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Bacterial adherence determines the virulence of many human-pathogenic bacteria. Experimental approaches elucidating this early
infection event in greater detail have been performed using mainly methods of cellular microbiology. However, in vitro infections of
cell monolayers reflect the in vivo situation only partially, and animal infection models are not available for many human-pathogenic
bacteria. Therefore, ex vivo infection of human organs might represent an attractive method to overcome these limitations. We in-
fected whole human umbilical cords ex vivo with Bartonella henselae or Acinetobacter baumannii under dynamic flow conditions
mimicking the in vivo infection situation of human endothelium. For this purpose, methods for quantifying endothelium-
adherent wild-type and trimeric autotransporter adhesin (TAA)-deficient bacteria were set up. Data revealed that (i) A. bauman-
nii binds in a TAA-dependent manner to endothelial cells, (ii) this organ infection model led to highly reproducible adherence
rates, and furthermore, (iii) this model allowed to dissect the biological function of TAAs in the natural course of human infec-
tions. These findings indicate that infection models using ex vivo human tissue samples (“organ microbiology”) might be a valu-

able tool in analyzing bacterial pathogenicity with the capacity to replace animal infection models at least partially.

he analysis of adhesion to host cells is crucial for the elucida-

tion of bacterial infection mechanisms. Animal infection
models or cellular microbiology-based approaches are well estab-
lished, and many important findings have thereby been gathered.
By way of example, the protein injection machineries and the au-
totransporter adhesins (TAA) of Bartonella henselae and Acineto-
bacter baumannii have been elucidated in that manner (1-3). Al-
though these methods are well established and widely accepted,
they still are hampered by several limitations: animal models
might reflect the course of human infections only partially (4) or
might not even be available for many pathogens (e.g., B. henselae).
Cellular infection models allow very detailed analyses of the inter-
action of bacteria with host cells under standardized conditions.
However, they are usually done statically using cell monolayers,
and this mimics the complexity of in vivo infection situation only
to some extent. Methods to overcome the species barrier in infec-
tion models and to analyze host-pathogen interactions close to the
dynamic human situation are urgently needed. Ex vivo infection
models, using human organ grafts, might represent an attractive
alternative or addition to animal or cellular microbiology experi-
ments.

B. henselae causes cat scratch disease and endocarditis, whereas
immunosuppressed individuals can suffer from vasculoprolifera-
tive disorders such as bacillary angiomatosis. B. henselae is be-
lieved to be an endotheliotropic pathogen. Bartonella adhesin A
(BadA) has been identified as the key factor involved in the adher-
ence to endothelial cells (ECs) and to extracellular matrix (ECM)
components and in the induction of an angiogenic host cell re-
sponse (2, 5-7). A. baumannii has become an emerging nosoco-
mial pathogen worldwide, mainly in intensive care units. This
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bacterium is characterized by long-term survival on abiotic sur-
faces and multidrug resistance to antibiotics (8). After coloniza-
tion of patients, A. baumannii is able to cause bloodstream (in-
cluding endothelium) infections, urinary tract infections, and
ventilator-associated pneumonia (9). Although bloodstream in-
fections with A. baumannii are well described (10, 11), nearly
nothing is known about the molecular mechanisms underlying
the interplay between bacteria and ECs. Different outer mem-
brane-associated proteins are known for Acinetobacter adhesion
to abiotic surfaces, ECMs, and human host cells for clinical and
environmental isolates (12—16). In this context, the Acinetobacter
trimeric autotransporter adhesin (Ata) is supposed to play a key
role in infection processes and adhesion to host cells (3, 17). Un-
fortunately, not much is known about Ata-dependent interaction
of A. baumannii with host cells.

The first and often decisive step in bacterial infections is the
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TABLE 1 Bacterial strains used in this study

Strain Characteristics

Reference(s) or source

B. henselae wild type (BadA™)

B. henselae BadA™

A. baumannii ATCC 19606 wild type
A. baumannii ATCC 19606 Aata

E. coli DH5a Host strain used for cloning

Strain Marseille, patient isolate, early passage, expressing BadA
Strain Marseille, transposon mutant, BadA-deficient, Km* 2
Type strain, isolated from humans, expressing Ata

ata markerless deleted mutant (positions 315,815-322,591)

2,40

Gene Bank accession no. ACQB00000000.1
This study
Biochrom

adherence to the host. TAAs are widely represented in alpha-,
beta- and gammaproteobacteria and play an important role in
bacterial pathogenicity (18). They are designated autotransporters
(or type V secretion systems), as they can self-export across the
bacterial outer membrane in the absence of ATP (19). TAAs build
a characteristic trimeric, “lollipop”-like surface structure and
share a modular organization composed of different domains
(“membrane anchor,” “stalk,” “neck,” and “head”), which are
conserved modules present in nearly all TAAs (20). Both BadA of
B. henselae and Ata of A. baumannii belong to the group of TAAs
and share a similar domain structure architecture. BadA consists
of 3,082 amino acids (aa) with a mass of 328 kDa per monomer.
The repetitive 22 neck-stalk elements define the enormous length
of BadA (~240 nm) (2). Ata is encoded by a 6,786-bp gene. The
protein is built up of 2,260 aa and has a mass of 230 kDa per
monomer. Characteristic features of Ata are the double-head do-
main and a long N-terminal signal peptide (see Fig. S1 in the
supplemental material).

