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Although there are powerful drugs against infectious diseases and cancer on
the market, delivery systems are needed to decrease serious toxic and noncur-
ative side effects. In order to enhance compliance, several delivery systems
such as polymeric micro- and nanoparticles, liposomal systems and erythro-
cyte ghosts have been developed. Bacterial ghosts representing novel
advanced delivery and targeting vehicles suitable for the delivery of hydro-
phobic or water-soluble drugs, are the main focus of this review. They are
useful nonliving carriers, as they can carry different active substances in more
than one cellular location separately and simultaneously. Bacterial ghosts
combine excellent natural or engineered adhesion properties with versatile
carrier functions for drugs, proteins and DNA plasmids or DNA minicircles.
The simplicity of both bacterial ghost production and packaging of drugs
and/or DNA makes them particularly suitable for the use as a delivery system.
Further advantages of bacterial ghost delivery vehicles include high bioavaila-
bility and a long shelf life without the need of cold-chain storage due to the
possibility to freeze-dry the material.
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1. Introduction

In general, advanced targeting systems deliver a drug or other active substances to
cells or tissues if the carrier is able to recognise given receptors. Targeting of active
substances is the major goal of advanced drug delivery systems (ADDS). The delivery
of drugs, DNA or small inhibitory RNA (siRNA) represents important challenges for
cell-based therapy.

The idea of drug targeting dates back to the concept of Paul Ehrlich one century
ago. He considered a hypothetical ‘magic bullet’ consisting of one targeting part
and a second component providing the therapeutic action at the target site. In this
sense, the application of drug targeting vehicles should result in reduced drug
doses, protection of the drug against harmful environmental influences, and higher
local drug concentrations. Therefore, potential side effects compared with systemic
applications are reduced, better pharmacokinetics obtained, and frequent doses or
injections are unnecessary.

Ideal drug targeting vehicles are composed of three parts including the therapeu-
tic drug, the targeting moiety for recognising and binding to the target, and a carrier
for multiplication of the number of drug molecules per targeting moiety. Currently
used targeting protocols do not necessarily involve the use of specific targeting moi-
eties, but rather physical principles or physiological features of the target tissue or
organ. These approaches include:
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« the direct application of the drug into the target site;

 the passive targeting by the natural pattern of the drug dis-
tribution (e.g., through leaky vasculature in tumours and
sites of inflammation or the particle uptake by the lung
endothelium);

« the physical targeting, which is based on the change of
physical parameters such as temperature or pH from out-
side in to the target zone or on an external magnetic field
(e.g., hyperthermic treatment, magnet particles).

Active targeting involves vector moieties capable of target-
ing specific tissues; for example, antibodies and their frag-
ments, lectins and other proteins, lipoproteins, hormones,
charged molecules, and mono-, oligo- and polysaccharides
with high binding affinity to the target tissue [13. One princi-
ple of drug targeting is the direct coupling of the drug moiety
to the binding moiety; for example, immunotoxins, in which
the toxic moiety is fused to an antibody. Another alternative
is the coupling of a carrier or a drug reservoir to the binding
moiety via biodegradable bonds. The advantages of these res-
ervoir-type systems are a maximum volume at a given surface,
few targeting moieties necessary to carry multiple drug
molecules loaded into the reservoir, and the possibility to
control the particle size and permeability.

The first soluble carrier system introduced by Ringsdorf was
a polymeric carrier system of polyorthoesters 2. Other biode-
gradable polymeric materials include poly(lactide-co-glycol-
ide)s, polyhydroxybutyrate, polyhydroxyalcanoates, block
polymers of poly(lactide-co-glycolide) with polyoxyethylene
(poly[ethylene glycol]) or polyethylenimine [3].

The latter examples belong to the soluble systems. This
review, however, focuses on the insoluble carrier systems with
emphasis on the use of bacterial ghosts (BGs). Other insoluble
carrier systems include microparticles, nanoparticles, micelles,
erythrocyte ghosts and liposomes, which provide different
qualities for drug targeting. In comparison with BGs, the
other insoluble carrier systems are briefly described in the fol-
lowing sections mainly with regard to their ability to carry the
moderate water-soluble drug doxorubicin (DOX), which was
used as a model substance for the carrier function of BGs.

The size of microparticles is, according to definition,
between 1 and 1000 um. Microspheres [4] are monolithic or
matrix-type microparticles, whereas microcapsules are of res-
ervoir type. With 1 — 2 um length and 0.5 — 1 ym width, BGs
belong to the fraction of small microparticles. Nanoparticles,
of size ranging 10 — 1000 nm, is a collective name for nano-
spheres and nanocapsules having a matrix structure to which
drugs or tracers may be adsorbed at their surface or entrapped
in the particle [s].

As the moderate water solubility of some drugs (e.g., DOX)
made it difficult to load it physically within polymeric micelles
[6] in a sufficient amount, the drugs were chemically conjugated
to the polymer block; for example, polymeric nanoparticles
composed of poly(L-lactic acid) and methoxy-poly(ethylene gly-
col) or poly(lactide-coglycolide)/poly(ethylene glycol) di-block

polymer were coupled to DOX by an amide or ester linkage.
DOX released from these particles was shown to be more cyto-
toxic against cancer cells than free DOX [71. The superior qual-
ity of BG as a carrier of DOX and its targeting to human colon
carcinoma cells will be discussed in Section 2.

Erythrocyte ghosts are cell envelopes devoid of cyto-
plasma (8], a feature in which they resemble BGs derived
from Gram-negative bacteria. Erythrocyte ghosts can be
filled with proteins (97, DNA [10,11] or the desired drugs, and
can subsequently be resealed due to spontaneous membrane
fusion of the flexible erythrocyte ghost membrane [12,13).
Erythrocyte ghosts filled with superoxide dismutase, DOX
or methotraxate decrease the viability of monkey kidney
cells and inhibit the growth of human cervical tumour cells
(HeLa) or macrophages, respectively [14,15].

Smaller in size, liposomes are spherical vesicles ranging
50 — 1000 nm in diameter and are composed of one or
more phospholipid bilayers [16-18]. Lipophilic drugs (e.g.,
amphotericin B, which is used in the treatment of visceral
leishmaniasis) can be incorporated into the lipid bilayers
1191, whereas hydrophilic drugs are carried in the inner aque-
ous core. Drug release, in vivo stability and biodistribution
are determined by size, surface charge, surface hydropho-
bicity and membrane fluidity of the liposomes [18). Without
modification there is only passive targeting to the liver,
spleen or tumours. Administration of liposomes containing
DOX resulted in remission of the colon carcinoma C26
solid tumour, although this tumour in mice is practically
insensitive to DOX. Furthermore, liposomal DOX can
arrest the growth of human lung tumours in severe com-
bined immunodeficient mice and can reduce the incidence
of metastases from mammary carcinoma. Moreover, in clin-
ical studies, patients with AIDS-related Karposi’s sarcoma
treated with liposomal DOX showed good response with
minimal toxicity [20,21]. These limited examples of insoluble
carrier systems showed that an empty envelope derived
from biological particles (red cell ghosts) or material
(microspheres or liposomes) can have important carrier
functions for drugs and, depending on the size and surface
composition, can target various tumours.

The application of BG for active particle-based drug delivery
is an alternative approach to the system describe above using a
more complex natural biological particle. Derived from the
envelope complex of Gram-negative bacteria, BGs are highly
versatile for easy modification by genetic engineering of the
producer bacteria. And using this technology, BG carrier vehi-
cles can be built on a common platform with modifications for
specific purposes of targeting or carrier functions.

