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Abstract: Novel technologies in the discovery of new therapeutic or immunogenic moieties in the fields of low mo-
lecular weight and biomacromolecular pharmaceuticals have led to an increasing demand for delivery systems ca-
pable of protecting, transporting, and selectively depositing those therapeutic agents at their sites of action, with
the aim to control their pharmacological profiles, reduce frequencies of administration, limit side effects and tox-
icity, and, last but not least, foster patient compliance. This applies particularly to biomacromolecules, i.e. peptide,
protein, and nucleic acid biopharmaceuticals. Our group’s prime interest in this area is to improve efficacy and
safety of drug treatment and vaccination, and contribute to patient-friendly administration modes. In particular, we
focus on peptide and protein therapeutics, vaccines and gene medicines. In this summary, we will specifically ad-
dress three areas: (i) our long-term involvement in the biomedical engineering of particulates as vaccine delivery
systems, (ii) skeletal tissue engineering applying human mesenchymal stem cells, and (iii) our engagement in re-
search on cell penetrating peptides (CPP) as carriers for drug delivery.
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Introduction

The engineering of systemsto deliver ther-
apeutic agents efficaciously and safely to
the desired sites of action at appropriate
rates and doses has grown into an inde-
pendent field inits own right which exceeds
the range of traditional pharmaceutical dis-
ciplines and attracts the interest of an inter-
disciplinary community in both academic
and industrial research. Novel technologies
in discovering new therapeutic or immuno-
genic moieties in the fields of low molecu-
lar weight and biomacromol ecular pharma-
ceuticals have led to an increasing demand
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for delivery systems capable of protecting,
transporting, and selectively depositing
those therapeutic agents at their sites of ac-
tion, with the aim to control their pharma-
cological profiles, to reduce frequencies of
administration, limit side effects and toxic-
ity, and, last but not least, foster patient
compliance. This applies particularly to
biomacromolecules, i.e. peptide, protein
and nucleic acid biopharmaceuticals. Never-
theless, the contribution of the delivery sys-
tem is sometimes overlooked in view of the
predominant attention placed on the ex-
ploding role of target and lead discovery,
even more so in the postgenomic era
Notwithstanding, as subsumed under the
slogan ‘No payoff without delivery’, drug
discovery may be biotechnology’s raison
d'étre, but its therapeutic and economic
success is utterly dependent upon versatile
drug delivery, as highlighted in a previous
Nature Biotechnology editorial [1].

A selection of typical problemsthat are
encountered when approaching drug deliv-
ery solutions are briefly summarized in
Tablel. Theanswersto drug delivery issues
range from steath formulations, e.g.
through PEGylation of biopharmaceuticals
or surface modification of drug delivery
systems, slow release implants in

biodegradable polymers, liposomal formu-
lations, and systems for pulmonal or nasal
delivery, to transdermal patches, ligand-
mediated approaches for selective target-
ing, vaccine delivery systems and others.
Our group’s primeinterest in drug and anti-
gen delivery is to improve efficacy and
safety of drug treatment and vaccination,
and to contribute to patient-friendly admin-
istration modes. In particular, we focus on
peptide and protein therapeutics, vaccines
and gene medicines. In this summary, we
will specifically address three areas: (i) our
long term involvement in the biomedical
engineering of particulates as vaccine de-
livery systems, (ii) skeletal tissue engineer-
ing applying human mesenchymal stem
cells, and (iii) our engagement in research
on cell penetrating peptides (CPP) as carri-
ersfor drug delivery.