The aim of this study was to elucidate whether an organ infec-
tion model using human umbilical cords might represent a valu-
able tool to analyze TAA-dependent host adherence of B. henselae
or A. baumannii. The infection procedures were performed under
dynamic blood flow mimicking conditions, and methods for the
quantification of EC-adherent B. henselae and A. baumannii were
designed (fluorometry and quantitative real-time PCR [qRT-
PCR]).

MATERIALS AND METHODS

Bacterial strains. B. henselae was grown for 4 days in Schneider’s medium
supplemented with 10% fetal calf serum (FCS) and 5% sucrose at 37°C in
a humidified atmosphere with 5% CO, (21). B. henselae lacking BadA
(BadA™) was grown in the presence of 30 pug/ml kanamycin (Km). Ex-
pression analyses for B. henselae wild-type and B. henselae BadA™ have
been performed earlier (2, 22). Stock suspensions were prepared by freez-
ing the bacteria in lysogeny broth (LB) containing 20% glycerol at —80°C.
The number of viable bacteria per aliquot was determined by counting the
CFU in serial dilutions from the frozen stocks, which were cultivated on
Columbia blood agar (CBA) plates for 14 days. A. baumannii was grown

TABLE 2 Plasmids used in this study

in 2X yeast extract-tryptone (YT) medium and incubated at 37°C and 180
rpm overnight. The optical density at 600 nm (ODy,,) was adjusted to
0.05 in 2X YT medium, and bacteria were regrown to an OD,, of 0.2
(1.0 X 10® CFU/ml) for infection experiments. Strains used in this study
are summarized in Table 1.

Construction of A. baumannii Aata. The construction of an ata de-
letion mutant of A. baumannii ATCC 19606 was performed according to
a method by Stahl and Averhoft (23), using the plasmids and primers
listed in Tables 2 and 3, respectively. We constructed a vector containing
a 1.5-kbp fragment both up- and downstream from the ata gene. For this,
up- and downstream fragments (here termed up-fragment and down-
fragment, respectively) were amplified from genomic DNA using primers
ata_up_Pstl_fwd/ata_up_BamHI_rev and ata_down_BamHI-fwd/ata_
down_NotlI_rev. Both fragments were digested (up-fragment, Pstl/
BamHI; down-fragment, BamHI/NotI) and ligated into pBIISK (digested
with PstI/Notl), resulting in pBIISK_ata_up/down. This plasmid was
transformed into A. baumannii ATCC 19606 by electroporation. The re-
sulting clones were selected on LB agar supplemented with 50 wg/ml
kanamycin. Transformed bacteria were grown overnight in LB medium
containing 10% sucrose to select cells that lost the plasmid after homolo-
gous recombination. Integration of homologous regions was proven by
colony PCR using ata_ctrl_fwd and ata_ctrl_rev. The next day, single
colonies were picked and transferred to LB agar and LB agar supple-
mented with 50 pwg/ml kanamycin to finally identify the colonies that had
lost the plasmid (no growth on LB agar supplemented with kanamycin).
Successful deletion of ata was verified by sequencing using ata_seq_fwd
and ata_seq_rev (data not shown).

Infection of endothelial cells and confocal laser scanning micros-
copy. Human umbilical vein endothelial cells (HUVECs) were cultured in
EC growth medium (PromoCell, Mannheim, Germany) as described pre-
viously (24). For static adherence assays, 1.0 X 10> HUVECs were seeded
onto collagen G (Biochrom, Hamburg, Germany)-coated coverslips in
24-well plates, grown overnight without antibiotics, and infected with a
multiplicity of infection (MOI) of 100 for B. henselae or 200 for A. bau-
mannii by centrifugation (300 X g, 5 min). Cells were incubated for 60
min in a humidified atmosphere at 37°C and 5% CO,. After a gentle
washing with prewarmed cell culture medium, the infection was stopped
by adding 3.75% paraformaldehyde (PFA). For quantification of adherent
bacteria by fluorometry and qRT-PCR, 5 X 10° cells were seeded (in
six-well plates) and infection was done as described above.

Plasmid Characteristics Resistance Source

TOPO_TA_2.1 Standard cloning vector for amplicons with TA-overhangs, Km" Amp" Thermo Fisher Scientific
lacZo for blue/white screening

TOPO_TA_2.1_glyA TOPO_TA.2.1 including glyA fragment Km" Amp" This study

TOPO_TA_2.1_rpoB TOPO_TA.2.1 including rpoB fragment Km" Amp" This study

TOPO_TA_2.1_hmbs TOPO_TA.2.1 including hmbs fragment Km" Amp" This study

pBluescript I SK(+) (pBIISK) Cloning vector for A. baumannii ATCC 19606, sacB Km" Stratagene
(levansucrase) for segregation

pBIISK _ata_up/down pBIISK including the 1.5-kbp ata_up and 1.5-kbp Km" This study

ata_down fragments
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TABLE 3 Primers used in this study

