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SUMMARY

Vascular colonisation by Bartonella henselae may cause
vaso-proliferative tumour growth with clumps of bacteria
found in close association with proliferating endothelial
cells. By using B. henselae-infected human umbilical vein
endothelial cellsasan in vitro model for endothelial coloni-
sation, we report here on a novel mechanism of cellular
invasion by bacteria. First, the leading lamella of endo-
thelial cells establishes cellular contact to sedimented
bacteria and mediates bacterial aggregation by rearward
transport on the cell surface. Subsequently, the formed
bacterial aggregateisengulfed and internalised by aunique
host cellular structure, the invasome. Completion of this
sequence of events requires 24 hours. Cortical F-actin,
intercellular adhesion molecule-1 and phosphotyrosine are
highly enriched in the membrane protrusions entrapping
the bacterial aggregate. Actin stress fibres, which are
anchored to the numerous focal adhesion plaques associ-
ated with the invasome structure, are typically found to be
twisted around its basal part. The formation of invasomes

was found to be inhibited by cytochalasin D but virtually
unaffected by nocodazole, colchicine or taxol, indicating
that invasome-mediated invasion isan actin-dependent and
microtubuli-independent process. Bacterial internalisation
via the invasome was consistently observed with several
clinical isolates of B. henselae, while a spontaneous mutant
obtained from one of these isolates was impaired in
invasome-mediated invasion. Instead, this mutant showed
increased uptake of bacteria into perinuclear localising
phagosomes, suggesting that invasome-formation may
interferewith thisalternative mechanism of bacterial inter-
nalisation. Internalisation via the invasome represents a
novel paradigm for the invasion of bacteria into host cells
which may serve as a cellular colonisation mechanism in
vivo, e.g. on proliferating and migrating endothelial cells
during Bartonella-induced vaso-proliferative tumour
growth.
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INTRODUCTION

Bartonella (Rochalimaea) henselae is a newly recognised fas-
tidious gram-negative bacillus (Regnery et a., 1992; Brenner
et al., 1993) that has been associated with an increasing number
of clinicad manifestations in human infection, including
bacillary angiomatosis, parenchymal bacillary peliosis, cat
scratch disease, persisting bacteremia and endocarditis (for
review see Adal et a., 1994). Bacillary angiomatosis, which is
seen primarily among immunocompromised patients, is char-
acterised by the formation of skin tumours which clinically
resemble the Kaposi sarcoma (for review see Koehler and
Tappero, 1993; Adal et a., 1994). Histological studies have
indicated a vaso-proliferative origin for these tumours, with
clumps of bacteria found in close association with the prolif-
erating endothelial cells which line up to form new capillaries
(Schneider et al., 1993; Hettmansperger et al., 1993; Monteil
et al., 1994). This angiogenic processis likely to be stimulated
by bacterial factors, since in vitro studies have demonstrated

migration and proliferation of endothelial cells in response to
infection with B. henselae (Conley et al., 1994). Bacteria
colonisation of the tumour lesions is critical for tumorous
growth, since bacterial eradication by antibiotic treatment
results in complete tumour regression (Webster et a., 1992;
reviewed by Koehler and Tappero, 1993), yet little is known
about the mechanisms by which B. henselae colonises endo-
thelia cells. Invasion of cultured epithelial cells by B. henselae
correlates with cell adherence mediated by the expression of
type 4-like pili (Batterman et al., 1995). Adherent bacteria are
internalised within hours by a cytochalasin D-sensitive
invasion process (Batterman et al., 1995) giving rise to intra-
cellular bacteria residing within perinuclear phagosomes
(Zbinden et al., 1995). Using cultured human umbilical vein
endothelial cells (HUVECS) asan infection model, we describe
here a novel mechanism for bacterial uptake into mammalian
cells. We have applied immunocytochemistry, various micro-
scopic techniques and inhibitors of cytoskeletal functions to
characterise the sequence of host cell-pathogen interactions
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leading to the formation of the invasome. This unique, actin-
dependent structure mediates the internalisation of a large
bacterial aggregate, a mechanism which may allow the coloni-
sation of vascular tissues in vivo.

MATERIALS AND METHODS

Cell lines and bacterial strains

HUVECswereisolated from the vein of fresh human umbilical cords.
The vein was thoroughly washed with buffer containing 150 mM
NaCl, 5 mM KCl, 4 mM NaHCOs and 5 mM D-glucose, pH 7.3,
before incubation with 50 pg/ml a-chymotrypsin (Sigma, Deisen-
hofen, Germany) in phosphate buffered saline for 15 minutes at 37°C.
The solution recovered from the lumen of the vein was centrifuged
for 5 minutes at 2,800 g, and the pelleted cells were resuspended in
medium 199 (Life Technologies, Eggenstein, Germany) supple-
mented with 10% heat-inactivated fetal calf serum (FCS, Boehringer
Mannheim, Mannheim, Germany) and seeded onto plastic coated with
0.2% gelatin (Sigma, Deisenhofen, Germany). Following incubation
for several hours in a humidified atmosphere at 37°C and 5% CO» to
allow spreading of endothelia cells, erythrocytes and non-adherent
cells were washed off the monolayers with fresh medium, and cells
were grown for up to 8 passagesin endothelial growth medium (EGM,
Promocell, Heidelberg, Germany).

Bartonella henselae strains ATCC 49793, OK88-674, OK90-615
(Welch et al., 1992), ATCC 49882 (Regnery et al., 1992) and San Ant-
1 (Lucey et d., 1992), which were previoudly isolated from human
blood and strain 49882 Rif, a spontaneous Rif-resistant mutant of
ATCC 49882 (Dehio and Meyer, 1997), were al grown on Columbia
agar (Difco Laboratories, Detroit, MI, USA) supplemented with 5%
defibrinated sheep blood agar (Difco Laboratories, Detroit, MI, USA)
in a humidified atmosphere at 37°C and 5% CO».