2. Bacterial ghosts

BGs are cytoplasm-free nondenatured Gram-negative bacte-
rial cell envelopes that are formed by the conditional expres-
sion of plasmid encoded gene E derived from bacteriophage
PhiX174 [22-24]. By integration of the 91 amino-acid
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Figure 1. Interaction of Gram-negative bacteria and phagocytic cells. A variety of molecules facilitate the adhesion of bacteria to
the phagocyte membrane. These include LPS, lectins and glycoconjugates on the bacterial surface and TLR, complement binding
receptors (CR1, CR3, p150,95), a receptor (C1gR) for the binding of the MBL, Fc and mannan receptors on the phagocytes surface.

Fc: Crystallisable fragment; LPB: Lipopolysaccharide binding protein; LPS: Lipopolysaccharide; MBL: Mannose-binding lectine; TLR: Toll-like receptors.

polypeptide E in the envelope complex of Gram-negative
bacteria a fusion process of the inner and outer membrane is
induced, resulting in the formation of a transmembrane tun-
nel structure of 40 — 200 nm diameter through which the
cytoplasmic content is expelled. This cell lysis does not cause
any physical or chemical denaturation of BGs providing fully
intact surface structures. The application of BGs as vaccines
themselves or as carriers of antigens has been extensively
investigated [25-38]. The ability of BGs to carry drugs and
nucleic acids, and to target various cells and tissues, of animal
or human, is discussed in the following section.

2.1 Cell targeting with bacterial ghosts

2.1.1 Adhesion and uptake rates

BGs are efficiently internalised by phagocytic cells such as mac-
rophages (36,371 and dendritic cells (DCs) [26,38]. The BG adhe-
sion and uptake rates by targeted cells can be quantified using
fluorescein isothiocyanate or Alexa-labelled BGs and flow
cytometry. For Escherichia coli ghosts the adherence rates (per-
centage of cells with adherent BGs) for murine macrophages
(RAW 264.7) were 83%, and the uptake rates (percentage of
cells with internalised BGs) were 89%, respectively [39].

For human monocyte-derived DCs the uptake of E. coli
ghosts was only one-third compared with Mannheimia
haemolytica ghosts 8], and a similar observation has been
made for Caco-2 human colon cancer cells [40. The
adherence and uptake rates by Caco-2 cells using the same

ghost:cell ratios (GCR) of 50 were, 15 and 6% for E. coli
ghosts, and 64 and 35% for M. haemolytica, respectively. For
other human colon carcinoma cell lines (e.g., Colo320,
Colo205, Colo201 and HT29) using M. haemolytica ghosts
at a GCR of 1 — 500, adherence rates of < 99% could be
determined depending on the cell line and differentiation
status of the cells.

The explanation for these varying results lies in the differ-
ent surface make-up of E. coli and M. haemolytica ghosts, and
of differences in differentiation of the tissue culture cells,
respectively (Figure 1, Table 1). For the human melanoma cell
lines WM-75, WM-164, WM-239, WM-373, Bowes,
SK-Mel-28, A-375, 1F6 and 1F6m, only minor differences in
the uptake rates for the three different BGs from E. coli,
M. haemolytica and Vibrio cholerae were measured. It was
remarkable that the presence of a single surface compound
such as the toxin coregulated pilus (TCP) on V. cholerae
ghosts increased the uptake rates compared with TCP minus
V. cholerae ghosts by one order of magnitude (Kudela and
Lubitz, unpublished data).

2.1.2 Targeting structures of the bacterial ghosts

BGs have been produced from different E. coli K12 strains,
enterohaemorrhagic (EHEC) and entertoxicgenic strains,
Actinobacillus  pleuropneumoniae, Bordetella bronchiseptica,
Erwinia cypripedii, Helicobacter pylori, Klebsiella pneumoniae,
M. haemolytica, Pasteurella multocida, Pseudomonas putida,
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Table 1. Specific adhesins of selected Gram-negative bacteria and receptors on host cells .

Bacteria Adhesin/gene locus Receptor Tissue/organ Ref.
(pathogenicity)
Fimbrial adhesins
Escherichia coli; Klebsiella, Type | fimbriae/fimH D-mannose Bladder (cystitis) [43,46,73]
Serratia; Shigella; Enterobacter;
Salmonella; Citrobacter
Escherichia coli P pil/papG Digalactoside containing Kidney (pyelonephritis) [43,73,74]
receptors; part of globoseries
glycolipid receptors
Escherichia coli (uropathogenic) P pili GalNaco1-3GalNacB1-3Galal-  Kidney (pyelonephritis) [43]
4GalB1-4GlicCer
(globotetrasylceramide)
Escherichia coli K99 and 987 K99, K987 fimbriae GalNacp1-4GalB1-4GlcCer Intestine of pigs (diarrhoea) [43]
Escherichia coli K88 K88 fimbriae B-p-Gal or GalNac and GlcNac Intestine of pigs (diarrhoea) [43]
Escherichia coli CFA/I and CFA/Il  CFA/I, CFA/Il fimbriae BGalNacpl-4Galal-4GlcCer Small intestine (diarrhoea)  [43,46]
colonisation factor antigen (GM, ganglioside)
Escherichia coli/Salmonella sp.  GVVPQ fimbriae (curli)/ Colon (diarrhoea) [46]
CSgA
Salmonella enteritica seovar SEF14, SEF17, SEF21/agfA  Glucosylceramide, ganglioside Human small intestine [75-77]
enteritis (diarrhoea), chicken
intestinal mucosa
Escherichia coli S fimbriae sfaS Sialic acid ND [46,78]
Escherichia coli F1C fimbriae ND Porcine epithelial cells [46]
F18 fimbriae/fedF ND
Escherichia coli (ETEC, EPEC) CS1, CS2, CS15, ND Colon (diarrhoea) [46]
fimbrilliae like/cfaB, csoA,
COtA
Mannheimia haemolytica A-1 Large fimbriae ND Respiratory epithelial cells;  [79-81]
pulmonary alveolus
Vibrio cholerae Type IV fimbriae/TCP Fucose and mannose Colon (cholera) [43,46,82]
Neisseria gonorrhoeae, Neisseria Type IV fimbriae; Galpl-3GalNacpl-4Gal Urogenital epithelium, [43,46]
meningitidis, Moraxella bovis, nonhomologous respiratory tract
Pseudomonas aeroginosa, sequences but similar
Dichelobacter nodosus biogenesis
Bordetella pertussis Fimbriae Sterol Respiratory tract (whooping [43]
cough)
Nonfimbrial adhesins
Gram-negative bacteria LPS CD14, sCD14, LPB Serum proteins, endothelial [51,54]
cells, reticuloentothelial
cells
Escherichia coli (DAEC) Dr family adhesins: Dr SCR-3 domain of DAF Human colonic epithelial [83-85]
(haemagglutinin), Afa-I, cells (urinary tract and
Afa-lll, F1845 intestinal infection)
Escherichia coli (DAEC) Dr-Il family (e.g., draE2) DAF receptor Tubular basement [86]
membranes, Bowman’s
capsule
Escherichia coli (ETEC) CS22 fimbrilliae like; non  ND Colon (diarrhoea) [75,87]

fimbrial

BG: Bacterial ghost; Cer: Ceramide; CFA: Colonisation factor antigen; DAEC: Diffusely adhering Escherichia coli; DAF: Decay accelerating factor;
EHEC: Enterohaemorrhagic; EPEC: Enteropathogenic Escherichia coli; ETEC: Entertoxicgenic; Fha: Filamentous haemagglutinin; Gal: Galactose;

GalNac: N-acetylgalactosamine; Glc: Glucose; HMW: High molecular weight; HSPG: Heparan sulfate proteoglycan; LPS: Lipopolysaccharide; ND: Not determined;
NT: Nontypeable; PAF: Putative adhesion factor; SCR: Short consensus repeat; STEC: Shiga-toxigenic Escherichia coli; TCP: Toxin coregulated pilus.
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Table 1. Specific adhesins of selected Gram-negative bacteria and receptors on host cells (continued).