Ex Vivo B. henselae and A. baumannii Infection Model

Primer 5'— 3’ sequence Source or reference

glyA_fwd GAC AGG AAA ATG TGC CGA AT This study

glyA_rev GCA GGT GAA CCA AGA CGA AT This study

rpob_fwd GAG TCT AAT GGC GGT GGT TC 41

rpob_rev ATT GCT TCA TCT GCT GGT TG 41

hmbs_fwd TTC CTT CCC TGA AGG GAT TCA CTC AG Galaxy Diagnostics, Durham, NC, USA
hmbs_rev TTA AGC CCA GCA GCC TAT CTG ACA CCC Galaxy Diagnostics, Durham, NC, USA
ata_up_Pstl_fwd GAC ACT GCA GCA TTT AGA AAG TAT TCA CGT TGG TTC This study

ata_up_BamHI_rev GAT CGG ATCCCT TTATTC ATA AAACTT CTCAGAC This study

ata_down_BamHI_fwd GAG AGG ATC CGA AAC TGG TTA GGA GGG CAATGCTC This study

ata_down_Notl_rev GAC AGC GGC CGC GAT TTC TCC ATG AAT GAA TTA AG This study

ata_ctrl_fwd GTC CAA CCA AGC AAA GGA TAG GGC CTT TGA G This study

ata_ctrl_rev CTA ACT GAT CTA AAA ATT CACCAATTT TTC GG This study

ata_seq_fwd GTC GTT GAG TTC GGT ATT TGT CTG AGA AG This study

ata_seq_rev TAA TCT CTT TAA TCT GTC AGC AAG GAG AGC This study

For dynamic adherence assays, HUVECs (100 pl of a 1.0 X 10 cell
suspension) were seeded overnight in growth medium without antibiotics
on collagen G-coated multichannel slides (Ibidi, Martinsried, Germany).
Bacteria were resuspended in 12 ml EC growth medium (MOI of 100 for
B. henselae or 200 for A. baumannii), and HUVECs were infected with a
constant flow rate of 0.2 ml (~0.26 dyne/cm” [1 dyne is 10> N, accord-
ing to the manufacturer’s indications)/min for 60 min. After a gentle
washing with prewarmed cell culture medium for 5 min, the infection was
stopped by adding 3.75% PFA and microscopic slides were prepared.
When adherent bacteria were quantified, cells were dissolved by adding
trypsin-EDTA (Gibco BRL-Invitrogen, Karlsruhe, Germany), flushed
with EC medium, and collected in 15-ml Falcon tubes.

Bacterial adherence was quantified using confocal laser scanning micros-
copy (CLSM) as described previously (24). Cells were permeabilized by incu-
bation with 0.1% Triton X-100 (Sigma, Steinheim, Germany) in phosphate-
buffered saline (PBS) for 15 min. The actin cytoskeleton was stained with
tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin (Sigma,
Steinheim, Germany) for 1 h, and EC and bacterial DNA was stained with
4',6-diamidin-2'-phenylindole dihydrochloride (DAPI) for 10 min. Finally,
slides were mounted with Fluoprep medium (bioMérieux, Marcy I'Etoile,
France). Cellular fluorescence was evaluated using a Leica DM IRE 2 confocal
laser scanning microscope. Images were digitally processed with Photoshop
7.0 (Adobe Systems, Mountain View, CA).

Dynamic adhesion assay using human umbilical cords. All experi-
ments were done in accordance with ethical permission (4/12; University
Hospital Frankfurt am Main). Human umbilical cords were collected in
the midwifery of the Klinikum Sachsenhausen (Frankfurt am Main, Ger-
many). Autolytic or otherwise affected samples were omitted from further
experiments. For infection, fresh human umbilical cord veins were cut
into two pieces of ~5 cm in length each for comparison of wild-type and
mutant bacteria. Veins were connected with buttoned cannulas, fixed
with cable binders, and washed with prewarmed EC culture medium (0.2
ml/min, 15 min). Bacterial suspensions were prepared as described above
and adjusted to 1.0 X 10® CFU/ml in prewarmed EC culture medium. The
infection was started by switching a three-way valve and injecting the
bacteria into the umbilical cord vein by a pump. Samples were continu-
ously infected for 60 min in a recirculating system (Fig. 1). After this,
nonadherent bacteria were flushed by washing the veins with EC cell cul-
ture medium. For determination of adherent bacteria, ECs were removed
by injecting prewarmed 0.05% trypsin—EDTA into the vein and incubat-
ing the sample for 10 min. Dissolved cells were washed out of the veins and
collected in 15-ml Falcon tubes for further processing.

Microcomputed tomography, shear stress calculation, and Doppler
analysis. For ex vivo microcomputed tomography (CT) imaging, the um-
bilical cord vein was perfused with PBS and a three-way valve connected
to polyethylene tubing was introduced. The vein was perfused with the
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radiopaque contrast solution MicroFil (Flow Tech, Carver, MA, USA)
with a pressure of 10 to 15 mm Hg until the silicon polymer cured. The
umbilical cords were subsequently scanned in a micro-CT (Skyscan
1176; Bruker micro-CT, Kontich, Belgium) with the following set-
tings: 50 kV; 0.5-mm aluminum filter; 500-pA source current; expo-
sure time, 210 ms; 18-pm isotopic resolution; 3 projection images per
0.5° rotation step; rotation range, 180°. Volumetric data were recon-
structed with the NRecon/InstaRecon CBR Server—Premium soft-
ware (Skyscan, Kontich, Belgium/InstaRecon, Champaign, IL, USA).
Image analysis, segmentation of micro-CT data, and quantification of
vein lumen area were performed with the Imalytics Preclinical Soft-
ware (Gremse-IT, Aachen, Germany). Discrimination of contrast
agent and soft tissue was achieved by applying a threshold defined as
the mean of contrast agent and soft tissue intensity. The lumen area of
the vein was measured with the virtual elastic sphere tool (25) (Fig.
2A). Shear stress (7) was calculated according to the following formula:
T= (4 X p X v)/(m X 1), where p is the viscosity (1.011 mPa X s), v
is the flow rate (3.3 X 10~ 2 m?®/s), and r is the diameter (26).