Infection assays

HUVECs (passages 3 to 8) were seeded the day before the experi-
ment in medium 199/10% heat-inactivated FCS on coverslips coated
with 0.2% gelatine and placed inside individual wells of a24-well cell
culture plate (Costar, Cambridge, MA, USA). For infection, bacteria
harvested from a 3 days grown plate were suspended in medium
199/10% FCS to an ODssonm = 0.01 and 1 ml of this suspension was
added per well. Bacteria were then sedimented onto the cultured cells
by centrifugation for 5 minutes at 1,800 g. Infected cell cultures were
maintained in a humidified atmosphere at 37°C and 5% CO» and the
medium was replaced next day to prevent bacterial overgrowth. When
indicated, nocodazole, colchicine, taxol or cytochalasine D (all from
Sigma, Deisenhofen, Germany) were added together with the bacteria
and maintained throughout the infection. Infection was stopped at the
time indicated by three washes in phosphate buffered saline supple-
mented with 1 mM CaCl2 and 0.5 mM MgCl2 and cells were fixed in
3.7% formaldehyde (prepared by depolymerisation of paraformalde-
hyde) in 200 mM Hepes, pH 7.4, for at least 30 minutes at room tem-
perature.

Antibodies

Rabbit polyclonal antibodies (serum 2037) were raised against
formalin-fixed whole bacteria of B. henselae strain ATCC 49882.
Mouse monoclonal anti-phosphotyrosine antibodies, clone 4G10,
were purchased from Upstate Biotechnology Inc. (Lake Placid, NY,
USA). Mouse monoclonal anti-ICAM-1 antibodies, clone 6.5B5,
were a gift from Dr D. Haskard (Hammersmith Hospital, London,
UK). Mouse monoclonal anti-a-tubulin antibodies were purchased
from Amersham (Buckinghamshire, UK). Mouse monoclonal anti-
LAMP-1 antibodies, clone H4A3, was obtained from the Develop-
mental Studies Hybridoma Bank (University of lowa, lowa City,
IA, USA). Texas Red-conjugated goat anti-mouse IgG antibodies

were purchased from Dianova (Hamburg, Germany) and Cy5-
conjuated goat anti-rabbit 1gG antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Nanogold-conjugated goat-anti mouse 1gG antibodies were
purchased from Nanoprobes (Stony Brook, NY, USA) and FITC-
labelled phalloidin was purchased from Sigma (Deisenhofen,
Germany).

Immunofluorescence labelling and immunogold labelling

For al staining protocols, the formaldehyde-fixed cells were washed
three times in phosphate buffered saline at the beginning and
following each incubation step. For differential staining of intracel-
lular and extracellular bacteria, fixed cells were sequentially
incubated with 0.2% BSA in phosphate buffered saline for 15
minutes to block unspecific binding, rabbit anti-B. henselae
antiserum (diluted 1/100 in phosphate buffered saline) for 1 hour,
Texas Red-conjugated goat anti-rabbit 1gG antibodies (diluted 1/100
in phosphate buffered saline) for 1 hour, 0.1% Triton X-100 in
phosphate buffered saline for 15 minutes, 0.2% of BSA in phosphate
buffered saline for 15 minutes, rabbit anti-B. henselae antiserum
(diluted 1/100 in phosphate buffered saline) for 1 hour and Cy5-con-
jugated goat anti-rabbit antibodies mixed with FITC-labelled phal-
loidin (diluted /100 or to 1 pg/ml in phosphate buffered saline,
respectively) for 1 hour. For triple staining of bacteria, F-actin and
an additional cellular component, fixed cells were sequentially
incubated with 0.1% of Triton X-100 in phosphate buffered saline
for 15 minutes, 0.2% of BSA in phosphate buffered saline for 15
minutes, mouse monoclona antibodies directed against either
ICAM-1, phosphotyrosine, a-tubulin, or LAMP-1 (each diluted
1/100 in phosphate buffered saline) for 1 hour, Texas Red-conjugated
goat anti-mouse 1gG antibodies (diluted 1/100 in phosphate buffered
saline) for 1 hour, rabbit anti-B. henselae antiserum (diluted 1/100 in
phosphate buffered saline) for 1 hour and Cy5-conjugated goat anti-
rabbit 1gG antibodies mixed with FITC-labelled phalloidin (diluted
1/100 or to 1 pg/ml in phosphate buffered saline, respectively) for 1
hour. Stained specimens were mounted in 100 mM Tris-HCl, pH 8.5,
25% glycerol (w/v) and 10% Moviol 4-88 (w/v, Hoechst, Frankfurt,
Germany). For pre-embedding immunogold labelling, coverslips
with formal dehyde-fixed cells were sequentially incubated with 0.1%
of Triton X-100 in phosphate buffered saline for 15 minutes, 0.2%
of BSA in phosphate buffered saline for 15 minutes, mouse mono-
clonal antibodies directed against ICAM-1 (diluted 1/100 in
phosphate buffered saline) for 1 hour and Nanogol d-conjugated goat
anti-mouse 1gG antibodies (diluted 1/100 in phosphate buffered
saline) for 1 hour prior to silver enhancement (Danscher, 1981) for
25 minutes and further processing for SEM or TEM.

Confocal laser scanning microscopy and quantification of
invasome stages

The samples stained for immunofluorescence were viewed with a
Leica TCS NT confocal laser scanning microscope (Leica Lasertech-
nik, Heidelberg, Germany) equipped with an argon/krypton mixed gas
laser. In triple stainings, the three channels were recorded simul-
taneously. The corresponding images were digitally processed with
Photoshop 4.0 (Adobe Systems, Mountain View, CA).