Bacteria Adhesin/gene locus Receptor Tissue/organ Ref.
(pathogenicity)
Escherichia coli (EHEC, STEC) Intimin (eaeA) and others  Tir (intimin receptor); Colon (diarrhoea) [48-50]
encoded in the locus of Bl-integrins, nucleoin
enterocyte effacement
Escherichia coli (EHEC, EPEC) Putative adhesions bfpA, ND Colon (diarrhoea) [88]
IpfA, ihA, lifA
NT Haemophilus influenzae HMW adhesins Hia, ND Human nonciliated [89,90]
HMW1, HMW2, Hsf epithelial cells,
mononuclear cells
Mannheimia haemolytica Al Adhl ND Respiratory epithelial cells  [89]
NT Haemophilus influenzae P2, P5 outer membrane PAF; B-glucan receptor Upper respiratory tract [90,91]
proteins (otitis media)
Haemophilus ducreyi LspA1l, LspA2 Vitronectin Keratinocytes; (sexually [92,93]
DsrA (outer membrane transmitted genital ulcer
protein) disease chancroid)
Helicobacter pylori Hp BabA adhesin MUCS5AC mucin Stomach epithelial cells [94,95]
Neisseria gonorrhoeae Opa protein HSPG; asp, integrins via Human epithelium of [43,46,96]
vitronectin or fibronectin urogenital tract,
nasopharynx
Salmonella typhimurium Invasin/invH asf, integrins; CD44; Colonic epithelial cells [97,98]
B2-microglobulin (salmonellosis)
Shigella flexneri Ipa proteins osf, integrins Colonic epithelial cells [99,100]
(bacillary dysentery)
Bordetella pertussis Fha Galactose containing Respiratory tract (whooping [98-101]

glucoconjugates; integrin CR3

cough)

BG: Bacterial ghost; Cer: Ceramide; CFA: Colonisation factor antigen; DAEC: Diffusely adhering Escherichia coli; DAF: Decay accelerating factor;

EHEC: Enterohaemorrhagic; EPEC: Enteropathogenic Escherichia coli; ETEC: Entertoxicgenic; Fha: Filamentous haemagglutinin; Gal: Galactose;

GalNac: N-acetylgalactosamine; Glc: Glucose; HMW: High molecular weight; HSPG: Heparan sulfate proteoglycan; LPS: Lipopolysaccharide; ND: Not determined;
NT: Nontypeable; PAF: Putative adhesion factor; SCR: Short consensus repeat; STEC: Shiga-toxigenic Escherichia coli; TCP: Toxin coregulated pilus.

Ralstonia eutropha, Salmonella typhimurium, Salmonella enteri-
tidis and V. cholerae. This broad spectrum of bacteria shows
that E-mediated lysis most probably works in every Gram-
negative bacterium, provided that the E-specific cassette can
be introduced into the new recipient by an appropriate carrier
plasmid allowing tight repression and induction control of the
lethal gene E activity [41,42].

The outer surface of BGs is dependent on the bacterial spe-
cies used and provides a variety of adhesion structures (adhesins)
to mammalian cells (Figure 1). These include the lipopolysac-
charide (LPS), lipoproteins, porins, fimbriae and lectins, which
are often also associated with pathogenicity. Per definition these
adhesins bind to receptors on the host cell (Table 1). The inter-
action of adhesins with host receptors is highly specific for the
species (species specificity), for the host tissues (tissue tropism)
and individual gene-encoded receptors (genetic specificity) [43].
Adhesins mediate the adherence of bacteria and, therefore, of
BGs to host cells. Once the bonds between adhesins and recep-
tors are formed, the BG attachment to the host cell under phys-
iological conditions becomes virtually irreversible. Even if each
bond, by itself, is relatively weak, the likelihood that all the
bonds break at the same time is very small [44].

2.1.3 Adhesins and receptors of bacterial ghosts for
targeting endo- and epithelial cells

The most effective adherence factors of pathogenic E. coli
and other Gram-negative bacteria to endo- and epithelial
cells are surface fimbriae; although bacteria without fim-
briae are also capable of adhering to, epithelial colon cancer
cells for example [45]. Generally, fimbriae are peritrichous,
nonflagellar, filamentous, rod-like structures 5 — 7 nm in
diameter and are classified as type-1 fimbriae (common type
fimbriae), P pilli and type IV fimbriae among others
(Table 1).

The K88 and K99 fimbriae, for example, are found on
various strains of enteropathogenic E. coli (EPEC), which
bind to the brush border of epithelial cells in the gut of
pigs and humans and cause severe diarrhoea [43.46]. These
were used by Lubitz et al. for drug-targeting purposes [47].
K88, K99 and CFA/I fimbriae are composed of one type of
subunit. In CFA/I fimbriae, the subunit located at the tip
has an exposed receptor-binding site, whereas K88 and
K99 fimbriae have multivalent receptor-binding sites along
their length. P fimbriae (also P pili), which bind to the P
blood group antigen, are composed of several subunits
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encoded by the pap operon and present the adhesin PapG
to the specific cell receptor. Although fimbriae often play a
major role in the adherence of EPEC to mammalian cells,
other outer membrane proteins such as intimin of EHEC
cause ‘intimate’ attachment to epithelial cells [48-50].

LPS is another nonfimbrial adhesin that is recognised by
endothelial cells through the LPS-binding protein (LBP)
and subsequently binding to CD14 receptors; a mechanism
that was also reported for the attachment of E. coli K12
ghosts [513. By a different mechanism, the attachment of
E. coli K12 ghosts to the dermal microvascular endothelial
cells (DMEC:s) is mediated by mannose in the LPS, which is
recognised by the mannose receptors on the surface of
DMEC [521. As V. cholerae does not possess mannose in its
LPS, BGs from this strain do not bind to DMEC [52]. As
summarised in Table 1, various other nonfimbrial or non-
LPS adhesins are present in the outer membrane of Gram-
negative bacteria, which facilitates specific attachment to
mammalian cells and tissues.

2.1.4 Adhesins and receptors for targeting antigen-
presenting cells

Antigen-presenting cells (APCs), macrophages and DCs,
are phagocytic cells mainly responsible for ‘cleansing’ the
organism from bacteria and other invading microorgan-
isms. Therefore, the attachment of invading bacteria to
phagocytes is an important interaction [s3,54]. Lubitz et al.
have shown that macrophages and DCs efficiently bind
and internalise BGs derived from A. pleuropneumoniae and
V. cholerae [26,36].

Host cell lectins, which are proteins capable of binding
specific carbohydrate moieties, can bind to B-glucans and
to LPS [s556). Of particular interest are the complement
receptors CR3 and p150,95 and the related molecule leuko-
cyte functional antigen-1 (LFA-1) on the surface of APCs,
which have multiple binding sites specific for different
carbohydrate moieties. Other receptors on the APC surface
are (e.g., C1q) binding mannose-binding lectins, which are
present in the serum and recognise bacterial mannose and
Fc parts of antibodies bound to bacteria (Figure 1).

Furthermore, a series of Toll-like receptors (TLRs) are
present on macrophage and DC surfaces recognising sev-
eral different bacterial components [577. Among them is
TLR4 recognising the bacterial LPS and so recognising
BGs. Bacterial DNA (unmethylated cytosine phosphoryl
guanine DNA) is recognised by TLR9 which is selectively
expressed on plasmacytoid DCs but not on monocyte-
derived DCs [58-60]. Receptor presentation is also dependent
on the differentiation status of the APCs; for example, the
expression of the human macrophage lectin specific for
galactose/N-acetylglactosamine [61]. Type A scavenger
receptors of macrophages (SR-A) usually implicated in the
recognition of apoptotic cells are also capable of binding
modified lipoproteins and other polyanionic ligands
including LPS [54].