Engineering of Particulates for
Antigen and DNA-Vaccine Delivery
Vaccine Delivery Systems

Modern vaccine development increas-

ingly involves formulation and delivery
strategies. It is now fully recognised that a
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Table 1. Selection of current issues, implications, and solutions in drug delivery research

Clinical and pharmaceutical issues

Chemical and physical instability

Poor aqueous solubility

Poor oral absorption

Unfavourable pharmacokinetics

Unfavourable biodistribution

Rapid enzymatic cleavage

Rapid biological clearance by the

mononuclear phagocyte system (MPS)

Systemic toxicity

Poor immunogenicity

Unwanted antigenicity

Clinical and pharmaceutical implications

Rapid inactivation of therapeutic agents: chemical
degradation, physical inactivation, denaturation

Low dissolution rates and incomplete bioavailability

No oral bioavailability

Rapid clearance of drug requiring high frequency of
administration, or higher but potentially toxic doses,
or continuous infusion

Preferential distribution of pharmaceuticals to normal
tissue can lead to systemic side effects or toxicity
that restrict the amount of drug that can be
administered

Loss of therapeutic activity, high frequency
of administration

Loss of therapeutic activity, high frequency of
administration

Systemic toxicity may override local benefits, e.g.
of systemically administered growth factors

Low or biased immunogenicity of synthetic or
subunit vaccines

Recognition of therapeutic biomacromolecules
as foreign may activate the body’s immune
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Drug delivery solutions

Use of stabilizers, water-free formulations (freeze
drying), non-aqueous media

Stabilized colloidal dispersions, salt formation,
inclusion complexes, emulsions, microemulsions,
self-dispersing lipid formulations

Colonic delivery; pulmonal or nasal delivery

Slow release injectables through crystallization,
precipitation or embedding in biodegradable
polymer implants, transdermal delivery; oral slow
release formulations

Localized drug delivery, ligand-mediated targeting to
exclude non-specific drug activity

Stealth formulations as PEG-, dextran- or
PVP-conjugates; slow release particulates

Stealth formulations
Stealth formulations, slow release formulations for
localized delivery, liposome formulations

Immune adjuvants, micro- and nanoparticulates,
liposomes, virosomes, emulsions

Formulation approaches, protein engineering,
stealth formulations

response and cause neutralization through
antibodies

successful vaccine not only requires an op-
timal immunogen or DNA, but also de-
pends on the particular delivery route, de-
livery kinetics, formulation and stability of
the biomacromolecules. Therefore, poly-
mers and polymeric delivery systems play
an increasingly important role in vaccine
development. Our own activities have
significantly contributed to the progress
made in the area of antigen delivery from
biodegradable microspheres [2].

Vaccines represent the most cost-effec-
tive approach to control and even eradicate
microbial infections and hold promise for
immunotherapeutic purpose in the fight
against cancer diseases. Difficulties associ-
ated with the efficient use of certain vac-
cinesare (i) the necessity of multiple injec-
tions for primary immunization followed
by periodic boosters throughout lifetimeto
maintain immunity; (ii) a generally very
short shelf-life at room temperature so that
refrigeration and cool chains are required;
(iii) astrong humoral, but often modest cel-
lular response which is inappropriate for
many indications such asintracellular viral,

bacterial and parasitic infections or tumor
immunotherapy; and (iv) the difficulty to
ascertain efficiency and safety with combi-
nation vaccines. Antigen delivery technolo-
gies are considered essential to remedy
some of these limitations; at the sametime,
antigen delivery technologies are expected
to foster the development of new and im-
proved vaccines.

A major milestone in the development
of antigen delivery systems for new and
more efficacious vaccines was the use of
biodegradable poly(lactide) and poly(lac-
tide-co-glycolide) (PLA/PLGA) micro-
spheres, within a special WHO Programme
for Vaccine Development, initiated in the
late 1980s [3]. PLA/PLGA microspheres
can be loaded with one or several antigens,
which are released in vitro in a continuous
or pulsatile manner, thereby potentially
mimicking the repeated injections of con-
ventional vaccination schedules. |mmuni-
sation of small animals such as mice and
guinea pigs with a single injection of mi-
croencapsulated tetanus or diphtheria tox-
oid afforded protective and long-lasting an-

tibody responses [3]. PLGA-microspheres
have also proved their inherent immuno-
stimulating properties for synthetic im-
munogenic peptides, and, very interesting-
ly, they can also assist in the dlicitation of
cellular effector responses, e.g. so-called
cytotoxic T cell (CTL) responses [3]. This
type of response isinstrumental to fight in-
tracellular infections and for cancer vacci-
nation.