To confirm laminar flow conditions in the umbilical cord vein during
infection procedures, ultrasound Doppler analysis was performed. The
flow pattern was recorded using a linear ultrasound head (5 to 12 MHz;
here 9 MHz) connected with a Phillips Envisor ultrasound device (Ham-
burg, Germany) while the vein was flushed with 10% barium sulfate (re-
suspended in PBS). A monodirectional laminar flow with a flow velocity
directly corresponding to the infusion pump velocity for 10% barium
sulfate (0.2 ml/min, resuspended in PBS) was detectable (Fig. 2B).

Quantification of endothelial cell-adherent bacteria by fluorome-
try. For fluorometric quantification of bacterial adherence to ECs, bacte-
ria were stained with the life-staining dye carboxyfluorescein succinimidyl
ester (CFSE; Santa Cruz biotechnology, Heidelberg, Germany) prior to
infection. Bacteria were grown as described above, centrifuged for 10 min
at 10,000 X g, washed with PBS (Gibco), and resuspended in 10 uM CFSE
(dissolved in PBS) for 15 min at 37°C. CFSE-stained bacteria were washed
with PBS. Potential bactericidal effects were excluded by comparing the
amounts of CFU prior to and after the labeling procedures, which revealed
no significant reduction of bacterial viability (quantified by determina-
tion of CFU; data not shown).

To correlate the total number of CFSE-labeled adherent bacteria to the
total number of ECs, cells were labeled with anti-CD31-Alexa 647-conju-
gated antibodies. PFA-fixed ECs were incubated with 0.2% bovine serum
albumin (BSA; dissolved in PBS) to block unspecific antibody binding.
ECs were washed with PBS and incubated with 10 pg of anti-CD31-Alexa
Fluor 647 (dissolved in PBS) for 60 min at room temperature and pro-
tected from light. Nonbound antibodies were removed by washing the
cells with PBS.

For quantification of the EC-adherent bacteria, total cell samples from
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FIG 1 Experimental setup of the ex vivo umbilical cord infection assays. (A)
Schematic draft of the experimental setup. A pump is connected with a fresh
human umbilical cord vein. Blood clots and debris are flushed by pumping
prewarmed medium through the vein for 15 min. Bacteria were pumped in
prewarmed medium for 60 min with a constant defined flow (0.2 ml/min).
After this, nonadherent bacteria were removed by flushing the vein for an
additional 15 min with prewarmed medium. (B) Photography of processing of
human umbilical cords for ex vivo infections: (i) fresh umbilical cord of
~10 cm in length; (ii) situs of a cross-section of the umbilical cord (note the
umbilical vein); (iii and iv) connection of buttoned cannulas (arrow) (iii),
which were fixed (iv) by using cable binders.

infection experiments (including CFSE bacteria and CD31-Alexa Fluor
647 HUVECs) were dispersed in 200 pl PBS, and the total volume was
added to a black 96-well plate (Greiner BioOne GmbH, Frickenhausen,
Germany). Additionally, standards were prepared: for CFSE-labeled bac-
teria, 1.0 X 10° to 1.0 X 107 CEU/well; for CD31-Alexa Fluor 647-labeled
ECs, 1.0 X 10* to 1.0 X 10° cells/well. Calibration was performed by
standard methods: bacterial CFU were calculated from cultivating serial
dilutions on agar plates, and ECs were quantified using a Thoma cell
counting chamber. Quantification of the relative fluorescence units
(RFU) was performed using a multiple plate reader (Infinite 200 PRO;
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FIG 2 Microcomputed tomography and Doppler ultrasound analysis of um-
bilical cord veins. (A) Umbilical cord veins were perfused with MicroFil con-
trast solution, recorded by microcomputed tomography, and digitally pro-
cessed; total length analyzed, 1.8 cm; diameter, 1.3 (left) or 0.9 (right) mm. (B)
For ultrasound analysis, umbilical cord veins were washed and infected with
barium sulfate (10%, resuspended in PBS).

Tecan, Minnedorf, Switzerland). The adjusted emission and excitation
wavelengths for CFSE were 482 nm and 517 nm, and for Alexa Fluor 674,
647 nm and 678 nm, respectively. A standard curve was calculated by the
internal standard in each experiment, and absolute bacterial and EC
amounts were determined.