2.2 Specific examples for bacterial ghosts as drug-
targeting vehicles

2.2.1 Immobilisation of proteins and drugs in the
bacterial ghosts

The extended BG system [62] provides various possibilities of
immobilising proteins and drugs within the BG. Foreign pro-
teins can be tethered to the outer membrane (OM), exported
into the periplasmic space (PPS) or inner membrane (IM) (Fig-
ure 2). The OM is an asymmetric lipid bilayer with LPS in the
outer leaflet and phospholipids in the inner leaflet. The
polysaccharide moieties of LPS, filaments and pili extend from
the OM to the environment and are important structures to
bind to receptors on cell surfaces.

Outer membrane proteins (OMPs) or pili structures can be
modified to incorporate sequences that can be used for spe-
cific receptor recognition (Figure 2A). Localisation of active
substances or proteins in the PPS exported to this compart-
ment (Figure 2C) are not only protected from external degra-
dation processes, but are also immersed in a sugar-rich
environment of membrane-derived oligosaccharides, which
protects the foreign proteins or substances during lyophilisa-
tion. Furthermore, soluble proteins can be expressed in the
PPS of BGs as the E-lysis tunnel seals the IM and OM.

The cytoplasmic space of BGs can be filled either with
water-soluble proteins, drugs, other active substances or
emulsions such that the target protein itself or a matrix can
be coupled to appropriate anchors on the inside of the IM
of BGs (Figure 2B and D). For example, BGs with streptavi-
din anchored on the inside of the IM can be filled by resus-
pending lyophilised BGs in solutions carrying biotinylated
proteins or biotinylated matrices [63,64].

For membrane anchoring of target proteins or of acceptor
proteins such as streptavidin to the cytoplasmic side of the
IM, a membrane targeting system was developed [64]. By clon-
ing foreign DNA sequences into the membrane targeting vec-
tor pMTVS5, any gene of interest can be expressed as a hybrid
protein with N-, C- or N-/C-terminal membrane anchors
directing and attaching the fusion proteins to the cytoplasmic
side of the IM of the bacteria prior to E-mediated lysis
(Figure 2B — D). The current list of membrane-anchored target
proteins comprises various viral core or envelope proteins and
bacterial target antigens or enzymes. For the latter, it could be
shown that the enzymatic activities of B-galactosidase, poly-
hydroxybutyrate-synthase or alkaline phosphatase were not
impaired, thus indicating that the membrane anchors do not
interfere with the proper folding of the target proteins and
that clustering and self-assembly (e.g., for B-galactosidase) is
possible [63].

BGs have been developed more recently for the delivery
of DNA. The internal space of BGs can be filled with a
substituted matrix (e.g., biotinylated dextran or poly-
lysine), which then binds the nucleic acid of interest
(Figure 2B), and if lac repressor proteins (Lacl) are mem-
brane anchored they recognise the corresponding operator
sequence carried on plasmid DNA.
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Figure 2. Bacterial ghosts as advanced drug delivery systems. Bacterial ghosts can divide into four different compartments,
namely the OM, PS, IM and CS. They carry natural (quarter A; e.g., flagella, pili, OM proteins, IM proteins) or engineered components
(quarters A — D; e.g., engineered OM or IM proteins, engineered pili, enzymes exported to the PP, membrane-anchored streptavidin
and/or DNA binding proteins). Membrane-anchored streptavidin can bind any biotinylated protein/enzymes (quarter D) or polymer
(quarter D). By loading the bacterial lumen (CS) with hydrophobic drugs (quarter A) or DNA the compounds can associate with the IM.
Hydrophilic drugs or substances can either be loaded in the PS (quarter B) or CS (quarter D), with or without sealing the E-specific

transmembrane tunnel structure (quarter A, B).

CS: Cytoplasmic space; IM: Inner membrane; OM: Outer membrane; PP: Periplasma; PS: Periplasmic space.

Plasmids bound to the membrane by this specific interac-
tion are retained in BGs and are not expelled to the culture
medium following induction of E-mediated lysis [es].

Recently, the feasibility of plugging the E-lysis tunnel of
BGs to entrap water-soluble substances in the cytoplasmic
space has been assessed [39]. Using a vesicle-to-ghost mem-
brane fusion system, BGs can be plugged in order to use BGs
as carrier systems for soluble, unattached, hydrophilic sub-
stances. The sealing process of ghosts requires inside-out ves-
icles of Gram-negative bacteria and fuses the vesicles to the
IM at the edges of the lysis tunnel of the ghost carrier.

Orthonitrophenyl-galactoside, calcein and fluorescein-
labelled DNA were used as reporter substances to test that
BGs can be sealed by restoring membrane integrity [39].

The technique of loosely closing BGs is under optimisation
by targeting a vesicle on top of the E-specific transmembrane
tunnel. In the most simple model, vesicles can be targeted to
the E-specific transmembrane tunnel by specific interaction of
biotinylated protein E with membrane-anchored streptavidin
on the surface of inside out vesicles, or vice versa, by using
E-streptavidin fusion proteins for the creation of the E-spe-
cific transmembrane tunnel and inside-out vesicles with
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membrane-anchored biotinylated receptor sequences. In an
alternative model, both receptor sequences on the BGs as well
as on the inside-out vesicle display streptavidin on the surface;
free biotin is used as a coupling agent. This traps the vesicle
on top of the E-specific transmembrane tunnel and can be
used to construct BGs carrying back packed carrier and tar-
geting structures, being either biotinylated or modified with
streptavidin [es].

2.2.2 Doxorubicin-loaded bacterial ghosts targeting
colon carcinoma cells
DOX, a cytotoxic drug commonly used in cancer therapy, was
used as a model substance to demonstrate the delivery of
moderate water-soluble drugs by BGs [40]. DOX is one of the
most frequently used anticancer drugs, which is approved by
the FDA but has serious cardiotoxic side effects [67]. Due to
the hydrophobic nature of DOX, the lipid environment pro-
vided by BGs interacts with DOX, thus providing nonspecific
binding of ~ 9 weight DOX/weight BG. Confocal laser scan-
ning microscopy localissd DOX in the inner lumen of the
BGs (Figure 2A). After uptake of DOX-loaded BGs by Caco2
cells, the drug was released from the lysoendosomal compart-
ment and accumulated in the nucleus of the human colon
cancer cells [40. Compared with free DOX, the application of
DOX with BGs reduced the viability of the cells to the same
extent at concentrations two orders of magnitude lower than
the free drug. In order to simulate an in vivo targeting situa-
tion, BGs were allowed to adhere to the Caco2 cells for only
10 min, which reduced the viability of the cells considerably
at conditions where the free drug had no effect [40].

Another example for loading BGs with a poorly water-soluble
drug has been given recently for the delivery of pesticides [es].

2.2.3 Bacterial ghosts as carriers for DNA

DNA as an active agent for somatic gene therapy, and vaccina-
tion promises many applications in medical and veterinary sci-
ence. Important improvements have been made for the DNA
vector systems used and the regulation of the DNA-encoded
gene expression for protein or siRNA. The procedure of load-
ing BGs with DNA plasmids is simple and can be achieved by
resuspending lyophilised BGs in DNA solutions followed by a
couple of washing steps. In situ DNA-DNA hybridisation and
confocal laser scanning microscopy demonstrated the localisa-
tion of the external loaded DNA in close association with the
inner membrane of BGs (Figure 2C). Depending on the con-
centration of the DNA solution used, BGs can be loaded with
4000 - 6000 plasmids per ghost [38,69].