Our recent and future efforts are in the
targeting of nano- and microparticles to
dendritic cells (DC), which are the most
professional and efficient antigen present-
ing cells (APC). PLGA microparticles of
sizesbelow 10 um are avidly phagocytosed
in an unspecific way by phagocytes such as
macrophages and DC, both in vitro and in
vivo (Fig. 1) [4]. Thereby, presentation of
exogenous antigens through MHC-class |
molecules is mediated, which may lead to
the generation of CTL responses (Fig. 1).
Targeting of DC is considered to be of
importance to promote efficient immune
response via both (i) selective uptake of
antigen loaded microparticles and (ii) cell
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Fig. 1. Uptake in vitro of PLGA microspheres by
macrophages (upper panel) and presentation in
vitro of dissolved and microencapsulated mala-
ria peptide (PfCS334-342) by human dendritic
cells isolated from fresh blood to antigen-speci-
fic cytotoxic T lymphocytes (lower panel). The
PLGA MS were co-incubated overnight with the
dendritic cells, and the antigen-specific cytoto-
xic T cells were added at indicated times. Anti-
gen presentation was measured by the produc-
tion of interferon-y by the cytotoxic T cells.
Dendritic cells (triangles) presented the micro-
encapsulated antigen substantially longer than
the dissolved antigen (circles). Fig. adapted from
[4d] with permission from Elsevier Science Ltd.

specific activation. DCs express a broad
spectrum of cell surface molecules which
could be targets for selective uptake of
nano- and microparticles containing anti-
gens. They include chemokine-, Fc-, com-
plement-, Toll-like- and scavenger-recep-
tors, integrins as well as C-type lectins.
Thosereceptorsfulfill avariety of functions
such as uptake or phagocytosis of

pathogens and interactions with microbial
ligands which lead to host cell activation
(Toll-like receptors, e.g. TLR9 for CpG
motifs). The mannose receptor (MR) is a
well-characterized endocytic receptor that
binds mannosyl/fucosyl or N-acetylglu-
cosaminyl terminated glycoconjugate lig-
ands. Those ligands are present on arange
of bacteria, fungi, virus-infected cells and
parasites. There are several mannose re-
ceptor-like molecules including Dec205
and DC-SIGN.

Immature DCs and macrophages repre-
sent most efficient phagocytes. Prior to in-
ternalization, the adsorption of specific
plasma proteins (opsonins) is a key factor
that leads to unspecific uptake and clear-
ance of microparticulate matter in the tis-
sue. Unspecific uptake can be drastically
reduced by surface modification with high-
ly hydrated poly(ethylene glycol) (PEG)
chains [4]. Phagocytosis has been demon-
strated to be significantly influenced by the
surface characteristics of the microparti-
cles. When appropriately covered with
PEG chains, e.g. through the adsorption of
suitable surfactants, a highly hydrophilic
and protein repellent surface is created.
Owing to the brush-like conformation of
the PEG chains anchored on the micro-
spheres, their surface becomes sterically
stabilized, and both opsonization and un-
specific phagocytosis by phagocytesisin-
hibited or blocked. Indeed, inhibition of
unspecific phagocytosis is a preguisite to
allow specific phagocytosis mediated by
suitable ligands, the aim of a present study
in our laboratory.

We expect that surface modifications
with the above-described ligands and PEG
will address specific sub-cellular pathways
of uptake, maturation and activation of
dendritic cells. It is envisaged that in con-
junction with genomic profiling by mi-
croarray and PCR technologies, promising
vaccine formulations can be identified and
selected prior to in vivo testing.