To quantify invasomes, infected HUVECs differentially stained for
extracellular and intracellular bacteria and for F-actin were viewed by
continuous scanning. Randomly chosen cells (n=50) were examined
for the presence of three sequential invasome stages: (i) bacterial
aggregates on the cell surface not associated with membrane protru-
sions; (ii) bacterial aggregates engulfed by membrane protrusions but
still accessible to antibodies before membrane permeabilisation
(incomplete invasome); and (iii) bacterial aggregates internalised into
the host cells and therefore accessible to antibodies only after
membrane permeabilisation (complete invasome). Results are
expressed for each of the invasome stages as mean and standard
deviation of at least two independent determinations.
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Fig. 1. Infection of human umbilical vein endothelial cells (HUVECS) with B. henselae results in the formation of the invasome, a cellular
structure involved in the internalisation of a bacterial aggregate. HUVECs were infected with B. henselae strains ATCC 49793 (A, D-G), ATCC
49882 (B,H), or 49882 Rif (C,I) for 48 hours, washed and fixed with formaldehyde. Phase contrast pictures were taken (A-C, arrows point to
invasomes) or specimens were immunocytochemically stained for extracellular bacteria, intracellular bacteria and the actin cytoskeleton and
analysed by confocal laser scanning microscopy (D-1). Prior to the permeabilisation of the host cell membranes, extracellular bacteria were
labelled with anti-B. henselae antiserum and Texas Red-conjugated secondary antibodies (F, blue channel). Following permeabilisation, the
totality of bacteriawas labelled with anti-B. henselae antiserum and Cy5-conjugated secondary antibodies (E). The actin cytoskeleton was
stained with FITC-labelled phalloidin in order to indicate the location of cellular structures (D). The overlay of al three channelsis represented
in G. Intracellular bacteria appear in red due to the absence of asignal in the blue channel, or, in the case of a co-localisation with F-actin
staining, in yellow. In contrast, extracellular bacteria appear purple as aresult of the superimposition of signals both in the red channel and the
blue channel. The position of arepresentative example for extracellular bacteria (arrowheads), intracellular bacteria residing within perinuclear
endosomes (small arrows) and the bacterial aggregate within the invasome structure (large arrows) are marked in the three separate channels
and the respective overlay (D-G). Bars: 50 um (A-C) ; 10 um (D-I).
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Electron microscopy

For transmission electron microscopy (TEM), formaldehyde-fixed
cellswere post-fixed with 1% osmium tetroxide in phosphate buffered
saline for 1 hour on ice and, after rinsing with double distilled water,
treated with 1% agqueous uranyl acetate for 1 hour at 4°C. If cells had
been previously stained by silver-enhanced immunogold-labelling,
the uranyl acetate treatment was omitted. Samples were dehydrated
through a graded series of ethanol and embedded in Epon. Ultrathin
sections were stained with uranyl acetate and lead citrate and viewed
in a Philips CM10 electron microscope. For scanning electron
microscopy (SEM), gold-labelled cells were fixed with 1% glu-
taraldehyde, post-fixed with 1% osmium tetroxide in phosphate-
buffered saline, dehydrated in ethanol and critical-point-dried from
CO». The samples were sputter-coated with 1 nm chromium and
examined at 10 kV accelerating voltage in a Hitachi S-800 field
emission scanning electron microscope equipped with a detector for
backscattered electrons (BSE) of the YAG type (Autrata et al., 1992).

Time-lapse microcinematography and phase contrast
microscopy

Time-lapse phase contrast images of HUVECs infected with B.
henselae were recorded every 30 minutes by scanning phase contrast
images in the transmission channel of aLeica TCS NT confocal laser
scanning microscope. The microscope stage was heated to 37°C and
the medium was regularly replaced with fresh 5% CO»-equilibrated
medium.

RESULTS

Infection of human umbilical vein endothelial cells
with B. henselae results in the formation of the
invasome, a unique structure involved in the
internalisation of a bacterial aggregate

As infection with B. henselae may result in vascular colonisa-
tion in vivo, we have used HUVECs as an infection model to

study mechanisms of endothelial colonisation in vitro. B.
henselae is a low growing fastidious bacterium, that can be
co-cultivated with cultured mammalian cells for extended
periods of time. We have observed that within 24 hours of
infection of HUVECs with B. henselae, a unique structure,
which we have termed the invasome, is formed. By means of
phase contrast light microscopy, the typical appearance of the
invasome is a solitary, globular structure of 5 to 15 pm in
diameter which is normally found at a distal location relative
to the cell nucleus (Fig. 1A,B, arrows). Invasome formation
was observed with several clinical isolates of B. henselae,
ATCC 49793 (Fig. 1A; Welch et al., 1992), ATCC 49882 (Fig.
1B; Regnery et al., 1992), San Ant-1 (Lucey et a., 1992, data
not shown), OK88-674 and OK-615 (Welch et al., also data not
shown). However, a mutant strain obtained from ATCC 49882,
49882 Rif (Fig. 1C), was found to be impaired in invasome
formation, suggesting that the formation of invasomes is
dependent on the expression of specific bacterial determinants.
This mutant was originally isolated by its spontaneous resis-
tance to rifampicin (Dehio and Meyer, 1997), while the de-
ficiency in invasome-mediated internalisation was found co-
incidentally.