E. coli and M. haemolytica ghosts loaded with plasmid DNA
encoding the enhanced green fluorescent protein showed very
high transfection efficiencies of ~ 60% for murine macro-
phages [69], and ~ 85% for human monocyte-derived DCs [3s].
Intradermal and intramuscular immunisation studies of Balb/c
mice with BG loaded with pCMV3 DNA encoding the model
antigen B-galactosidase demonstrated efficient humoral and
cellular immune responses against the antigen. Notably for

DNA vaccines, and as a direct consequence of the BG carrier
used, the T-helper cell (T,,) response was modulated from a
mixed T,1/T,2 to a more dominant T,2 pattern [70]. In
model studies for potential human applications of the BG-
DNA technology, intravenous immunisation of mice with
autologous  dendritic  cells transfected exvivo with
pCMVpB-loaded BGs elicited anti-B-galactosidase-specific
immune responses [70].

Recently, the multistep procedure of loading BGs with
DNA plasmids could be simplified into a one-step procedure
with the improvement of invivo production of minicircle
DNA and binding to membrane-anchored DNA-binding
proteins [es,71] (Figure 2C).

For this application, a site-specific recombination system
based on the ParA resolvase encoded by the self-immobilising
plasmid system is combined with the protein E-specific lysis
technology to produce nonliving bacterial carrier vehicles
loaded with minicircle DNA. The invivo recombination
process completely divides an origin plasmid into a minicir-
cle and a miniplasmid. The replicative miniplasmid contain-
ing the origin of replication and the antibiotic resistance gene
is lost during the subsequently induced E-mediated lysis. The
minicircle DNA is retained in the BG during the membrane-
anchored DNA-binding protein for which the corresponding
operator site is encoded on the minicircle DNA. Using this
novel platform technology, a DNA delivery vehicle, consist-
ing of a safe bacterial carrier and minicircle DNA with an
optimised safety profile, can be produced in vivo in a contin-
uous process. This latter system has to be tested for efficacy
in comparison with ex vivo DNA-loaded BGs. The major
advantage of the novel technology lies in the establishment of
a simple one-step GMP process for the production of
minicircle DNA already carried by its nonliving targeting
vector for DNA vaccination and somatic gene transfer.

3. Expert opinion and conclusion

The BG system represents a platform technology for anti-
gen, nucleic acid and drug delivery. BGs have significant
advantages over other engineered biological delivery parti-
cles, owing to their intrinsic cellular and tissue tropic abili-
ties, ease of production and the fact that they can be stored
and processed without the need for refrigeration. These
particles have found both veterinary and medical applica-
tions for the vaccination. The development of a safer and
more efficient ADDS based on BGs is a major goal for
future applications of the BG platform technology. BGs
represent empty nondenaturated nonliving envelopes
derived from Gram-negative bacteria for which model stud-
ies have shown that they can be used as novel delivery sys-
tem for drugs, nucleic acids and soluble active compounds
for various medical applications.

Current work with BGs concentrates on investigations of
the carrier capacity of the cytoplasmic lumen and periplasmic
space of the cell envelope. These two separated spaces of BGs
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can be filled either with hydrophilic or hydrophobic sub-
stances, or emulsions thereof. Proteins and polypeptides of
interest can either be produced and anchored in the enve-
lope, or coupled to streptavidin anchored on the inside of the
cytoplasmic membrane. The cytoplasmic lumen of BGs can
be filled for the delivery of fluid or nonanchored substances,
and for this purpose the inner membrane integrity can either
be restored by sealing with membrane vesicles or plugged
leaving clefts in nanometer ranges. The periplasmic space can
be filled with fusion proteins using export sequences from
periplasmic proteins, and specific metabolic activities can be
stored in this cell compartment. After targeting various cells
by the bioadhaesive structures of BGs, uptake of BGs into
endosomes and the subsequent fusion to lysosomes are the
next events involved in the release of the drug in to the endo-
somal or lysoendosomal compartments. Depending on their
nature, the drugs find their way into the cytoplasma and to
the nucleus.

Enzymes or proteins have plenty of room for displaying
themselves in the BG compartment, and may be used for
modifying the cellular functions of endosomal or endolyso-
somal organelles. In more speculative future applications the

Paukner, Stiedl, Kudela, Bizik, Al Laham & Lubitz

development of new organelles can be envisaged using the BG
system carrying genetic information for a minimum of vital
functions and active substances.

BGs can be loaded with plasmids either in vivo or in vitro.
The BG-mediated gene transfer to macrophages, which them-
selves have been proposed as cellular delivery vehicles for
adoptive immunotherapy as they localise to sites of inflamma-
tion and tumours, is one aim of future applications. Other
applications of macrophage transfection include gene-
dependent enzyme prodrug therapy or the expression of
cytokines for the stimulation of macrophage tumouricidal
activity. Therefore, increasing emphasis is given for targeting
of macrophages by BG-DNA delivery vehicles.

The vast experience of using BGs as multi-vaccine vehicles
based on a combination of proteomic and bioinformatic strat-
egies [72] can be used for the development of BG vesicles with
novel target specificities.

Specific emphasis is currently given to the development of
mucosal (oral, rectal, intravaginal, aerogen) or noninvasive
topical surface applications of BGs. These routes of BG
delivery are safe and highly specific for the cells or organs
being targeted

Bibliography
Papers of special note have been highlighted as
either of interest () or of considerable interest

linkages. J. Control. Release (2002)
82:17-27.

fusible erythrocyte ghosts. Int. J. Pharm.
(2000) 210:117-120.

8.  WAYS PO: Degradation of 15.  MISHRA PR, JAIN NK: Surface modified

(++) to readers. glycerophosphatides during storage of methotrexate loaded erythrocytes for

1. TORCHILIN VP: Drug targeting. Eur. J. saline-washed, saline-suspended red cells at enhanced macrophage uptake. J. Drug
Pharm. Sci. (2000) 11:81-91. -20°C. J. Lipid Res. (1967) 8:518-521. Target. (2000) 8:217-224.

2. RINGSDORF H: Structure and properties 9. DALE GL: High-efficiency entrapment of 16. BANERIJEE R: Liposomes: applications in
of pharmacologically active polymers. enzymes in resealed red cell ghosts by medicine. J. Biomater. Appl. (2001)

J. Polymer Science (1975) 51:135-153. dialysis. Meth. Enzymol. (1987) 16:3-21.

3. POUTON CW: Polymeric materials for 149:229-234. 17. MEHNERT W, MADER K: Solid lipid
advanced drug delivery. Adv. Drug Del. Rev. 10. MAGNANI M, ROSSI L, nanoparticles. Production, characterization
(2001) 53:1-3. FRATERNALE A, et al.: Erythrocyte- and applications. Adv. Drug Del. Rev.

4. AHSAN F RIVAS [P KHAN MA, medi'a.ted de'livery of d'rugs, peptides and (2001) 47:165-196.

TORRES SUAREZ Al Targeting to modified oligonucleotides. Gene Ther. 18. SENIOR JH: Fate and behaviour of
macrophages: role of physicochemical (2002) 9:749-751. liposomes in vivo. A review on controlling
properties of particulate carriers-liposomes 11. STRAUSS SE, RASKAS HJ: Transfection factors. Crit. Rev. Ther. Drug Carrier Syst.
and microspheres-on the phagocytosis by of KB cells by polyethylene glycol-induced (1987) 3:123-193.

macrophages. J. Control Release (2002) fusion with erythrocyte ghosts containing 19. JANKNECHT R, DEMARIE S,
79:29-40. adenovirus type D2 DNA. J. Gen. Virol. BAKKER-WOUDENBERG IA,

5. ALVAREZ-ROMAN R, NAIK A, (1980) 48:241-245. CROMMELIN DJ: Liposomal and lipid
KALIA YN, GUY RH, FESSI H: Skin 12. STECK TL, KANT JA: Preparation of formulations of amphotericin B. Clinical
penetration and distribution of polymeric impermeable ghosts and inside-out vesicles pharmacokinetics. Clin. Pharmacokinet.
nanoparticles. J. Control. Release (2004) from human erythrocyte membranes. (1992) 23:279-291.