Thus, in addition to the present state of
the art, polymeric microparticulates repre-
sent aversatile technology to allow the bio-
engineering of vaccine delivery systems of
complex nature and beyond our current
anticipation.

Technologies for Manufacturing
Particulate Delivery Systems

The therapeutic or immunologic bene-
fit of micro- or nano-encapsulated drugs
and vaccines brought forth the need to pre-
pare such microparticulate carriersin larg-
er quantities and sufficient quality suitable
for clinical tridls and commercialization.
Very  commonly, microencapsulation
processes are based on the principle of so-
caled solvent extraction/evaporation,
spray-drying or coacervation. While lab-
scal e experiments can be mostly conducted
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in simple beaker/stirrer set-ups or laborato-
ry spray-driers, products for clinica trials
or the market require economic, robust and
well-controllable technologies, preferably
allowing for aseptic production. To thisaim
we have devel oped novel technologies such
as solvent extraction using extrusion
through micro-fabricated micro-channel
devices for non-turbulent static mixing, so-
called micromixers, and ultrasonic atom-
ization in reduced pressure atmosphere [5].
Here, we would like to describe briefly the
micromixer technology.

Solvent extraction technology based on
extrusion through static micromixer is an
appealing approach for industrial, aseptic
microsphere manufacturing [5]. In this
technology, a solution of the microsphere-
forming polymer is processed along with an
extraction fluid for the solvent of the poly-
mer solution. Upon mixing in amicromixer,
the polymer solution forms small droplets
intheextraction fluid, whereby the polymer
solvent partitions into the extraction fluid.
This gives birth to embryonic micro-
spheres, which are hardened during further
solvent diffusion along their pathway into
the collection fluid. The final microspheres
are separated from the collection fluid by
filtration and dried under vacuum or freeze-
dried. The technology offers several advan-
tages over common reactorsin that the mix-
er is quite small, can be accommodated in
any isolator, and the set-up is simple and
suitable for continuous production. All
equipment can also be readily sterilized. In
contrast to areactor-based process, scaling-
up does not cause changesin the processing
and hydrodynamic conditions of the neces-
sary droplet formation process. Very inter-
estingly, the process is also suitable to pre-
pare core-shell type microsphereswith are-
lease controlling central polymeric matrix,
typicaly made of PLGA, and a shell of a
second polymer carrying specific ligands
for targeting or maturation stimuli for spe-
cific cell types, as outlined above.

Skeletal Tissue Engineering

Skeletal deformities due to congenital
defects, disease and injury have a signifi-
cant impact on the psychological well be-
ing, appearance, and function of patients.
Temporomandibular disorders alone are es-
timated to affect 30 million individuals in
the US, with an incidence of more than one
million patients per year. Current trest-
ments of refractory cases reflect the inade-
quacy of existing techniques to restore the
skeleton. In many cases, tissue lossistreat-
ed by autologous tissue grafting, a method
limited by the harvesting difficulties, donor
site morbidity and the clinicians ability to
contour delicate 3D shapes. Novel ap-
proaches include conduction (by a scaf-
fold), induction (by bioactive molecul es) of
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cell migration to repair relatively small de-
fects, and cell transplantation into the de-
fect site (with or without biomaterial) to re-
pair larger defects [6]. All these methods
are inadequate for most parts of the cranio-
facial skeleton because of the complexity of
the structures being replaced. The most de-
manding challengein the context of cranio-
facial defectsinvolvesthe presence of mul-
tiple connective tissues incorporating fi-
brous joints and/or  bone-cartilage
interfaces. Therefore, ideal repair would
involve tissue grafts that alow directed
differentiation of stem cells to achieve the
desired structure and functionality involv-
ing the generation of complex tissues. This
isthe context of skeletal tissue engineering.
One approach in the field is to recapitulate
some aspects of the environment present in
vivo during tissue development, and there-
by stimulate the cells to regenerate func-
tional tissue structures. Thisinvolves cells,
a biomaterial, and facilitated delivery of
chemical speciesand biochemical regulato-
ry signalsinto the scaffolds, in combination
with physical stimuli. Our envisioned sce-
nario involves the use of adult stem cells
obtained from the patient’s bone marrow,
biomaterial scaffolds to serve as structural
and logistic template and drive tissue
development, and bioreactors designed to
provide precise control over the cellular
environment. References to this subject are
summarized in [7].