In order to study the spatia relationship of bacteria and
cellular structures, an immunocytochemical staining protocol
differentially labelling extracellular and intracellular bacteria
as well as cellular structures was used in combination with
confocal laser scanning microscopy. Extracellular bacteria
were labelled with antiserum and secondary Texas Red-conju-
gated antibodies (Fig. 1F) prior to the permeabilisation of the
host cell membrane and labelling of the totality of bacteriawith
antiserum and secondary Cy5-conjugated antibodies (Fig. 1E).
To localise the invasome structure formed by the induced
cytoskel etal rearrangements, the actin cytoskel eton was stained

t=1.h 3¢
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Fig. 2. Time-lapse microcinematography of the interaction of HUVECs with B. henselae. B. henselae ATCC 49793 was centrifuged onto a
monolayer of HUVECs and phase contrast images were taken at intervals of 30 minutes. The total infection time (t) isindicated for each
picture. Individual or small clusters of bacteria are marked by arrows of the same colour. Bar, 10 um.



Invasome-mediated cell invasion by Bartonella henselae 2145

with FITC-labelled phaloidin (Fig. 1D). In the overlay of all
three channels (Fig. 1G), intracellular bacteria appear in red (a
representative example is marked by a small arrow in Fig. 1D-
G) or, in the case of a co-localisation with F-actin staining, in
yellow, while extracellular bacteria appear purple (a represen-
tative example is marked by an arrowhead in Fig. 1D-G). By
this technique, we could demonstrate for strain ATCC 49793
that: (i) the induced invasome structure can be recognised by
a marked rearrangement of the actin cytoskeleton (Fig. 1D,G,
large arrow), and (ii) the invasome contains a large and com-
pletely internalised bacteria aggregate (Fig. 1E-G, large
arrow). An indistinguishable staining pattern was seen for
HUVECs infected with strain ATCC 49882 (3-channel overlay
in Fig. 1H), while infection with the isogenic mutant strain
49882 Rif did not revea invasomes (3-channel overlay in Fig.
11).

In addition to invasome-mediated internalisation, we have
also observed an alternative mechanism of B. henselaeinvasion

F-actin Total bacteria

Accumulation

Engulfment

Internalisation

into HUVECs. In this instance, intracellular B. henselae are
found to reside within perinuclear phagosomes (unpublished
results). Interestingly, invasome-mediated internalisation
appears to interfere with this alternative invasion mechanism.
Strain 49882 Rif, which is impaired in invasome-mediated
invasion, showed increased rates of bacteria internalisation by
this aternative process of cell invasion (Fig. 1) when
compared to the invasome-forming isogenic strain ATCC
49882 (Fig. 1H) or the independent clinical isolate ATCC
49793 (Fig. 1D-G, small arrow). These perinuclear localised
intracellular bacteria can already be recognised as black
granules in phase contrast images (Fig. 1A-C), again suggest-
ing a different mechanism of bacterial uptake for strain 49882
Rif (Fig. 1C) when compared to ATCC49882 (Fig. 1B) and
ATCC49793 (Fig. 1A). It isimportant to note that the totality
of intracellular bacteriais roughly the same for all three strains
tested, indicating that the impairment of strain 49882 Rif for
invasome-mediated internalisation is not aresult of impairment

Extracellular

bacteria Overlay

Fig. 3. Confocal analysis of invasome-mediated invasion. HUV ECs were infected with B. henselae strain ATCC 49793 for 18 hours (A-D), 24
hours (E-H) or 30 hours (I-L), washed and fixed with formaldehyde. Specimens were stained for extracellular bacteria (before permeabilisation,
blue channel in C,G,K) or the totality of bacteria (after permeabilisation, red channel in B,FJ) by indirect immunofluorescence staining and
filamentous actin was stained by FITC-labelled phalloidin (green channel in A,E,|) and specimens were analysed by x-z sectioning in confocal
laser scanning microscopy. An overlay of al three channelsis represented in D,H,L. The formation (A-D), engulfment (E-H) and
internalisation (1-L) of abacterial aggregate represent sequential stages in the process of invasome-mediated internalisation. Bar, 10 pm.
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in establishing interaction with the host cell, but rather reflects
differencesin the bacterial uptake mechanisms provoked by the
established interactions.

Invasome-mediated internalisation involves the
accumulation and aggregation of B. henselae on the
cell surface, a process which is mediated by
movement of the leading lamella

A large, evenly round bacterial aggregate is always found to
be associated with the invasome structure, suggesting that
bacterial accumulation and aggregation on the cell surface may
precede the formation of an invasome. Time-lapse microcine-
matography indicated that movement of the leading lamella of
the endothelial cell establishes cell surface interaction with
bacteria sedimented onto the culture substratum (Fig. 2). The
absence of bacteria from the culture substratum in an area sur-
rounding any infected endothelial cells (Fig. 2, compare t=0
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Fig. 4. Time- and strain-dependency of invasome-mediated invasion.
HUVECs were infected with the B. henselae strain ATCC 49793 for
various periods of time asindicated (A) or with the strains ATCC
49793, ATCC49882 or 49882 Rif for 42 hours (B) and the
frequencies of three sequential stages of the invasome structure, the
(i) formation, (ii) engulfment, and (iii) internalisation of a bacterial
aggregate were quantified as described in Materials and Methods.

minutes with any later time point of infection) reflects the
movement of endothelial cells and the efficiency in mediating
cell surface interactions with the encountered bacteria. Subse-
quent to the establishment of interaction with the leading
lamella, bacteria are transported rearward across the leading
lamella to a site just ahead of the nucleus, resulting in the
formation of a cell surface associated bacterial aggregate (Fig.
2, individual bacteria or bacterial clustersare marked by arrows
of the same colour). Once an invasome is formed, the endo-
thelial cell appears to move less actively, while the leading
edge till mediates interactions with bacteria sedimented onto
the substratum in the cellular vicinity and rearward transport
mechanisms mediate movement of interacting bacteria towards
the invasome (data not shown).