Quantification of endothelial cell-adherent bacteria by quantitative
real-time PCR. To quantify the number of adherent bacteria and
HUVECs by using numbers of gene copy equivalents, QqRT-PCRs were
established. Samples (not PFA fixed) were prepared as described above,
centrifuged (10,000 X g, 10 min), and dissolved in 30 wl distilled water.
DNA was isolated by incubating the cells for 15 min at 95°C. After this,
samples were centrifuged again at 10,000 X gfor 10 min to remove cellular
debris. DNA concentration was determined via 260 nm/280 nm photom-
etry. The determination of bacterial and EC numbers was performed by
determining gene copy numbers. The isolated genomic DNA of the sam-
ples was used to amplify species-specific genes. For quantifying adherent
B. henselae isolates, a glyA (serine hydroxymethyltransferase, 120-bp)
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gene fragment was used, and for quantifying adherent A. baumannii, an
rpoB (RNA polymerase beta-subunit, 110 bp) gene fragment was used. To
determine the amount of ECs, the hmbs (hydroxymethylbilane synthase,
209 bp) gene was amplified. Primers are given in Table 3. DNA samples
were added in a qRT-PCR mixture (5 pl gRT-PCR-SYBR green master
mix [Qiagen, Hilden, Germany] together with 0.125 .l of forward and
reverse primers [each 100 pmol] and 2.75 pl distilled water). For each
qRT-PCR, an internal standard with known gene copy numbers was am-
plified. These PCR standards were produced by amplifying the respective
gene fragments of glyA, rpoB, and hmbs and ligation into a TOPO_TA_2.1
vector according to the manufacturer’s instructions (Thermo Fisher Scien-
tific, Waltham, MA, USA). Total copy numbers of the resulting plasmids were
calculated using the molecular mass of the single plasmids, the plasmid con-
centration, and the Avogadro constant (N, = 6 X 10> mol ') according to
the following formula: plasmid copy number = N, X m/M, where m is the
plasmid mass after isolation in grams and M is the molecular mass of plasmids
in grams per mole. For calculation of adherent bacteria per EC, the following
formula was used: binding ratio (bacteria/EC) = bacterial gene equivalent
(rpoB, glyA)/0.5 EC gene equivalent (hmbs).

Statistical analysis and bioinformatics. All experiments were per-
formed at least three times. Differences between mean values of experi-
mental and control groups were analyzed by Student’s t test (Graph Pad
Prism 4.03; Graph Pad Software, San Diego, CA, USA). A P value of <0.05
was considered to be statistically significant.

RESULTS

The aim of this study was to establish a new ex vivo organ
infection model for analyzing bacterial adherence and to inves-
tigate whether Ata-dependent mechanisms of A. baumannii in-
teractions with ECs are principally existing. For this approach,
human umbilical cord veins were used, and adhesion of TAA-
expressing and -deficient B. henselae and A. baumannii was an-
alyzed. Quantification of adherent bacteria was done by fluo-
rometry and qRT-PCR.

Quantification of bacterial adherence to ECs using fluorom-
etry and quantitative QRT-PCR. Adhesion of B. henselae to ECs is
usually determined by counting cell-adherent bacteria, e.g., via
fluorescence microscopy (2). It is obvious that such procedures—
although they might be of use when working with slow-growing
bacteria—are time-consuming and suffer from interobserver
variability. Therefore, methods independent from microscopy or
cultivation techniques might be useful for determining bacterial
adherence. We established two independent technologies to over-
come these limitations by using fluorometry and qRT-PCR anal-
ysis to quantify the adherent bacteria.

For fluorometric analysis, bacteria were stained with CFSE,
and ECs were labeled with an anti-CD31-Alexa Fluor 647 anti-
body (see Materials and Methods), resulting in a bright green
fluorescence of the stained bacteria and a bright orange fluores-
cence of the labeled ECs in fluorescence microscopy (data not
shown). As emission and excitation spectra do not overlap, fluo-
rescence was clearly distinguishable by fluorometry. The numbers
oflabeled bacteria (B. henselae and A. baumannii) and ECs showed
a strict linear correlation with relative fluorescence units (RFU);
the correlation coefficients were 0.978 (B. henselae), 0.989 (A. bau-
mannii), and 0.993 (ECs) (Fig. 3).

For the determination of bacterial adherence by the quantifi-
cation of genome equivalents, a QRT-PCR method was developed.
Therefore, specific primers for bacteria were designed (for
B. henselae, targeting glyA; for A. baumannii, targeting rpoB) re-
sulting in specific amplicons of 120 bp and 110 bp, respectively.
For EC-specific amplicons, an hmbs PCR was used (209 bp)
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(Table 3). All primers were tested and found not to result in
unspecific amplicons within the described setting (data not
shown). The generation of internal standards was done by ligation
of the respective amplicons into TOPO_TA vectors and transfor-
mation into Escherichia coli DH5a, and the correct insertion of the
fragments was verified by PCR and restriction fragment length
polymorphism (RFLP) (data not shown). Plasmids were propa-
gated in E. coli DH5a, and the respective plasmid copy number
was determined as described above (see Materials and Methods).
Using these internal standards (from 10 to 10° copies), a linear
correlation between threshold cycle (C;) values and log copy
number was observed (Fig. 3). Correlation coefficients were 0.946
(B. henselae), 0.993 (A. baumannii), and 0.997 (ECs).