Mesenchymal stem cells have the capac-
ity to differentiate along different lineages,
including cartilage and bone. This feature,
their ease of availability, along with their
proliferation capacity makes them an inter-
esting choice for the engineering of com-
plex tissues on asingle implant, such as au-
tologous osteochondral plugs. We and oth-
ers have shown that the cells can deposit a
3D organized cartilage- or bone-like matrix
on different biomaterials, including partial-
ly demineralized bone, unmodified colla
gen, crosslinked collagen, poly-lactide,
and silk [7]. In our studies, silks demon-
strated promising biomaterial characteris-
tics, such as excellent mechanical strength
rivaling high-performance synthetic fibres
such as Kevlar, good biocompatibility ex-
ceeding those of collagen and poly(lactide)
scaffolds and biodegradability [7]. Recent-
ly, we demonstrated in cooperation with
Prof. David Kaplan from Tufts University
in Boston that bone formation on silk scaf-
folds can be predetermined by the scaf-
fold's geometry (L. Meinel, unpublished
data). This is interesting because architec-
tural features of native bone have been
shown to play a mgjor role in mechanical
stability in general and mechanotransduc-
tionin bone cellsin particular. Bone geom-
etry also plays an important role in the con-
text of ostechondral plugs, where complex
bone geometries are found with a more
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Fig. 2. Tissue engineering of bone based on human mesenchymal stem cells (hMSC) cultured on silk
scaffolds. (A) Porous degradable silk scaffolds prepared with a range of pore sizes corresponding to
those found in various regions of native bone provided an excellent template for mineral deposition
by hMSC (numbers indicate pore size range in um). (B) Engineered trabeculae resembled those found
in native bone. After 4 weeks of cultivation, engineered bone constructs were approximately 1 cm in
diameter and 2 mm thick, and contained a dense trabecular matrix; bar length = 1 mm. The forma-
tion of mineralized bone was markedly improved over that achieved using collagen scaffolds [7].

plate-like geometry of the immediate sub-
chondral bone supported by an underlying
trabecular network (Fig. 2).

The engineering of 3D tissues usually
requires bioreactors designed to (i) estab-
lish uniform distribution of cellsthroughout
the scaffolds, (ii) control culture parameters
(e.g. temperature, pH, osmolarity, levels of
oxygen, nutrients, metabolites, regulatory
molecules), (iii) facilitate mass transfer be-
tween the cells and the culture medium, and
(iv) provide physiologically relevant physi-
cal signals(e.g. interstitia fluid flow, shear,
pressure, mechanical compression) [7]. We
have demonstrated that the composition,
morphology and mechanical properties of

engineered tissues grown in mechanically
active environments were generally better
as compared to static environments, pre-
sumably due to enhanced mass transport at
tissue surfaces whereas molecular diffusion
remained the dominant mechanism of mass
transport within the tissue. In ongoing ef-
forts in cooperation with Prof. Ralph
Mdller, ETH Zlrich, we develop advanced
bioreactors linked with imaging devices,
thereby providing immediate feedback con-
trol through monitoring the progression of
mineralization in the developing tissues.
Very few publications describethe engi-
neering of ostechondral plugs. Usually such
studies were performed on the basis of in-
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dividually engineered tissues, which were
then subsequently sutured together, and im-
planted into osteochondral defects. The en-
gineering of osteochondral structures on a
single scaffold using mesenchymal stem
cells (which have the potential to differen-
tiate into chondroctes or osteblasts) re-
quires the spatially restricted presentation
of factors that specifically guide chondro-
genic and osteogenic differentiation, re-
spectively, of mesenchymal stem cells. Our
current approaches evaluate the possibility
for physical entrapment of growth factors
into silks. Initial data demonstrated the fea-
sibility of this approach showing the sus-
tained release of a chondrogenic growth
factor — insulin-like growth factor | — from
silk films (L. Meinel, unpublished data).