Bacterial aggregation, and the subsequent
engulfment and internalisation of the bacterial
aggregate by membrane protrusions represent
sequential stages in the process of invasome-
mediated invasion

To characterise the order of eventsin the process of invasome-
mediated invasion in more detail, we have performed a time-
course of infection of HUVECs with B. henselae strain ATCC
49793. Fixed cells were stained immunocytochemically for
intracellular and extracellular bacteria as well as for F-actin to
visualise the cytoskeletal rearrangements resulting from
invasome-formation (as described above for Fig. 1). Stained
specimens were analysed by confocal microscopy taking
optical sections in the x-z plane of the invasome structure.
Three sequentia stages of invasome-formation could be dis-
tinguished based upon morphological criteria (Fig. 3) and their
relative frequency of appearance at various time-points of
infection (see Fig. 4A). The earliest of these stages is repre-
sented by a cell surface-located bacterial aggregate which may
or may not be associated with F-actin rearrangements (Fig. 3A-
D). The second stage is marked by a partial engulfment of the
bacterial aggregate by membrane protrusions, which show a
strong staining for submembranous F-actin (Fig. 3E,H). At this
stage, bacteria are still accessible to antibodies before host cell
membrane permeabilisation (Fig. 3, compare G,H), indicating
that they are extracellularly located. In the fina stage, the
bacterial aggregateisfound to be internalised into the cell (Fig.
3l-L). Complete internalisation is indicated by the inaccessi-
bility of bacteria to antibodies before host cell membrane per-
meabilisation (Fig. 3, compare J,K) and by the intense F-actin
staining circumscribing the bacterial aggregate (Fig. 3I,L).

As shown in Fig. 4A, bacterial aggregation is observed first
after 12 hours (aggregation stage), partialy developed
invasomes (engulfment stage) appear first at 18 hours and
completed invasomes (internalisation stage) appear at 24 hours.
All three invasome stages coexist at 24 hours and later time
points, with the relative proportions shifting towards comple-
tion of the invasome structure. Almost any cell is associated
with an invasome structure a 42 hours. In conclusion,
invasome-mediated invasion is a prevalent phenomenon taking
about 1 day for completion.

The clinical isolates ATCC 49793 and ATCC 49882 show
the same capacity for invasome-mediated invasion as indicated
by the frequency of the three sequential invasome stages deter-
mined at 42 hours post infection (Fig. 4B). The mutant strain
49882 Rif accumulates on the cell surface while aggregate
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Fig. 5. TEM analysis of invasome-mediated invasion. HUVECs were infected with B. henselae strain ATCC 49793 for 48 hours, washed and
fixed with formal dehyde. Specimens were processed for TEM, including a pre-embedding immunogol d-labelling with monoclonal anti-ICAM-
1 antibodiesin D. The formation (A), engulfment (B,D) and internalisation (C) of a bacterial aggregate represent sequential stagesin the

process of invasome-mediated internalisation. Bars, 2 pm.

engulfment and internalisation is blocked. In contrast to cell
surface-located aggregates of ATCC 49793 and ATCC 49882,
aggregates of 49882 Rif are normally not associated with F-
actin rearrangements, suggesting that this mutant is unable to
provoke cytoskeletal rearrangements.

The described sequential stages of invasome-mediated inter-
nalisation were further analysed on the ultrastructural level by
transmission electron microscopy (TEM, Fig. 5) and scanning
electron microscopy (SEM, Fig. 6). Silver-enhanced immuno-
gold-labelling of cell surface-located intercellular adhesion
molecule-1 (ICAM-1) was used in SEM (Fig. 6) and in one
instance in TEM (Fig. 5D), which unequivocally alowed to
differentiate between labelled cell surface structures and un-
labelled bacteria. In SEM, images of secondary electrons (SE,
Fig. 6A,C,E), which show the norma morphology as well as
images of back scattered electrons (BSE, Fig. 6B,D,F), which
highlight the silver-enhanced gold grains, were both paralelly
recorded. At the stage of bacterial aggregation, no membrane
protrusions are evident (Fig. 5A) or may entrap only individ-

ual bacteria directly interacting with the cell surface (Fig.
6A,B). Engulfment of the bacterial aggregate appears to result
from a circular outgrowth of membrane protrusions from the
cell contact area with the bacterial aggregate (Fig. 5B,D). The
membrane protrusions formed are very thin and appear to be
firmly associated with the underlying bacteria. Once membrane
protrusions extend to the top of the bacterial aggregate (Fig.
6C,D), they appear to finally fuse with each other resulting in
the complete internalisation of the bacterial aggregate (Fig. 5C
and 6E,F). At this stage, the bacteria aggregate is separated
from the extracellular medium by a contiguous thin layer of
two cellular membranes containing little cytoplasm in between.

The membrane protrusions of the invasome
engulfing the bacterial aggregate are enriched for
ICAM-1, submembranous F-actin and
phosphotyrosine

By means of immunogold-labelling of ICAM-1in TEM (Fig.
5D) and SEM (Fig. 6C,D), this surface marker was found to
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be enriched in membrane protrusions of the invasome, in par-
ticular in the tips of the protrusions which firmly associate with
the underlying bacterial aggregate. We confirmed this distrib-
ution of ICAM-1 by indirect immunocytochemical staining
and confocal microscopy. Theinvasome structureillustrated in
Fig. 7A-L is at an incomplete stage, similar to that shown in
Fig. 6C,D, while Fig. 7M-P illustrates a completed invasome
similar to that shown in Fig. 6E,F. Compared to the level of
ICAM-1 staining on the cell surface (Fig. 7B), the staining is
strongly increased on the membrane protrusions (Fig. 7F)
including their tips (Fig. 7J, arrow). Submembranous F-actin
is aso enriched in the membrane protrusions and colocalises
with ICAM-1 (Fig. 7E,H) except for the tips of the membrane
protrusions (Fig. 71,L, arrow).