99:53-62. Meth. Enzymol. (1974) 31:172-180. 20. LASIC DD, PAPAHADJOPOULOS D:

6. PAPOPORT N, WILLIAM GP, SUN H, 13. SATO Y, YAMAKOSE H, SUZUKI Y: Liposomes revisited. Science (1995)
NELSON JL: Drug delivery in polymeric Mechanism of hypotonic hemolysis of 267:1275-1276.
micelles: from in vitro to in vivo. J. Control. human erythrocytes. Biol. Pharm. Bull. 21. GREGORIADIS G: Liposomes in drug and
Release (2003) 91:85-95. (1993) 16:506-512. vaccine delivery. DDS&S (2003) 2:91-97.

7. YOO HS, LEE EA, PARK TG: 14. KOGUREK, ITOH T, OKUDA O, 22.  LUBITZ W: Bacterial ghosts as carrier and

Doxorubicin-conjugated biodegradable
polymeric micelles having acid-cleavable

HAYASHI K, UENO M: The delivery of
protein into living cells by use of membrane

targeting systems. Expert Opin. Biol. Ther.
(2001) 1:765-771.

Expert Opin. Drug Deliv. (2006) 3(1)

19
RIGHTES

L



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Bacterial ghosts as a novel advanced targeting system for drug and DNA delivery

23. WITTE A, WANNER G, BLASI U, 33. JALAVA K, EKO FO, RIEDMANN E, 43. BEACHEY EH: Bacterial adherence:
HALFMANN G, SZOSTAK M, LUBITZ W: Bacterial ghosts as carrier and adhesin-receptor interactions mediating the
LUBITZ W: Endogenous transmembrane targeting systems for mucosal antigen attachment of bacteria to mucosal surfaces.
tunnel formation mediated by phi X174 delivery. Expert Rev. Vaccines (2003) J. Infect. Disease (1981) 143:325-345.
lysis protein E. J. Bacteriol. (1990) 2:45-51. 44.  BELL GI: Models for the specific adhesion
172:4109-4114. 34, JALAVA K, HENSEL A, SZOSTAK M, of cells to cells. Science (1978) 200:618-627.

24. WITTE A, WANNER G, SULZNER M, RESCH S, LUBITZ W: Bacterial ghOStS as 45. WELLS CL, JECHOREK RP,

LUBITZ W: Dynamics of PhiX174 protein vaccine candidates for veterninary OLMSTED SB, ERLANDSEN SL: Effect
E-mediated lysis of Escherichia coli. Arch. applications. J. Control. Release (2002) of LPS on epithelial integrity and bacterial
Microbiol. (1992) 157:381-388. 85:17-25. uptake in the polarized human enterocyte-

* Biochemical description of the molecular 35 \WALCHER P MAYER UB, like cell line Caco-2. Circul. Shock (1993)
process of E-mediated bacterial lysis and AZIMPOUR-TABRIZI C et al.: Antigen 40:276-288.
the cellular prerequisites for it. discovery and delivery of subunit vaccines 46. SMYTH CJ. MARRON MB,

25. AZIMPOUR-TABRIZI C, WALCHER P, by nonliving bacterial ghost vectors. Expert TWOHIG IM, SMITH SG: Fimbrial
MAYER UB et al.: Bacterial ghosts — Rev. Vaccines (2004) 3:1-11. adhesins: similarities and variations in
biological particles as delivery systems for e Overview of the application of BGs as structure and biogenesis. FEMS Immunol.
antigens, nucleic acids and drugs. vaccines. Med. Microbiol. (1996) 16:127-139.

Curr. Opin. Biotechnol. (2004) 15:530-537. 36. HASLBERGER AG, KOHL G, 47. BERNKOP-SCHNURCH A, GABOR F.

26. FELNEROVA D, KUDELAPR BIZIK P, FELNEROVA D, MAYR UB, SZOSTAK MP, LUBITZ W: An adhesive
HASLBE“RGER A, HENSEL A, FURST-LADANI S, LUBITZ W: drug delivery system based on K99-
SAALMULLER A, LUBITZ W: T-cell Activation, stimulation and uptake of fimbriae. Eur. J. Pharmaceut. Sci. (1995)
specific immune response induced by bacterial ghosts in antigen presenting cells. 3:293-299.
bacterial ghosts. Med. Sci. Monitor. (2004) J. Biotechnol. (2000) 83:57-66.

10362-370. 48. SCOTT ME, MELTON-CELSA AR,
37. MADER HJ, SZOSTAK MP, HENSEL A, O’BRIEN AD: Mutations in hns reduce the

27. HENSEL A, VAN LOONGOOD LA, LUBITZ W, HASLBERGER AG: adherence of Shiga toxin-producing E.coli
SZOSTAK MP et al.: Induction of Endotoxicity does not limit the use of 091:H21 strain B2F1 to human colonic
protective immunity by aerosol or oral bacterial ghosts as candidate vaccines. epithelial cells and increase the production
application of candidate vaccines in a dose- Vaccine (1997) 15:195-202. of hemolysin. Microbial Pathogenesis (2003)
controlled plg aerosol infection model. 38. KUDELA P, PAUKNER S, MAYR UB, 34:155-159.

J. Biotechnol. (1996) 44:171-181. et al.: Bacterial ghOStS as novel efficient 49. IDE -E MICHGEHL S, KNAPPSTEIN S,

28. HENSEL A, HUTER V, KATINGER A targeting vehicles for DNA delivery to the HEUSIPP G, SCHMIDT MA: Differential
et al.: Intramuscular immunization with human monocyte-derived dendritic cells. modulation by (Ca2+) of typelll secretion
genetically inactivated (ghosts) J. Immunother. (2005) 28:136-143. of diffusely adhering enteropathogenic
Actinobacillus pleuropneumoniae serotype e« High rate of DNA transformation of DC Escherichia coli. Infect. Immun. (2003)

9 protects pigs against homologous aerosol with plasmids encoding the green 71:1725-1732.
challenge and prevents carrier state. Vaccine fluorescent protein delivered by BGs.

. 50. COOKSON AL WOODWARD MJ:
(2000) 18:2945-2956. 39.  PAUKNERSS, KOHL G, JALAVAK, The role of intimin in the adherence of

29. JECHLINGER W, HAIDINGER W, LUBITZ W: Sealed bacterial ghosts — novel enterohaemorrhagic Escherichia coli
PAUKNER S et al.: Bacterial ghosts as targeting vehicles for advanced drug delivery (EHEC) O157:H7 to HEp-2 tissue culture
carrier and targeting systems for antigen of water-soluble substances. J. Drug Target. cells and to bovine gut explant tissue.
delivery. In: Vaccine Delivery Strategies. (2003) 11:151-161. Int. J. Med. Microbiol. (2003) 292:547-553.
G Dietrich, W Goebel (Eds), Horizon .

S — O i o st dg - Lo TADANIS REDLH,
(2002):76-98. v g 8 NOVe! advanced art 9 HASLBERGER A et al.: Bacterial ceII_
y systems: antiproliferative activity of envelopes (ghosts) but not S-layers activate

30. MARCHART J, REHAGEN M, loaded doxorubicin in human Caco-2 cells. human endothelial cells (HUVECs)
DROPMANN G et al.: Protective J. Control. Release (2004) 94:63-74. through sCD14 and LBP mechanism.
immunity against pasteurellosis in cattle, ««  High efficiency of proliferation inhibition Vaccine (1999) 18:440-448.
induced by Pasteurella haemolytica ghosts. of human tumour cells cells with DOX .