Taken together, our results suggest that
osteochondral tissues can be engineered in
vitro by directed biophysical regulation of
human mesenchymal stem cells on 3D silk
scaffolds delivering in a localized fashion
physicaly entrapped sequences of regula
tory factors, in advanced bioreactors de-
signed to provide environmental control,
interstitial flow, mechanical loading and
feedback mechanisms to assess tissue
growth and quality.

Cell Penetrating Peptides (CPP)
as Carriers for Cellular Delivery of
Biopharmaceuticals

Asaresult of the rapid enhancement of
the discovery process towards novel bioac-
tive agents, increasing numbers of poten-
tial peptide, protein- or nucleic acid based
biopharmaceuticals are considered for
therapeutic development. Nevertheless,
due to their large molecular size, charge
and polarity, the clinical development of
these biomacromolecules is likely to be
problematic. Thisisaresult of their most-
ly insufficient ability to cross cellular
membranes or reach intracellular targets,
and explains their often poor or zero
biocavailability when administered in test
animals or clinically. The discovery of var-
ious 10 to 30-mer cell penetrating peptides
(CPP), with the ability to translocate cellu-
lar membranes has, therefore, opened new
perspectives in  biomedical research.
Chemical ligation or physical assembly of
CPP with biopharmaceuticals of poor cel-
lular access is currently an important av-
enue in engineering delivery systems that
could mediate the non-invasive import of
such problematic cargoes into cells. Vari-
ous oligocationic cell penetrating peptides,
e.g. theHIV-1 derived Tat peptides, theAn-
tennapedia homeodomain derived pene-
tratin, or synthetic peptides have been well
reviewed in the literature [8]. They are
widely considered for the therapeutic de-
livery of peptides, proteins, oligonu-

cleotides, plasmids, peptide nucleic acids
(PNAS) and even nanoparticles.