TAA-dependent adherence of B. henselae and A. baumannii
to ECs under static infection conditions. To analyze the TAA-
dependent attachment of B. henselae and A. baumannii to ECs,
HUVECs were infected as described above for 60 min. Adherence
was determined via fluorescence microscopy, and as expected,
BadA-expressing B. henselae adhered to ECs whereas B. henselae
BadA™ showed a clearly reduced cell adherence (Fig. 4A). Fluo-
rescence microscopy findings correlated with those obtained by
fluorometry or qRT-PCR (Fig. 4B). For wild-type B. henselae,
~25.3 ® 5.5 adherent bacteria (by fluorometry) or ~35.4 * 1.8
bacteria per HUVEC (by qRT-PCR) were calculated. Binding
rates were significantly reduced when HUVECs were infected with
B. henselae BadA™ (~6.0 = 1.5 bacteria [fluorometry] or ~17.2 *
1.6 bacteria per HUVEC [qRT-PCR]). To address the role of Ata
in binding to ECs, an ata deletion mutant was constructed as
described in Materials and Methods. It turned out that the pres-
ence or absence of Ata correlated with bacterial binding to ECs. As
observed by fluorescence microscopy, total numbers of adherent
bacteria were lower than numbers of B. henselae (Fig. 4C). These
data were confirmed by fluorometry (wild type, ~4.6 = 1.1 bac-
teria per HUVEC) and qRT PCR (~8.7 *= 0.4 bacteria per
HUVECQ) (Fig. 4D). EC adherence of Ata-deficient A. baumannii
was significantly reduced (~1.8 * 0.4 bacteria [fluorometry] and
~0.6 * 0.1 bacteria [qQRT PCR] per HUVEC). Taken together,
loss of BadA or Ata expression resulted in an ~3-fold (B. henselae)
or ~6-fold (A. baumannii) reduction in adherence to ECs.

TAA-dependent adherence of B. henselae and A. baumannii
to ECs under dynamic infection conditions. Next, we used the
dynamic infection models to analyze the role of TAA-mediated
EC binding under shear stress conditions (0.26 dyne/cm?). Here,
only very few adherent bacteria (both B. henselae and A. bauman-
nii) were detectable by fluorescence microscopy, indicating
strongly reduced bacterial adherence under shear stress condi-
tions (Fig. 5A and C). These observations were confirmed by flu-
orometry and qRT-PCRs: ~1.4 & 0.2 B. henselae wild-type iso-
lates (fluorometry) and ~13.6 = 1.2 bacteria (QRT-PCR) adhered
per HUVEC (Fig. 5B and D). For B. henselae BadA ™, only ~0.5 +
0.1 bacteria (fluorometry) and ~1.2 £ 0.5 bacteria (QRT-PCR)
adhered to HUVECs. Similar results were obtained when analyz-
ing dynamic EC binding of A. baumannii (Fig. 5D): for the wild
type, ~1.6 = 0.2 bacteria (fluorometry) and ~0.7 * 0.1 bacteria
(qRT-PCR) per HUVEC; for Ata-deficient bacteria, ~0.2 £ 0.1
bacteria (fluorometry) and ~0.1 * 0.02 bacteria (QRT-PCR) per
HUVEC. In summary, under dynamic infection conditions, TAA-
deficient bacteria showed a more reduced EC adherence than un-
der static infection conditions (B. henselae, ~9-fold reduction;
A. baumannii, ~8-fold reduction).
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FIG 3 Quantification of bacteria and ECs using fluorometry or qRT-PCR. (Left) Correlation between bacterial CFSE- or EC-anti-CD31 fluorescence intensity
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TAA-dependent adherence of B. henselae and A. baumannii
to human umbilical cord endothelial cells ex vivo. Finally, we
transferred the infection procedures in an ex vivo organ infection
model using human umbilical cords. Fresh human whole-organ
grafts were prepared and dynamically infected with B. henselae
and A. baumannii strains as described above. As the micro-CT
revealed an umbilical cord vein with a diameter of 4.0 = 0.6 mm
(n = 20) (Fig. 2A), the mean shear stress was calculated at 0.5 *
0.2 dyne/cm®. Moreover, flow pattern analysis via ultrasound and
Doppler revealed a unidirectional and laminar flow (Fig. 2B). Flu-
orescence microscopy analysis of vessel samples (taken after 60
min of infection) (Fig. 6A and C) demonstrated TAA-dependent
binding of B. henselae and A. baumannii to human endothelium to
a certain degree. However, counting of EC-adherent bacteria was
not feasible because of limitations in fluorescence microscopy due
to the thickness of the microscopic samples. In contrast, fluorom-
etry and qRT-PCR technology allowed to calculate the number of
adherent bacteria in this ex vivo organ infection model. Here, total
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binding rates for B. henselae wild-type strain were ~2.4 = 0.9
bacteria (fluorometry) and ~14.3 * 3.6 bacteria (QRT-PCR) per
EC. B. henselae BadA™ showed a ~3-fold-lower adhesion:
~0.50 = 0.08 bacteria (fluorometry) and ~6.3 * 1.8 bacteria
(qRT-PCR) attached per human EC (Fig. 6B). For wild-type
A. baumannii, ~2.3 * 0.4 bacteria (fluorometry) and ~7.3 + 0.3
bacteria (qRT-PCR) adhered per EC, whereas, in contrast,
A. baumannii Ata— showed a ~4-fold-lower adhesion (~0.20 =
0.08 bacteria [fluorometry] and ~2.4 £ 0.6 bacteria [QRT-PCR]
per EC) (Fig. 6D). Notably, total binding rates of B. henselae were
similar to those obtained in the dynamic in vitro approach and
those of A. baumannii were ~4-fold higher.

