomes (Stoorvogel et al., 2002;
Thery et al., 2002; Fevrier and Raposo, 2004; Keller et
al., 2006), or by plasma membrane shedding or blebbing,
then they are called microvesicles (Black, 1980; Poste and
Nicolson, 1980; Piccin et al., 2007; Cocucci et al., 2009).
Both exosomes and microvesicles are thought to reflect the
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Figure 4. Model for the transcellular transport of GPl-anchored proteins across rat adipocytes as revealed by pulse-chase
experiments. Palmitate, glimepiride and hydrogen peroxide trigger both the translocation of GPl-anchored proteins from the
cell surface to the surface of cytoplasmic lipid droplets and subsequently from the lipid droplets into small secreted vesicles.
This was delineated from pulse-labelling of the GPI anchors of Gee1 and CD73 with myo-['*Clinositol and subsequent chase
with unlabelled inositol in the presence of glimepiride or hydrogen peroxide. After initial localization at plasma membrane
lipid rafts and subsequent transient appearance at lipid droplets, both Gce1 and CD73 finally accumulate in small secreted

vesicles.

physiological or pathological state of the releasing cell and
may be used as novel and putatively valuable biomarkers for
the personalized diagnosis of common complex diseases.
In addition, Aoki and coworkers (Aoki et al., 2007) and in
the following our group too (Mdller et al., 2009a and b)
have recently found that also primary and cultured rat and
mouse adipocytes release microvesicles and exosomes.
Subsequently the GPIl-anchored proteins, Gce1 and CD73,
were identified as constituent components of those secreted
vesicles, already in the basal state (Miiller et al., 2009a and
b). However, their incorporation into the secreted vesicles
was strongly upregulated in response to glimepiride,
hydrogen peroxide and palmitate (Figure 4). Thus the same
stimuli that induce the translocation of these GPIl-anchored
proteins from plasma membrane lipid rafts to cytoplasmic
lipid droplets trigger their subsequent translocation from the
lipid droplets into membranes of small vesicles, which then
leave the adipocytes. In fact, these two translocation steps
in concert appear to mediate the transcellular transport of
Gce1 and CD73 from the cell surface via cytoplasmic lipid
droplets into the secreted vesicles. (Miiller et al., 2010c and d).

Transcellular transport of GPIl-anchored proteins across
enterocytes

Is this transcellular transport of GPl-anchored proteins
specific for adipocytes, only, or also operative in other

mammalian cells, such as enterocytes? Preliminary data
based on animal experiments argue for the last possibility
(Mller et al., unpublished data). For this, human insulin
covalently modified at its carboxy-terminus with the GPI
anchor and produced by recombinant technologies was
used as model protein. This GPl-anchored insulin was
labelled with immunogold to enable visualization by electron
microscopy. Following oral administration of the GPI-
anchored insulin embedded in either micelles or liposomes
to normal rats by gavage, the intestine was removed
and sectioned. Subsequent analysis of the sections for
immunogold-labelled GPI-anchored insulin by electron
microscopy revealed rapid association of the GPI-anchored
insulin with microvilli of the apical plasma membrane
immediately upon its oral administration (Figure 5). The
apparently spontaneousinsertion ofthe GPl-anchoredinsulin
into plasma membrane lipid rafts was further demonstrated
by immunoblotting of intestinal subfractions of the plasma
membrane with antibodies against human insulin and raft
and non-raft proteins. Both GPI-anchored insulin and Gce1
was found to be highly enriched with lipid rafts compared to
“non-lipid rafts” of the fractionated intestinal apical plasma
membrane along with the corresponding marker proteins,
the glucose transporter Glut2 and the fatty acid transporter
CD36. Presumably, the GPI-anchored insulin became first
inserted into lipid rafts of high cholesterol content and low
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Figure 5. Model for the transcellular transport of GPl-anchored insulin across rat enterocytes as revealed by in vivo experiments
and the structural determinants within the GPI anchor critical for the pharmacological profiles of GPl-anchored proteins.
According to electron microscopic analyses of intestinal sections, following oral administration immunogold-labelled GPI-
anchored insulin embedded in liposomes or micelles associates with lipid rafts of the apical plasma membrane, then becomes
endocytosed via caveolae and later is inserted into the lipid droplet surface. Finally GPl-anchored insulin is transported across
the basolateral plasma membrane and distributed via the circulation while bound to small secreted vesicles. Upon release
from the GPI anchor by serum hydrolases, the free insulin binds to the insulin receptor of relevant tissue target cells which
take up glucose from the blood. The inset indicates the multiple “pharmacological” roles of critical structural determinants of

the GPI anchor and the underlying molecular mechanisms.

buoyant density, which are expressed in large amounts
in enterocytes (Danielsen and Hansen, 2006 and 2008).
Thereafter, it was redistributed within the outer plasma
membrane leaflet to lipid rafts of lower cholesterol content
and higher buoyant density prior to transport from these
“atypical” lipid rafts to cytoplasmic lipid droplets (Mdller et
al., 2001a and b). Both spontaneous and protein-mediated
incorporation of GPl-anchored proteins presented in
micelles or liposomes or at the surface of donor cells into
the surface of acceptor cells has been amply documented
in vitro and in vivo (Zhang et al., 1992; McHugh et al., 1995;
llangumara et al., 1996; Medof et al., 1996; Civenni et al.,
1998; Kooyman et al., 1998; Nosjean et al., 1999; Suzuki
and Okumura, 2000; Premkumar et al., 2001; Milhiet et al.,
2002; Morandat et al., 2002; Ronzon et al., 2004). However,
so far no therapeutic applications have been derived from
this specific characteristic of GPI-anchored proteins.