Besides these oligocationic CPPR,
enhanced translocation of the cellular
membrane has also been reported for more
weakly cationic peptides, e.g. hCT(9-32), a
24-mer human calcitonin (hCT) derived
CPP with the sequence LGTYTQDFNK-
FHTFPQTAIGVGFA-NH, that we have in-
troduced in a cooperative effort with Prof.
Annette Beck-Sickinger’s group at the Uni-
versity of Leipzig, and which representsthe
lead compound for a novel class of CPP
(see Table 2). The discovery of the hCT de-
rived CPP originated from the observation
of the cellular delivery of an N-terminal
fragment of hCT, hCT(9-32), into epithelial
cells of excised bovine nasal mucosa [9].
The key requirements for the celular
translocation of hCT derived CPP was fur-
ther studied in a collaborative effort [10].
Specificaly we found that truncated se-
quences of hCT, from hCT(9-32) to
hCT(18-32), penetrated the plasma mem-
brane of afully organized epithelial model,
namely differentiated MDCK monolayers,
and resulted in a sectoral, vesicular cyto-
plasmic distribution. The uptake process
was temperature-, time- and concentration-
dependent, indicating that translocation
may follow an endocytic pathway. Amino
acid substitutions of hCT(18-32) suggested
that both the Pro in position 23 and the pos-
itive charge of Lysin position 18 are crucial
for peptide uptake. The reverse sequence
hCT(32-18) did not penetrate the mem-
brane, indicating the importance of se-
guence orientation. We further investigated
whether hCT derived CPP, in addition to
cellular uptake, have the capacity to deliver
an N-terminally conjugated fluorescent
cargo through epithelial barriers [10]. For
comparison, more classica CPP like
Tat(47-57) and penetratin(43-85) were also
investigated (see Table 2). Again we used
fully organized confluent epithelial cell
models for this purpose, i.e. MDCK, Calu-
3 and TR146 cell cultures. We observed
large differences in the uptake pattern be-
tween the peptides and the epithelial mod-
els(Fig. 3). Theresultsarelargely contrast-
ing to acurrent dogmain CPP research, i.e.
the more or less uniform capability of CPP
totranslocateinto virtually any typeof cells
or tissue. Instead transl ocation wasfound to
depend crucially on the CPP and the epi-
thelia cell type. Moreover, the investigated
CPP did not show significant potential for
permeation of the model cargo across the
epithelial models. The transepithelial per-
meability of all tested CPP and of their con-
jugated cargo was even lower than that of
usual markers for paracellular permeation,
e.g. mannitol or mean molecular weight
polyethyleneglycols. This questions anoth-
er dogma in current CPP research, namely
the hypothesis that CPP have the potential
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to cross epithelial and endothelial barriers
and deliver CPP ligated therapeutic cargos
into virtually every tissue or organ, even
across the blood brain barrier [11]. Obvi-
oudly thisis not the case with the currently
investigated CPP, at least not to any phar-
maceutically relevant or significant extent.
The result strongly supports our claim that
for the sake of relevance CPP should bein-
vestigated in well-differentiated epithelial
models, rather than proliferating cell cul-
tures. Nevertheless, the distinct patterns of
cellular entry between the investigated CPP
suggests potential for targeted epithelial de-
livery of selected tissues.

The metabolic fate of CPP and their car-
goisathird subject of our current research
in thisarea. For this purpose we investigate
the metabolic cleavage kinetics and pat-
terns of various CPP in contact with well-
differentiated epithelial barrier models
[10]. For this purpose hCT derived CPPR,
Tat(47-57) and penetratin(43-58), were in-
cubated with well-differentiated confluent
epithelial models. The metabolic degrada-
tion kinetics of the tested CPP in contact
with three models, MDCK, Calu-3 and
TR146, was evaluated by RP-HPLC. Iden-
tification of resulting metabolites of fluo-
rescence labelled hCT(9-32) was through
RP-HPL C fractionation and peak all ocation
by MALDI-TOF mass spectrometry (MS),
or direct MALDI-TOF MSof theincubates.
Thelevelsof proteolytic activity were high-
ly variable between the investigated epithe-
lial models and the CPP. The Calu-3 model
exhibited the highest proteolytic activity.
But the patterns of metabolic cleavage of
hCT(9-32) weresimilar in all three models.
Initial cleavage of this peptide occured in
the N-terminal domain, possibly by en-
dopeptidase activity yielding both the N-
terminal and the C-terminal counterparts.
Further metabolic degradation was by
aminopeptidase, endopeptidase and/or car-
boxypeptidase activities. In conclusion,
when in contact with epithelial models the
studied CPP are subject to efficient metab-
olism, aprerequisite of cargo release on the
one hand, but with potential for premature
cleavage and loss of the cargo as well. The
result sheds light on the importance of the
metabolic fate of CPP in contact with ep-
ithelia and the need for specific structure
modifications to improve CPP perform-
ance.

A fourth aspect of our current CPP re-
search is on the cellular mechanisms by
which CPP enter cellular compartments.
The mechanisms underlying the cellular
translocation of CPP are yet incompletely
understood and even subject to contro-
versial discussionsin the literature [8]. For
instance, the cellular translocation of pene-
tratin and Tat peptides was initially as-
signed to a passive, temperature-independ-
ent process or to theinhibition of endocyto-
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Table 2. Code, sequence and origin of currently investigated cell penetrating peptides (CPP)
[10][11]. Throughout peptides are carboxyfluoresceine labelled at the N-terminus for confocal laser
scanning microscopy. Tat and penetratin CPP are included for comparison.