DISCUSSION

Adhesion of pathogenic bacteria to host cells is an early step for
establishing an infection. Elucidating the details of how the bacte-
ria attach to host cells is of great interest in infection biology re-
search because it allows to understand this crucial pathogenicity
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FIG 4 TAA-dependentadhesion of B. henselae and A. baumannii to HUVECs (static infection). HUVECs (1.0 X 10°) were seeded on coverslips and infected with
the respective bacteria (for B. henselae at an MOI of 100; for A. baumannii at an MOI of 200) for 60 min. For fluorescence microscopy (A, C), actin cytoskeleton
of ECs was stained with TRITC-phalloidin (red), bacteria and nuclei were stained with DAPI (blue), and images were digitally overlaid (merge). Scale bar, 20 pum.
(B, D) Adherence to ECs was determined in parallel by using fluorometry and qRT-PCRs. *, P < 0.05.

mechanism. Moreover, such analyses might help to prevent infec-
tions by, e.g., identifying promising vaccination targets or via in-
hibiting adhesion to host cells by “antiligands.” These two strate-
gies are getting more and more important as many pathogenic and
multidrug-resistant Gram-negative bacteria (e.g., A. baumannii)
have emerged in the last decade (27, 28).

The aim of our study was to develop an infection model that
mimics infection conditions closer to those encountered in nature
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as previously used in in vitro approaches. For this purpose, we set
up a dynamic human organ infection model using human umbil-
ical cord veins. This model was proven to render reliable results in
bacterial adherence for the two emerging pathogens B. henselae
and A. baumannii.

Determination of bacterial adherence by fluorometry and
qRT-PCR. For the quantification of adherent bacteria, we set up
two independent approaches based on fluorometry and qRT-
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FIG 5 TAA-dependent adhesion of B. henselae and A. baumannii to HUVECs (dynamic conditions). HUVECs (1.0 X 10*) were seeded on multichannel
slides and infected with 1.0 X 10® bacteria per ml under constant flow conditions (flow rate, 0.2 ml per min) for 15 min (B. henselae) or 60 min
(A. baumannii). (A, C) For fluorescence microscopy, actin cytoskeleton of ECs was stained with TRITC-phalloidin (red), bacteria and nuclei were stained
with DAPI (blue), and images were digitally overlaid (merge). Scale bar, 20 pm. (B, D) Adherence to ECs was determined in parallel by using fluorometry
and qRT-PCR. *, P < 0.05.

PCR. Principally, our results revealed that fluorometry is an easy =~ Using internal standards for fluorometry, the number of bacteria
and valuable tool in analyzing bacterial adherence rates. We found  and cells was determinable, allowing to calculate the absolute
that this method is highly reproducible, showing a linear correla- number of adherent bacteria per endothelial cell. Further advan-
tion between the number of CFSE-stained bacteria or antibody-  tages are that no specific antibodies are needed for bacterial label-
labeled ECs and the respective relative fluorescence units (Fig. 3).  ing and that adhesion of slow-growing bacteria like B. henselae to
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for 60 min as described in Materials and Methods. (A, C) For fluorescence microscopy, actin cytoskeleton of ECs was stained with TRITC-phalloidin (red),
bacteria were stained with CFSE (green) prior to infection, and nuclei were stained with DAPI (blue). Scale bar, 10 pm. (B, D) Adherent bacteria were quantified

by using fluorometry (B) and qRT-PCRs (D). *, P < 0.05.

ECs can be analyzed within hours instead of weeks by omitting
long-lasting bacterial subcultivation. CD31 (also known as plate-
let/endothelial cell adhesion molecule-1 [PECAM-1]) was used as
a marker for ECs (29). It can be suggested that our fluorometry
approach might be expanded to other cell types, since many spe-
cific cell antibodies are available (e.g., to lymphatic vessels specif-
ically expressing the lymphatic vessel marker 1 [LYVE-1]) (30).
Furthermore, bacterial adherence to host cells could be quantified
using a qRT-PCR approach by determining the number of bacte-
rial and host cell genome equivalents. This method was highly
reproducible and also showed a linear correlation between the
number of bacteria or ECs and the C; values of the specific am-
plified fragments. Using internal plasmid standards for qRT-PCR,
the absolute number of adherent bacteria per EC can be deter-
mined.

In our study, the detection limits of fluorometry (upcoming
background signals of PBS and unstained cells) are 50,000 bacteria
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and 5,000 ECs (Fig. 3). Therefore, this method is helpful in exper-
iments in which such bacterial or host cell numbers can be ex-
pected. In contrast, QRT-PCR-based determination of adherence
is more sensitive by nature (the limit of detection was one bacte-
rium or one host cell). This method is more useful for experiments
in which low numbers of bound bacteria are expected. Notably,
the two methods revealed comparable results. In the case of
B. henselae, e.g., under static infection conditions, ~25 bacteria
per EC were detected via fluorometry whereas ~35 bacteria were
calculated from qRT-PCR. These data are congruent to those
from our earlier observations (2, 6). In the case of A. baumannii,
~5 bacteria were found to be adherent to ECs by fluorometry and
~9 bacteria via qRT-PCR. We conclude that both methods might
expand the spectrum of methods in adherence research in future,
as they might be adapted to many adherence assays with some
minor modifications.

Notably, fluorescence microscopy of tissue samples (e.g., hu-
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man umbilical cord tissue) is difficult by nature: on the one hand,
the sample is relatively thick (>1 mm), and on the other hand, the
so-called “Wharton’s jelly” (substantia gelatina funiculi umbilica-
lis), which is the major structure component of the umbilical cord,
prevents reliable fluorescence microscopy. Here, fluorometry and
qRT-PCR-based bacterial quantification are clearly superior to
microscopic techniques when analyzing bacterial adherence. The
use of “multiphoton microscopy” might overcome such limita-
tions, as thicker tissue samples (>1 mm) can be analyzed (31);
however, such microscopes are highly expensive and of limited
access.