Following the association with lipid rafts the
immunogold-labelled GPl-anchored insulin was observed
inside the enterocytes in the lumen of small closed
membrane vesicles, presumably so-called caveolae (Lisanti
et al., 1994; Mayor et al., 1994; Parton et al., 1994; Fivaz
et al., 2002), in the immediate neighbourhood to the inner
leaflet of the apical plasma membrane (Figure 5). Shortly
thereafter the immunogold-labelled GPl-anchored insulin
appeared at the surface of cytoplasmic lipid droplets, which
are known to be expressed in enterocytes in large amounts
(Zhu et al., 2009). Finally almost no immunogold-labelled
GPl-anchored insulin was found left inside the enterocytes,
which was taken as indication for its subsequent transport
across the basolateral plasma membrane into the blood
stream, possibly inserted into the membrane of secreted
small vesicles. Eventually after being released from the
vesicle surface through cleavage of the GPI anchor by
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Figure 6. Model for the transport of GPl-anchored proteins from small secreted vesicles to lipid droplets in acceptor cells
and its measurement by the modified multiplex assay system. GPIl-anchored proteins are transferred from secreted vesicles
to lipid rafts of acceptor adipocytes in constitutive fashion and thereafter are transported to the surface of lipid droplets in
response to palmitate, glimepiride and hydrogen peroxide. The complete path of vesicle-associated, micelle-embedded or
free radiolabelled GPIl-anchored proteins across the intestinal and cellular barriers can be studied with a modified version of
the multiplex assay system. It consists of two monolayers of adherent enterocyte and tissue target cells separated by a filter
plate. Accumulation of radiolabelled GPI-anchored proteins in the tissue cell monolayer is monitored by liquid scintillation

counting of the culture dish bottom.

serum phospholipases, free insulin could be distributed
via the circulation to relevant target tissues, such as liver,
muscle and fat, and exert its physiological action in course
of binding to the insulin receptor (Figure 5).

Since the physiological role of insulin is lowering of
blood glucose, this putative effect of orally administered GPI-
anchored insulin was tested in vivo with insulin-free diabetic
rats (Mdller et al., unpublished results). As expected, oral
administration of normal, i.e. unmodified human insulin by
gavage did not result in detectable plasma insulin levels as
well as lowering of the high blood glucose levels characteristic
for these diabetic animals. In contrast, oral administration of

GPl-anchored insulin produced in mammalian cell culture
provoked dramatic increases in plasma insulin and in parallel
pronounced decreases in blood glucose. As a control for
the role of the GPI modification, the oral administration
of GPI-anchored insulin from which the GPI anchor had
been removed by bacterial phospholipase C cleavage was
completely ineffective. In conclusion, GPIl-anchored insulin
is apparently transported from the intestinal lumen across
the enterocytes into the circulation and upon distribution to
liver, muscle and adipose tissues and subsequent release
from the GPI anchor or vice versa triggers insulin signalling
which results in blood glucose decrease.



These proof-of-concept experiments were then repeated
with GPl-anchored insulin produced by two different yeast
strains rather than in mammalian cell culture (Miller et al.,
unpublished data). Unexpectedly, the time-action profiles
of the three GPIl-anchored insulins, which differed only with
regard to the structure of the glycan cores of their GPl anchors
exhibited significant differences. The “fungal” GPl-anchored
insulins produced by Pichia pastoris and Saccharomyces
cerevisiae induced very rapid and delayed onsets,
respectively, of the plasma insulin increases compared to
that elicited by the “mammalian” GPI-anchored insulin. The
time courses of the plasma insulin increases were correlated
well to the corresponded blood glucose decreases. Thus
apparently the composition of the glycan core determines
the pharmacokinetic profile of the GPIl-anchored insulin,
at least in part, which presumably relies on its interaction
with the recently identified phosphoinositolglycan (PIG)
receptor (Muller et al., 2002a and b) and on its accessibility
to cleavage by the serum phospholipases C/D (Butikofer
and Brodbeck, 1993; Kiing et al., 1997; Miller et al., 2005).
Moreover, the glycan core harbours intrinsic immunogenic
potential (Figure 5). Unfortunately, the complexity increases
further since considerable variation in the time-action
profiles for a given GPl-anchored insulin was observed
between different animals in the same experiment as well as
between different experiments with the same animal (Mdiller
et al., unpublished data). These deviations were, at least
in part, caused by both intra-individual and inter-individual
variability in the concentrations of the serum hydrolases
cleaving off the passenger protein from the GPI anchor
within the spacer element. This spacer which separates
the passenger, here insulin, from the anchor is thus
critical for the pharmacodynamic profile and its variability
elicited by a therapeutic GPl-anchored protein (Figure 5).
Systematic variation of all structural elements of the GPI
anchor by genetic manipulation and expression in different
microorganisms, as already shown for S. cerevisiae and
P. pastoris, will be crucial for their fine mapping. No doubt,
these data will support the engineering of novel therapeutic
proteins and antibodies with the crucial advantages of
oral administration, selective targeting to and into the
relevant diseased target cells and curing their defects in
the underlying susceptibility gene products with the desired
pharmacokinetic and pharmacodynamic profiles.