Phosphotyrosine was aso enriched in the membrane protru-
sions of the invasome (Fig. 8E), where it colocalises with sub-

Fig. 6. SEM analysis of
invasome-mediated invasion.
HUVECs were infected with
B. henselae strain ATCC
49793 for 48 hours, washed
and fixed with formal dehyde.
Specimens were stained for
ICAM-1 by silver-enhanced
immunogold labelling and
processed for SEM. SE
(secondary electronsin A,C,E)
and BSE (back scattered
electronsin B,D,F)
illustrations are presented in
paralel. The SE picture
illustrates the surface
topology, while the BSE
pictures highlight specifically
the silver-enhanced gold
grains resulting from
immunogol d-labelling of
ICAM-1. The formation
(A,B), engulfment (C,D) and
internalisation (E,F) of a
bacterial aggregate represent
sequential stages in invasome-
mediated invasion. Bars, 2 um.

membranous F-actin (Fig. 8D,F). Phosphotyrosine distributes
primarily to focal adhesion plaquesin other parts of the cell (Fig.
8B,C, arrowheads) similar asin uninfected cells (datanot shown).

Firm attachment of the invasome to the cell
substratum is indicated by stress fibres, which are
twisted around the basal part of the invasome and
are anchored to closely associated focal adhesion
plaques

TEM analysis of the invasome structure indicates that little
cellular material resides in between the bacterial aggregate and
the cell substratum (Fig. 5). Microtubuli and endocytic com-
partments staining positive for lysosome associated membrane
protein-1 (LAMP-1) werefound to be excluded from this space
as shown by confocal microscopy (see Fig. 9G and data not
shown). Instead, the basis of the invasome typically exhibits a
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Fig. 7. Confocal microscopic analysis of the differential accumulation of ICAM-1 and submembranous F-actin in the invasome structure.
HUVECs were infected with B. henselae strain ATCC 49793 for 48 hours, washed and fixed with formal dehyde. Specimens were stained for F-
actin by FITC-labelled phalloidin (A,E,I,M) or by indirect immunofluorescence staining with monoclonal anti-lICAM-1 antibodies (B,F,J,N)
and anti-B. henselae antiserum (C,G,K,0). Samples were analysed by confocal laser scanning microscopy. An overlay of all three channelsis
presented in D,H,L,P. Three consecutive optical sectionsin the x-y plane were taken from an invasome at the level of the attachment structure
(A-D; bottom), or the middle part (E-H; middle) or top part (I-L; top) of the membrane protrusions engulfing the bacterial aggregate with 3 um
spacing in between adjacent layers. An x-z plane of an invasome structure is presented in M-P. Arrows point to ICAM-1 |abelling distributed to

the tips of membrane protrusions. Bars: 10 um (A-L and M-P).

bright, F-actin staining (Figs 1D, 7A, 8A, 9G and 10A), which
appears to result from actin stress fibres being twisted around
the base of the invasome and extending further outside of the
structure. Staining with anti-phosphotyrosine  antibodies

demonstrated that these stress fibres anchor the invasome
structure to numerous focal adhesion plagues found in close
spatial association (Fig. 8A-C, arrows). The high number of
invasome-associated focal adhesion plagues may suggest that
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Fig. 8. Confocal microscopic analysis of F-actin and phosphotyrosine rearrangements related to the invasome structure. HUV ECs were infected
with B. henselae strain ATCC 49793 for 48 hours, washed and fixed with formal dehyde. Specimens were stained for F-actin with FITC-
phalloidin (A,D; green channel) or for phosphotyrosine by indirect immunofluorescence labelling with monoclonal antibodies directed against
phosphotyrosine (B,E; red channel) and specimens were analysed by confocal laser scanning microscopy. In the overlay of the two channels
presented (C,F), the yellow colour indicates a colocalisation of F-actin and phosphotyrosine. Two consecutive optical sectionsin the x-y plane
were taken at the level of actin stress fibres (A-C; bottom) or 3 uM above (D-F; top), respectively. Bar, 10 pm.

the invasome attaches more firmly to the cell substratum than
do other parts of the cell (Fig. 8B,C). In consegquence, a
revolving locomotion of the cell would be retarded by this
firmly attached invasome, which may explain the twisting of
actin cables around the basal part of the invasome. This model
is consistent with preliminary time-lapse microcinematogra-
phy experiments indicating a quicker revolving locomotion of
the leading edge relative to the invasome structure (data not
shown).

Invasome-mediated invasion is actin-dependent and
microtubuli-independent

In order to characterise the cytoskeletal components involved
in invasome-mediated invasion, we tested for the effects of
several drugs impairing cytoskeletal functions. Drugs known
to cause depolymerisation of microtubuli, e.g. nocodazole
(Margolis and Wilson, 1977) and colchicine (Beebe et dl.,
1979) did not affect the efficiency of invasome-mediated
invasion as measured by quantifying three sequential stages of
invasome formation (Fig. 9A,B). Immunocytochemical
staining demonstrated the effectiveness of the treatment with
these drugs as seen by a nearly complete depolymerisation of
microtubules (Fig. 9, compare D,E with untreated cells in G).
The microtubuli-stabilising drug taxol (Schiff and Horwitz,
1980) showed a mild inhibitory effect on invasome formation
only when applied at high concentrations (>5 pM, Fig. 9C,F).

In contrast, the F-actin depolymerising drug cytochalasin D
(Sampath and Pollard, 1991) caused a concentrati on-dependent
inhibition of invasome formation (Fig. 10G). While bacteria
till aggregated on the cell surface (Fig. 10E,F), the subsequent
engulfment and internalisation of the aggregate by membrane
protrusions was inhibited (Fig. 10G). The cell surface associ-
ated bacterial clumps were often associated with aggregated F-

actin (Fig. 10D,E), suggesting that actin nucleation till
occurred but did not allow the formation of membrane protru-
sions resulting in the organisation of an invasome structure.