Vaccine (2003) 21:1415-1422. delivered by BG. 52. GROGERM, HOLNTHON_ER W,
MAURER D et al.: Dermal microvascular

31. MARCHART J, DROPMANN G, 41. JECHLINGER W, GLOCKER J, endothelial cells express the 180-kDa
LECHLEITNER S et al.: Pasteurella HAIDINGER W, MATIS A, macrophage mannose receptor insitu and in
multocida and Pasteurella haemolytica SZOSTAK MP, LUBITZ W: Modulation vitro. J. Immunol. (2000) 165:5428-5434,
ghosts: new vaccine candidates. Vaccine of gene expression by promoter mutants of .

(2003) 21:3988-3997. the lambda pR/cIS57 system. . Biotechnol, > AKIRAS TAKEDA K: Toll-like receptor
) signalling. Nat Rev Immunol (2004)

32. SZOSTAK MP, HENSEL A, EKO FO ¢t (2005)116:11-20 4:499-510.
al.: Bacterial ghosts: non-living candidate 42.  JECHLINGER W, SZOSTAK MP,
vaccines. J. Biotechnol. (1996) 44:161-170. LUBITZ W: Cold sensitive E-lysis systems.

Gene (1998) 218:1-7.
20 Expert Opin. Drug Deliv. (2006) 3(1)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

IWASAKI A, MEDZHITOV R: Toll-like
receptors control of the adaptive immune
response. Nat. Immun. (2004) 5:987-995.

ROCHE AC, MIDOUXP,

PIMPANEAU V, NEGRE E, MAYER R,
MONSIGNY M: Endocytosis mediated by
monocyte and macrophage membrane
lectins-application to antiviral drug
targeting. Res. Virol. (1990) 141:243-249.

CHAKRABORTY P, BHADURI AN,
DAS PK: Sugar receptor mediated drug
delivery to macrophages in the therapy of
experimental visceral leishmaniasis.
Biochem. Biophys. Res. Commun. (1990)
166:404-410.

KAISHO T AKIRA S: Toll-like receptors as
adjuvant receptors. Biochem. Biophys. Acta.
(2002) 1589:1-13.

KRUG A, TOWAROWSKI A,

BRITSCH S et al.: Toll-like receptor
expression reveals CpG DNA as a unique
microbial stimulus for plasmacytoid
dendritic cells which synergizes with CD40
ligand to induce high amounts of IL-12.
Eur. J. Immunol. (2001) 31:3026-3037.

KADOWAKI N, HO S, ANTONENKO S
et al.: Subsets of human dendritic cell
precursors express different toll-like
receptors and respond to different microbial
antigens. J. Experim. Med. (2001)
194:863-869.

BAUER S, KIRSCHNIG CJ,

HAECKER H et al.: Human TLR9 confers
responsiveness to bacterial DNA via species-
specific CpG motif recognition. Proc. Natl.

Acad. Sci. USA (2001) 98:9237-9242.

HIGASHI N, MORIKAWA A,

FUJIOKA K et al.: Human macrophage
lectin specific for galactose/N-
acetylgalactosamine is a marker for cells at
an intermediate stage in their differentiation
from monocytes into macrophages.

Int. Immunol. (2002) 14:545-554.

EKO FO, WITTE A, HUTER Vet al.:
New strategies for combination vaccines
based on the extended recombinant
bacterial ghost system. Vaccine (1999)
17:1643-1649.

HUTER V, SZOSTAK MP, GAMPFER ]
et al.; Bacterial ghosts as drug carrier and
targeting vehicles. Control Rel (1999)
61:51-63.

SZOSTAK MP, LUBITZ W: Recombinant
bacterial ghosts as multivaccine vehicles.
Modern approaches to new vaccines
including prevention of AIDS. In: Vaccines
91. RM Chanock (Ed.), Cold Spring

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Paukner, Stiedl, Kudela, Bizik, Al Laham & Lubitz

Harbor Laboratory Press, New York, NY,
USA (1991):409-414.

JECHLINGER W,
AZIMPOUR-TABRIZI C, LUBITZ W,
MAYRHOFER P: Minicircle DNA
immobilized in bacterial ghosts: in vivo
production of safe non-viral dna delivery
vehicles. J. Mol. Microbiol. Biotechnol
(2004) 8:222-231.

MAYR UB, WALCHER P,
AZIMPOUR-TABRIZI C,
RIEDMANN E, HALLER C, LUBITZ W
Bacterial ghosts as antigen delivery vehicles.
Adv. Drug Del. Rev. (2005) 57:1381-1391.

KATZUNG B: Basic and Clinical
Pharmacology (7th Edtion). B Katzung,
G Bertram (Eds), Appleton & Lange,
San Francisco, CA, USA (1998).

HATFALUDI T, LISKA M,
ZELLINGER D et al.: Bacterial ghost
technology for pesticide delivery. J. Agric.
Food Chem. (2004) 52:5627-5634.

PAUKNER S, KUDELA P KOHL G,
SCHLAPP T, FRIEDERICHS S,
LUBITZ W: DNA-loaded bacterial ghosts
efficiently mediate reporter gene transfer
and expression in macrophages. Mol.
Therapy (2005) 11:215-223.

EBENSEN T, PAUKNER S, LINK Cetal.:
Bacterial ghosts are an efficient delivery
system for DNA vaccines. J. Immunol.
(2004) 172:6858-6865.

In vivo immune response in mice against
DNA-encoded antigens.

MAYRHOFER P,

AZIMPOUR-TABRIZI C, WALCHER P,
HAIDINGER W, JECHLINGER W,
LUBITZ W: Immobilisization of plasmid
DNA in bacterial ghosts. J. Control. Release
(2005) 102:725-735.

KHAN AS, MUJER CV, ALEFANTIS TG
et al.: Proteomics and bioinformatics
strategies to design countermeasures against
infectious threat agents. J. Chem. Inf .Model
(2005).

KNIGHT SD, BERGLUND J,
CHOUDHURY D: Bacterial adhesins:
structural studies reveal chaperone function
and bilus biogenesis. Curr. Opin. Chem.
Biol. (2000) 4:653-660.

LARSSON A, OHLSSON J,

DODSON KW, HUTLGREN SJ,
NILSSON U, KIHLBERG J: Quantitative
studies of the binding of the class Il PapG
adhesin from nuropathogenic Escherichia
coli to oligosaccharides. Bioorg. Med. Chem.
(2003) 11:2255-2261.

75.

7.

78.

79.

80.

8l

82.

83.

84.

85.

PICHEL M, BINSZTEIN N, VIBOUD G:
CS22, a novel human enterotoxigenic
Escherichia coli adhesin is related to CS15.
Infect. Immun. (2000) 68:3280-3285.

LI W, WATARAI S, KODAMA H:
Identification of possible chicken intestinal
mucosa receptors for SEF21-fimbriated
Salmonella enteritica serovar Enterititis.
Vet. Microbiol. (2003) 91:215-229.

BAUMLER AJ, TSOLIS RM,
HEFFRON F: Fimbrial adhesins of
Salmonella typhimurium. Role in bacterial
interaction with epithelial cells. Adv. Exp.
Med. Biol. (1997) 412:149-158.

BOGYIOVA E, KMENTOVA M,
BIROS E, SIEGFRIED L: Detection of
pap-, sfa- and afa-specific DNA sequences
in Escherichia coli strains isolated from
extraintestinal material. Folia Microbiol.
(2002) 476:732-726.

POTTER AA, GILCHRIST J: Purification
of fimbriae from Pasteurella haemolytica
A-1. Microb. Pathog. (1988) 4:311-316.