Intercellular transport of GPl-anchored proteins by
small secreted vesicles

The journey of GPl-anchored proteins having successfully
crossed the intestinal barrier and remaining associated
with the small secreted vesicles via their intact GPI anchor
eventually does not terminate in the circulation. It has
recently been reported (Miiller et al., 2010c and d) that
upon incubation of small vesicles secreted from “donor”
adipocytes with intact “acceptor” adipocytes, the constituent
GPl-anchored proteins, such as Gce1l and CD73, are
being transferred from the small secreted vesicles to
plasma membrane lipid rafts of the “acceptor” adipocytes,
presumably in course of their direct interaction (Figure 6)
Miller et al., 2010c and d). Subsequently, the journey of
the transferred GPIl-anchored proteins is continued within
the “acceptor” adipocytes by their transport from the outer
leaflet of the plasma membrane lipid rafts to cytoplasmic
lipid droplets. This again was found to be stimulated by
palmitate, glimepiride and hydrogen peroxide (Mdiller et al.,
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2010a and b).

Thus, the small secreted vesicles with the inserted GPI-
anchored proteins do not only operate as “passive” vehicles
for their distribution to target tissues via the circulation. They
also play a more “active” role in tissue distribution of GPI-
anchored proteins by mediating their passage across the
plasma membrane into the cytoplasm of the “acceptor”,
i.e. target cell. This is compatible with recent findings that
the type of the fatty moieties of the GPI anchor (i.e. length,
saturation) critically contributes to the distribution of the GPI-
anchored protein between plasma and tissues, between
distinct tissues and between subcellular compartments
(Miller et al., unpublished data). This is due to, at least
in part, mediation of the interaction of the GPI-anchored
protein with lipid raft-like membrane microdomains (Brown,
1992) of small secreted vesicles as well as of cytoplasmic
lipid droplets by the GPI anchor fatty acyl chains (Figure
6).

It will be an important and challenging task for the
future to elucidate in detail all the structural features of
the GPI anchor which determine the pharmacokinetic and
pharmacodynamic profiles as well as putative immunological
and toxic properties of GPl-anchored proteins for the
realization and optimization of their oral application in
humans. Part of the desired information may be derived
from in vitro investigations using a modified version
(Figure 5) of the multiplex assay system described above
(see Figure 2). For this, the filter plate with the adherent
sealed enterocyte monolayer at the top is placed above an
additional sealed monolayer of putative target tissue cells,
such as hepatocytes, myocytes and adipocytes. The filter
plate prevents direct cell-to-cell contacts between the two
monolayers, but allows the exchange of small molecules,
such as nutrients and ions. In the bottom of the culture dish
to which the target tissue cells adhere liquid scintillation
cocktail is incorporated (Figure 5). The transport of
vesicle-, liposome- or micelle-associated radiolabelled GPI-
anchored proteins applied to the upper apical area across
the enterocytes via the fluid space formed by the pores of
the filter plate and representing the basolateral area into the
underlying target tissue cells is monitored as accumulation
of radioactivity in the monolayer cells adherent to the bottom
of the culture dishes by liquid scintillation counting.

Conclusions

The intention of this review was to introduce two novel
strategies for oral delivery and tissue and intracellular
targeting of therapeutic proteins and antibodies. They
should facilitate the future development of personalized
polypharmacy based on multiple and individual combinations
of orally available protein drugs for correction of the multiple
susceptibility genes defective in common complex diseases.
Meanwhile the successful sequencing of the collective
genome of all our resident microorganisms, the human
microbiome (Nelson et al., 2010; Zhao, 2010), may support
the identification of novel microbial biomaterials appropriate
for nanoparticle formation and protein modifications
enabling transcellular transport with potential for therapeutic
application in humans. Ultimately, all these strategies should
overcome the limitations inherent of injection of a single and
the same drug, only, to all patients affected by the same
common complex disease. This is best exemplified by the
current non-oral monopharmacy of type |l diabetes with
long-lasting insulin derivatives.
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