TAA-dependent adherence of B. henselae and A. baumannii.
Since the role of BadA in mediating bacterial adherence to ECs has
been analyzed in detail (2, 5, 6, 32, 33), B. henselae was used in our
study as a control to calibrate the experiments with A. baumannii.
Previous works described mainly Ata-dependent adhesion abili-
ties of A. baumannii to ECMs under static infection conditions
(3). In contrast, not much is known about the role of Ata in me-
diating the binding of A. baumannii to host cells, especially to ECs,
or in a dynamic infection model. It is highly likely that at least in
systemic infections (e.g., bloodstream infections) A. baumannii
bacteria will interact with human endothelium (10, 11); however,
this process has not been analyzed in detail. Therefore, our data
show for the first time that Ata mediates in fact the binding of
A. baumannii to human ECs. Our study revealed a ~5-fold-higher
binding of A. baumannii wild type to ECs than of isogenic Ata
deletion mutants under static infection conditions. When ECs
were infected under shear stress conditions, the binding rate de-
creased significantly. In static infection assays, ~7 wild-type bac-
teria and ~ 1 Ata-deficient bacterium attached to the ECs, whereas
under shear stress the binding rates decreased to ~1 wild-type
bacterium and ~0.2 Ata-deficient A. baumannii isolate. Interest-
ingly, the binding rates to ECs of A. baumannii are much lower
than those of B. henselae (see above). It can be assumed that the
binding to ECs is much more pronounced in B. henselae, as this
pathogen is an endotheliotropic bacterium (33). In contrast, ECs
might not represent the typical target cells in A. baumannii infec-
tions, since this pathogen targets mainly respiratory and skin ep-
ithelia (34). Consequently, the exact molecular basis for endothe-
lial or epithelial tropism of A. baumannii and the binding affinities
still remain to be elucidated.

Infection of human tissue grafts: a step toward “organ mi-
crobiology.” Cell culture-based static infection models are widely
accepted in cellular microbiology and pathogenicity research. Re-
cently, dynamic cellular and live murine infection models have
been applied for analyzing the interaction of bacteria with ECs in
vitro or using intravital microscopy, e.g., for B. henselae, Bartonella
quintana, Yersinia enterocolitica, Neisseria meningitidis, Borrelia
burgdorferi, and Staphylococcus aureus (6, 35-38). Although these
methods are of high importance in the field of pathogenicity re-
search, they suffer from some shortcomings by nature: (i) dy-
namic in vitro adherence assays are restricted to one particular
cell line in an artificial experimental environment (lacking the
complexity of natural human tissues; e.g., cell-cell-adhesions,
extracellular matrices, mixed cell types, elasticity of human
blood vessels) and (ii) cell growth conditions (addition of
growth factors, fetal calf serum, etc.) or passaging of the cells
might lead to unexpected cellular differentiation patterns in-
fluencing the specific characteristics of human cell lines (39);
moreover, (iii) intravital microscopy is laborious and also lim-
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ited to animal, mostly murine infection models. In the case of
B. henselae, no appropriate murine infection model exists. Thus,
alternative experimental settings are needed (33). Moreover, mu-
rine infection models (e.g., pneumonia models [3, 17]) might be
limited in transferability to humans (4).

To overcome these restrictions, we developed a new infection
model for analyzing bacterial adherence using human umbilical
cords and shear stress conditions to mimic the human blood-
stream conditions. Umbilical cord veins are suitable tools for this
for many reasons: high disposability, the constant flow and shear
stress allowed by the laminar structure of the veins, ethical accep-
tance, and the avoidance of animal infection experiments. We
demonstrate that our infection model mimics the physiological
shear stress of ~0.5 dyne/cm?® and unidirectional laminar fluid
flow in venous vessels. Similar conditions are found in the human
blood circulation system (26), and thus our model is close to na-
ture. Using this model, we demonstrated as a “proof of principle”
that TAA-dependent adherence to ECs can be analyzed under
dynamic flow infection conditions. Our experiments revealed
for wild-type B. henselae total binding rates of ~9.0 bacteria and
for B. henselae BadA™ up to ~3.0 bacteria per EC (Fig. 6A and
B). For A. baumannii, total binding rates were lower than for
B. henselae; however, the Ata-deficient mutant showed ~4-fold-
lower adhesion rates than wild-type bacteria (Fig. 6C and D).
Compared to dynamic in vitro infection settings, endothelial ex
vivo bacterial adhesion was generally ~2-fold higher. This might
be caused by more-physiological additional binding sites in the
human umbilical cord veins.

The work described here demonstrates that dynamic ex vivo
infection models using human umbilical cords might represent a
new, valuable tool in infection biology. Together with the calcu-
lation of adherent bacteria via fluorometry and qRT-PCR, this
method has already allowed to analyze the role of the TAAs BadA
and Ata in the infection process of human endothelial cells. Fur-
ther studies with this newly developed infection model could al-
low detailed investigations of, e.g., host cell responses during
dynamic infection procedures under more-physiological condi-
tions. These findings might have the potential to expand the tech-
nologies present in “cellular microbiology” to a seminal new field
in infection biology (“organ microbiology”).
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