CONFER AW, PANCIERA RJ,
CLINKENBEARD KD, MOSIER DA:
Molecular aspects of virulence of Pasteurella
haemolytica. Can. J. Vet. Res. (1990)
54:48-52.

MORCK DW, RAYBOULD TJ,

ACRES SD, BABIUK LA, NELLIGAN J,
COSTERTON JW: Electron microscopic
description of glycocalyx and fimbriae on

the surface of Pasteurella haemolytica-Al.

Can. J. Vet. Res. (1987) 51:419-420.

TAYLOR RK: Bacterial adhesion to
mucosal surfaces. J. Chemother. (1991)
3:190-195.

BETIS F, BREST P HOFMAN V et al.:
The Afa/Dr adhesins of diffusely adhering
Escherichia coli stimulate interleukin-8
secretion, activate mitogen-activated protein
kinases, and promote polymorphonuclear
transepithelial migration in T84 polarized
epithelial cells. Infect. Immun. (2003)
71:1068-1074.

BETIS F, BREST P HOFMAN V et al.
Afa/Dr diffusely adhering E.coli infection in
T84 cell monolayer induces increased
neutrophil transepithelial migration, which
in turn promotes cytokine-dependent
upregulation of decay-accelerating factor
(CD55), the receptor for Afa/Dr adhesins.
Infect. Immun. (2003) 71:1774.

PIATEK R, ZALEWSKA B, KOLAJ O,
FERENS M, NOWICKI B, KUR J:
Molecular aspects of biogenesis of
Escherichia coli Dr fimbriae: characterization

Expert Opin. Drug Deliv. (2006) 3(1)

21
RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Bacterial ghosts as a novel advanced targeting system for drug and DNA delivery

of DraB-DraE complexes. Infect. Immun.
(2005) 73:135-145.

attachment to human keratinocytes. Infect.
Immun. (2002) 70:6158-6165.

101. RELMAN DA, DOMENGHINI M,
TUOMANEN E, RAPPUOLO R,
FALKOW S: Filamentous hemagglutinin of

86. PHAM TQ, GOLUSZKO P, POPOV V, 94. BAl'Y, CHANG SH, WANG JD,
NOWICKI S, NOWICKI BJ: Molecular CHEN Y, ZHANG ZS, ZHANG YL: Bordetella pertussis: nucleotide sequence and
cloning and characterization of Fr-11, a Construction of the E. coli clone expressing crucial role in adherence. Proc. Natl. Acad.
nonfimbrial adhesin-I-like adhesin isolated adhesin BabA of Helicobacter pylori and Sci. USA (1989). 86:2637-2641.
from gestational pyelonephritis associated evaluation of the adherence activity of
Escherichia coli that binds to decay- BabA. Di. Yi. Jun. Yi. Da. Xue. Bao. (2003) Affiliation
accelerating factor. Infect. Immun. (1997) 23:293-295. Susanne Paukner2, Thomas Stied!®,
65:4309-4319. Pavol Kudela®®, Jozef Bizik®, Firas Al Laham’&

95. LINDEN S, NORDMAN H, Werner Lubitz 89

87. PICHEL M, BINSZTEIN N, HEDENBRO J, HURTIG M, BOREN T, t Author for correspondence

GUTKIND G, VIBOUD G: Identification CARLSTEDT I: Strain- and blood group 1 . .
. } . L . : Department of Medical/Pharmaceutical

of a cluster of straln's bearing a new.adhfesm dependent bl.ndmg of Helicobacter pylori to Chemistry, University of Vienna, UZA II,
amont. ge'netlc'al.ly diverse enterotoxigenic human gastric MUC5AC glycoforms. 2B255, Althanstrasse 14, A-1090 Vienna, Austria
Esche-rthla (EOlI |s.olates of serogroup O20. Gastroenterology (2002) 123:1923-1930. 2Research Scientist, Sandoz GmbH,
J. Clinic. Microbiol. (2001) 39:782-786. 9. HAUCK CR, MEYER TF: ‘Small talk: Brunner Strasse 59, A-1235 Vienna, Austria

88. SZALO IM, GOFFAUX F, PIRSONV, Opa proteins as mediators of Neisseria-host 3PhD Student, Department of Medical/
PIERARD D, BALL H, MAINIL J: cell communication. Curr. Opin. Microbiol. Pharmaceutical Chemistry, University of Vienna,
Presence in bovine enteropathogenic (2003) 6:43-49. UZA 11, 2B255, Althanstrasse 14,
(EPEC) and enterohaemorrhagic (EHEC) 97. GRILLOT-COURVALIN C, A-1090 Vienna, Austria
Escherichia coli of genes encoding for GOUSSARD S, HUETZ F, OIJCIUS M, 4post Doc, BIRD-C GmbH & Co. KEG,
putative adhesins of human EHEC strains. COURVALIN P: Functional gene transfer Hauptstrasse 88, A-3420 Klosterneuburg-
Res. Microbiol. (2002) 153:653-658. from intracellular bacteria to mammalian Kritzendorf, Austria

89. LO RY: Genetic analysis of virulence factors cells. Nat. Biotechnol. (1998) 16:862-866. SPost Doc, Cancer Research Institute,
of Mannheimia (Pasteurella) haemolytica 98. RELMAN DA, TUOMANEN E, Laboratory of Tumour Cell Eiology, Vlarska 7,
AL. \et. Microbiol. (2001) 83:23-35. FALKOW S, GOLENBOCK DT, gK—83391 Bratislava, S_Iovakla

9. HARDY GG, TUDOR SM, SAUKKONEN K, WRIGHT SD: Professor of Tumor Biology, Cancer Research
ST GEME JW: The pathogenesis of disease Recognition of a bacterial adhesin by an Institute, Laboratory of Tumour Cell Biology,
due to nontypeable Haemophilus influenzae. integrin: macrophage CR3 binds ;/Iarska 7, SK-83391 Bratislava, Sloyakla
Meth. Mol. Med. (2003) 71:1-28. filamentous hemagglutinin of Bordetella P'r\:lsc Stude.nt,l lzer:]part.mentjf .Med.lcaI/f vi

91. ST GEME JW: Molecular and ceIIuIar. pertussis. Cell (1990) 61:1375-1382. U;;\T??ZLIJ;IZ?S, AI(::: ;Zg{;sseml\:rmy orvienna,
Fietermlnants of non-typa.ble Haemophllus 99. WATARAI M, FUNATQ S, . A-1090 Vienna, Austria
|nf'luen?ae adherence and invasion. Cell SASAKAWA C: Ir)ter.actlon of Ipa proteins 8professor of Microbiology, Department of
Microbio. (2002) 4:191-200. f)f Shlgella flexneri with alphaSbetal N Medical/Pharmaceutical Chemistry, University of

92. WARD CK, LUMBLEY SR, LATIMER JL, integrin promotes entry of the bacteria into Vienna, UZA 11, 2B255, Althanstrasse 14,
COPE LD, HANSEN EJ; Haemophilus mammalian cells. J. Exp. Med. (1996) A-1090 Vienna, Austria
ducreyi secretes a filamentous 183:991-999. Tel: +43 1 4277 55115; Fax: +43 1 4277 55120;
hemagglutinin-like protein. J. Bacteriol. 100. KERR JR: Cell adhesion molecules in the E-mail: werner.lubitz@univie.ac.at
(1998) 171:916-928. pathogenesis of and host defence against 9CEO, BIRD-C GmbH & Co. KEG,

93. COLE LE, KAWULA TH, TOFFER KL, microbial infections. Mol. Pathol. (1999) Hauptstrasse 88, A-3420 Klosterneuburg-
ELKINS C: The Haemophilus ducreyi 52:220-230. Kritzendorf, Austria
serum resistance antigen DsrA confers

22 Expert Opin. Drug Deliv. (2006) 3(1)

RIGHTES

L