Code CPP sequence
hCT(9-32) LGTYTQDFNKFHTFPQTAIGVGFA-NH,
hCT(9-32)-br LGTYTQDFNKFHTFPQTAIGVGFA-NH,
|
GPDEVKRKKKP
SAP VRLPPP-VRLPPP-VRLPPP-OH
Tat(47-57) GYGRKKRRQRRRG

Penetratin(43-58)  RQIKIWFQNRRMKWKK

Origin

Human calcitonin derived
Human calcitonin derived, in
combination with simian virus
derived nuclear localization

sequence in side chain

Modified from y-zein, a storage
protein of maize

HIV-1 derived

Antennapedia homoeodomain
of Drosophila

hCT derived Tat

N
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a

lag'

E
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Fig. 3. Cell line dependent cellular uptake of carboxyfluorescein labelled hCT derived peptides,
Tat(47-57) and penetratin(43-58) in MDCK and Calu-3 cell monolayers and TR146 cell multilayers.
Confocal laser scanning microscopy. Confluent MDCK (panels A-C), Calu-3 (panels D-F) and TR146
(panels G-l) layers incubated at 37 °C for appropriate time periods with 40 uM of hCT(12-32) (panel
A) or hCT(9-32) (panels D and G), 10 uM Tat(47-57) (panels B, E, H) and 10 uM penetratin(43-58)
(panels C, F, ). Note the cell line dependent contrasts between formation of cytoplasmic vesicles
(MDCK/A-C; TR146/l), exclusively paracellular deposition (Calu-3/D) and combined cytoplasmic
vesicular and paracellular deposition (Calu-3/E-F and TR146/G-H). The cell nuclei are given in blue
and the CPP in green. Bars: 10 um. Fig. derived from [10c] with permission from Kluwer Academic

Publishers.
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sis. The observations were thought to be
consistent with a theoretical model for a
CPP induced physical perturbation of the
lipid membrane leading to a direct translo-
cation of the plasma membrane. More re-
cently, however, the related hypotheses in-
volving direct transl ocation have been chal -
lenged following several reports on
artefactual results that were caused by cell
fixation prior to confocal laser scanning mi-
croscopy (CLSM) of cells incubated with
fluorescence labelled CPP, or by experi-
mental difficulties to distinguish cell sur-
face-associated CPP from CPP internalized
in cytosolic compartments [8]. In a collab-
orative approach we investigated two novel
CPP in this respect: the modestly cationic
sweet arrow peptide (SAP,
VRLPPP-VRLPPP-VRLPPP-OH) and a
branched human cal citonin derived peptide,
hCT(9-32)-br, carrying a oligocationic,
simian virus 40 derived cationic nuclear o-
calisation sequence GPDEVKRKKKP that
was conjugated to the side chain of Lys!®
[12]. We observed (C. Foerg, unpublished
data) that both peptides were readily inter-
nalized by HelLa cells through an energy-
dependent pathway via cell membranelipid
rafts. Cellular uptake into cytoplasmic
compartments was typically associated
with a vesicular fluorescence pattern indi-
cating an endocytic process into cytoplas-
mic vesicles. Confirmatory information
was provided by reduced uptake at lower
temperature and in the presence of endocy-
tosisinhibitors. The conclusion of lipid-raft
mediated endocytosis was supported by
colocalization of translocated SAP and
hCT (9-32)-br with biochemical markersfor
clathrin-independent pathways as well as
with the early endosome antigen 1 (EEAL).
Translocation was further impared by
agents that disrupt lipid rafts. Endosomal
escape of the peptides could be demonstrat-
ed by means of a pulse-chase study. Our re-
sults are of mechanistic interest for further
development of CPP as tools for the cellu-
lar delivery of biomacromolecular thera-
peutics.
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