In conclusion, invasome-mediated invasion is an F-actin-
dependent and microtubule-independent process.

DISCUSSION

Invasive bacterial pathogens exploit various cellular processes
to facilitate their uptake into an intracellular compartment of
the host cell. Well established paradigms of invasion into
epithelial cellsinvolvethe zipper-like phagocytosis of Yersinia
enterocolitica (reviewed by Isberg and Tran Van Nhieu, 1994),
Neisseria gonorrhoeae (reviewed by Meyer et al., 1995) and
Listeria monocytogenes (Mengaud et al., 1996) and the uptake
of Salmonella typhimurium and Shigella flexneri by
macropinocytosis (Francis et al., 1993, reviewed by Ménard
et al., 1996). A common scheme in these different cell
invasion mechanisms is that single bacteria trigger rearrange-
ments of the actin cytoskeleton, which leads to bacterial inter-
nalisation into an endosomal compartment within minutes or
hours. B. henselae is a newly recognised human pathogen
which has been shown to enter cultured epithelial cells by a
mechanism sharing these common characteristics of cell
invasion (Batterman et al. 1995, Zbinden et al. 1995). We have
extended the analysis of B. henselae cell invasiveness to endo-
thelial cells, which are considered to be an important cell type
for the pathogenicity of B. henselae. Similar to epithelial cells,
we have observed entry of B. henselae into HUVECs within
several hours of infection giving rise to intracellular bacteria
residing in perinuclear localising phagosomes (unpublished
results). Here we describe a novel mechanism of endothelial
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cell invasion by B. henselae, which occursin aday rather than
hours, involving a series of specific host cell-pathogen inter-
actions. This process can be divided into three phases: (i) the
accumulation and aggregation of bacteria on the cell surface,
(ii) the engulfment and (iii) the internalisation of the formed
bacterial aggregate by a well-organised structure, the
invasome. Time-lapse microcinematography has implicated a
role for the leading lamellain the process of cell surface accu-
mulation and aggregation of B. henselae. The leading lamellae
was found to establish contact to bacteria sedimented to the
substratum, and the interacting bacteria were found to be
transported rearward across the leading lamella to a site just

ahead of the nucleus. This capping phenomenon is a charac-
teristic feature of cell locomotory activity, which was studied
in most detail by the movement of particles bound to the
leading lamella of fibroblasts (Holifield et al., 1991; reviewed
by Heath and Holifield, 1991). However, cell surface accu-
mulation and aggregation of B. henselae by this capping
process is not sufficient to trigger invasome-mediated inter-
nalisation. This conclusion isbased on the phenotypic analysis
of a spontaneous rifampicin-resistant mutant strain of B.
henselae (Dehio and Meyer, 1997), which was coincidentally
found to be impaired in invasome-mediated internalisation. At
an early stage of infection, cell surface accumulation of
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Fig. 9. Invasome-mediated invasion is independent of microtubuli. HUVECs were
infected with B. henselae strain ATCC 49793 for 42 hours in the presence of nocodazole
(A,D), colchicine (B,E), taxol (C,F) or without inhibitor (G) at various concentrations as
indicated. In A-C, the frequencies of three sequential stages of the invasome structure, the
(i) formation, (ii) engulfment and (iii) internalisation of a bacterial aggregate were
quantified as described in Materials and Methods. In D-G, infected cell monolayers either
treated with 2 uM nocodazole (D), 0.25 pM colchicine (E) or 10 uM taxol (F) or
untreated (G) were double stained by indirect immunofluorescence staining of
microtubules with anti-a-tubulin antibodies (red channel) and by staining of F-actin with
FITC-labelled phalloidin (green channel) and specimens were analysed by confocal laser
scanning microscopy. An overlay of both channelsis presented. Bar, 10 um.
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bacteria from this mutant strain was virtually indistinguish-
able to that of the invasome-forming clinically isolated pro-
genitor strain. Interestingly, the mutant strain subsequently
showed an increased level of bacterial uptake by a process
similar to bacteria entry into epithelial cells, suggesting that
invasome-mediated internalisation interferes with alternative
mechanisms of bacterial entry into endothelial cells. The
genetic basisfor the deficiency in invasome-mediated invasion
exerted by the rifampicin-resistant mutant strain is presently
unknown. The identification and characterisation of the
affected bacterial factor(s) critica for invasome-mediated
invasion may be facilitated by the recent development of

G
14 - Fig. 10. Invasome-mediated invasion is actin-dependent. HUV ECs were infected with
T 0 Aggregation B. henselae strain ATCC 49793 for 42 hours in the absence (A-C,G) or presence of
o1l 2 ﬁqgrurl]fe\ln?gtf on cytochalasin D at 100 nM (D-F) or at various concentrations as indicated (G). In A-F,
B 10! infected cell monolayers were stained for extracellular bacteria (before host cell
£ membrane permeabilisation, blue channel) or the totality of bacteria (after host cell
g 0.87 membrane permeabilisation, red channel) by indirect immunofluorescence staining and
£ o6l F-actin was stained by FITC-labelled phalloidin (green channel) and specimens were
5 analysed by confocal laser scanning microscopy. An overlay of all three channelsis
T 0.4 presented in which intracellular bacteria appear in red and extracellular bacteriain
g purple, and a colocalisation of intracellular bacteria and F-actin appearsin yellow.
3 0.2 Three consecutive optical sections taken at the level of the stress fibres (A,D; bottom),
or spaced by 2.5 uM (B,E; middle) or 5 uM (C,F; top), respectively, are shown. Bar, 10
0 50 100 150 pm. | n.G, thg frequencies of thrgg $quenti§a| stages of the in\{asome structure, the (i)
Cytochalasin D [nM] formation, (ii) engulfment and (iii) internalisation of a bacterial aggregate were

quantified as described in Materials and Methods.

genetic tools which allow the manipulation of B. henselae
(Dehio and Meyer, 1997).

Subsequent to the accumulation and aggregation of bacteria
on the cell surface, the invasome is formed. We have used
various microscopic techniques to describe in detail this
process encompassing the engulfment and internalisation of
the bacterial aggregate. Engulfment of the bacterial aggregate
appears to result from a circular outgrowth of membrane pro-
trusions from the cell contact areawith the associated bacteria
aggregate. Membrane protrusions extending to the top of the
bacterial aggregate finally fuse with each other resulting in the
complete internalisation of the bacterial aggregate. In this
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respect, it was intriguing to find enrichment for the intercellu-
lar adhesion molecule-1 (ICAM-1) in the membrane protru-
sions formed, particularly distributing to their tips. ICAM-1is
well known to mediate interaction with lymphocyte function-
associated antigen 1 (LFA-1), which results in intercellular
adhesion of endothelial cells and leukocytes (Marlin and
Springer, 1987). Similarly, B. henselae-expressed ligands may
alsointeract with ICAM-1, which may be suggested by thefirm
interaction of the tips of membrane protrusions enriched for
ICAM-1 with the underlying bacterial aggregate. This distri-
bution of ICAM-1, however, is aso reminiscent of the accu-
mulation of ICAM-1 at the tip of the uropod, which represents
a well-defined cytoplasmic projection formed during T-cell
activation (del Pozo et al., 1995). The clarification of the role
of ICAM-1 in invasome-mediated invasion therefore awaits
further experimental analysis.

Submembranous F-actin as well as phosphotyrosine were
also found to accumulate in the membrane protrusions of the
invasome structure, although both components did not accu-
mulate at the tip of the protrusions as demonstrated for ICAM-
1. Rearrangement of the actin cytoskeleton plays a crucia role
in cell invasion by Shigella flexneri (Clerc and Sansonetti,
1987), Salmonella typhimurium (Finlay and Falkow, 1988),
Yersinia enterocolitica (Finlay and Falkow, 1988) and
enteropathogenic Escherichia coli (Donnenberg et al., 1990) as
shown both by phaloidin-staining characteristics and cyto-
chalasin D sensitivity of these cellular invasion processes.
Rearrangements of the actin cytoskeleton is also crucia for
invasome-mediated internalisation, since cytochalasin D
treatment was found to inhibit the formation of membrane pro-
trusions which may engulf and internalise the cell surface
located bacterial aggregate as seen in untreated cells. In
contrast, drugs either depolymerising or stabilising micro-
tubules did not affect invasome formation.

The co-accumulation of phosphotyrosine and submembra-
nous F-actin in membrane protrusion of the invasomeisindica
tive of cellular signalling processes associated with cytoskel-
etal rearrangements, similar to that reported for cell invasion
by enteropathogenic Escherichia coli (Rosenshine et al.,
1992a) and Shigella flexneri (Dehio et al., 1995). Protein
tyrosine kinase inhibitors have previously been used to block
cell invasion processes by other bacteria (Rosenshine et al.,
1992h). To clarify the role of tyrosine phosphorylation for
invasome-mediated internalisation, however, the careful use of
these inhibitor compounds might be critical due to toxic side
effects associated with the long duration of treatment necessary
for this model system.

In addition to submembranous cortical F-actin found in the
membrane protrusions, the invasome structure is also associ-
ated with rearrangements of stress fibres. Interestingly,
numerous actin stress fibres were found to be twisted around
the basal part of the invasome as well as being anchored to
invasome-associated focal adhesion plagues. The increased
number of invasome-associated focal adhesion plagues may
suggest that the invasome attaches more firmly to the cell sub-
stratum than to other parts of the cell. In consequence, a
revolving locomation of the cell would be retarded by this
firmly attached invasome, which may explain the twisting of
actin cables around the basal part of the invasome. In favour
of this model, preliminary microcinematographic observation
indicated a slower revolving locomotion of the invasome

relative to the leading edge of the cell (data not shown). The
dynamics of the cellular locomation process could be viewed
in analogy to the dynamics of a hurricane, with the invasome
being represented by the eye of the hurricane. By this model,
twisting forces would also explain the evenly round structure
of the invasome and the bacterial aggregate residing within.
Final proof of this model awaits long term and high resolution
time-lapse video microscopy.

The in vitro characteristics of invasome-mediated internal-
isation of B. henselae into endothelial cells suggest a role for
this process in the invasion or colonisation of endothelia cells
in vivo. The colonisation of vascular tissues is indeed an
important aspect in B. henselae pathogenicity, which resultsin
vaso-proliferative tumour growth. Interestingly, the atypically
proliferating endothelial cells appear to be firmly associated
with clumps of B. henselae, athough ultrastructural data
suggest that these bacteria are primarily extracellular
(Schneider et al., 1993; Hettmansperger et al., 1993; Montell
et a., 1994). Refined histological and ultrastructural analysis
may indicate if invasomes are formed in these tumour lesions
or other tissue pathologies associated with B. henselae
infection.

Although the significance of invasome formation in B.
henselae pathogenesis is still unknown, we have described in
this report a novel cellular process which mediates bacterial
invasion. Further analysis of the mechanisms of cellular loco-
motion and membrane trafficking involved will be required to
fully unravel how B. henselae may trigger itsinternalisation by
the invasome structure. One may expect that these studies will
also allow us to gain new insights into some basic, but elusive,
aspects of endothelial cell biology.
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