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Introduction

Staphylococcus aureus (S. aureus) is the pathogen most
frequently associated with heart valve and endovascular

infections, such as infective endocarditis (IE).1 In order to
cause these infections, S. aureus has developed specific
mechanisms to adhere to endothelial cells (ECs) lining the
heart and vessel wall and to the exposed sub-endothelial
matrix. To this end, S. aureus expresses a large number of
surface-bound and secreted proteins, contributing to the
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Abstract Adhesion of Staphylococcus aureus to endothelial cells (ECs) is paramount in infective
endocarditis. Bacterial proteins such as clumping factor A (ClfA) and fibronectin binding
protein A (FnbpA) mediate adhesion to EC surface molecules and (sub)endothelial matrix
proteins including fibrinogen (Fg), fibrin, fibronectin (Fn) and vonWillebrand factor (vWF).
We studied the influence of shear flow and plasma on the binding of ClfA and FnbpA
(including its sub-domains A, A16þ, ABC, CD) to coverslip-coated vWF, Fg/fibrin, Fn or
confluent ECs, making use of Lactococcus lactis, expressing these adhesins heterologously.
Global adherence profiles were similar in static and flow conditions. In the absence of
plasma, L. lactis-clfA binding to Fg increased with shear forces, whereas binding to fibrin did
not. The degree of adhesion of L. lactis-fnbpA to EC-bound Fn and of L. lactis-clfA to EC-bound
Fg, furthermore, was similar to that of L. lactis-clfA to coated vWF domain A1, in the
presence of vWF-binding protein (vWbp). Yet, in plasma, L. lactis-clfA adherence to
activated EC-vWF/vWbp dropped over 10 minutes by 80% due to vWF-hydrolysis by a
disintegrin andmetalloproteinasewith thrombospondin type1motif,member 13 and that
of L. lactis-fnbpA likewise by > 70% compared to the adhesion in absence of plasma. In
contrast, plasma Fg supported high L. lactis-clfA binding to resting and activated ECs. Or, in
plasma S. aureus adhesion to active endothelium occurs mainly via two complementary
pathways: a rapid but short-lived vWF/vWbp pathway and a stable integrin-coupled Fg-
pathway. Hence, the pharmacological inhibition of ClfA-Fg interactions may constitute a
valuable additive treatment in infective endocarditis.
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pathogenesis of endovascular infections. Various staphylo-
coccal surface proteins or microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) have
been extensively described as mediators of adhesion to host
cells and to extracellular matrix proteins, e.g. fibronectin
(Fn)-binding protein A (FnbpA), clumping factor A (ClfA) and
staphylococcal protein A (SpA).2–11 These MSCRAMMs inter-
act with Fn, fibrinogen (Fg) and vonWillebrand factor (vWF)
and are covalently linked to the bacterial cell wall via sortase
A (SrtA).12–15 However, in view of intra-molecular folding of
some MSCRAMMs, mostly having been studied in static
conditions, many of these interactions may have different
relevance in endovascular infections in the circulation.
Indeed, we and others recently reported that S. aureus
interactions via vWF are flow dependent which is in accor-
dance with the well-known shear stress-controlled function
of vWF.16,17

FnbpA and ClfA are two well-described surface adhesins
of S. aureus. FnbpA is a Fn-binding protein with 11 Fn-
binding repeats.18 Binding of FnbpA to Fn in static conditions
is mediated by the CD domain, the A16þ domain and the
hinge between the A domain and B domain, which is capable
of binding both Fn and Fg.3,5 Recent studies emphasize the
significant contribution of FnbpA to bacterial adhesion and
invasion of ECs by using Fn as a bridging molecule between
the bacterium and the host endothelial Fn-receptor α5β1
integrin.19–22 In static conditions, binding of FnbpA to ECs
and their pro-inflammatory and pro-coagulant activation
are primarily mediated by the CD domain.3 In vivo, it has
been demonstrated that FnbpA-mediated binding to Fn is
mainly crucial for S. aureus when invading ECs.19

ClfA is a staphylococcal surface protein with Fg-binding
properties. The A domain of FnbpA shows sequence identity
to the A domain of the Fg-binding protein ClfA and also
exhibits Fg-binding activity. Both ClfA and FnbpA bind the
γ-chain of Fg near the C-terminus6,8 and this interaction
allows Fg to bridge S. aureus and ECs via the endothelial
Fg-receptor αVß3 integrin.23,24

It is, however, unclear how these interactions quantita-
tively translate in adhesive efficiency in flow conditions. Our
group already described that adhesion of S. aureus to ECs and
to sub-endothelial matrix in flow conditions is mediated via
vWF and staphylococcal secreted vWF-binding protein
(vWbp).17 Recently, we also found that a complex between
vascular vWF, soluble vWbp and bacterial ClfA can be
formed, which is responsible for S. aureus recruitment to
inflamed (activated) endothelium.25

Lactococcus lactis are poorly pathogenic bacteria lacking
adhesion molecules for human matrix proteins. However,
L. lactis expresses its surface proteins in a similar way as
S. aureus, using a LPXTG motif to anchor surface proteins to
the peptidoglycan layer via SrtA. L. lactis expressing single
staphylococcal surface proteins were reported before to
study the contribution of single staphylococcal surface pro-
teins in S. aureus IE.3,5,24,26

In this study, we have investigated how ClfA, FnbpA and
FnbpA sub-domains (A, A16þ, ABC, CD) contribute to bacterial
adhesion to various ligands present in injured vascular

lesions. To validate the flow dependency of these interac-
tions, we investigated the adhesion of L. lactis expressing
ClfA, FnbpA or FnbpA sub-domains to Fn, Fg, intact and
activated ECs and to fibrin. In view of the presence of Fg,
Fn and a disintegrin and metalloproteinase with thrombos-
pondin type 1motif, member 13 (ADAMTS13) in plasma, our
studies were performed both, in medium and in plasma, to
account for these effects. Together, these experiments have
enabled us to rank the importance of the major adhesive S.
aureus receptors in bacterial recruitment in plasma to the
inflamed and injured vessel wall and heart valve endothe-
lium, central in IE.

Materials and Methods

Bacterial Strains
L. lactis strains24,26 were grown overnight at 37°C in M17
medium (Fluka, Sigma-Aldrich, Taufkirchen, Germany) sup-
plemented with 0.5% glucose and 5 μg/mL erythromycin.
Bacteria stocks were stored in M17 medium supplemented
with 15% glycerol at –80°C. The strains used in this study are
listed in ►Supplementary Table S1, available in the online
version. The original strain for all mutants was L. lactis subsp.
cremonis 1363. The structural organization of FnbpA and its
domains are presented in►Supplementary Fig. S1, available
in the online version.

L. lactis strains have a documented membrane expression
of ClfA and FnbpA,which is reported to be comparable to that
of the corresponding adhesins in S. aureus Newman.24 S.
aureus strains were cultured at 37°C in tryptic soy broth
(TSB) medium and stocks were stored in medium supple-
mented with 15% glycerol at –80°C.

In Vitro Perfusion Experiments
In vitro perfusion experiments were performed as described
before.17,27 Glass coverslips (24 � 50 mm, VWR Interna-
tional, Belgium) were coated with 100 μg/mL Fn (Sigma-
Aldrich), 100 μg/mL Fg21 (Sigma-Aldrich), 30 μg/mL rvWbp27

or 50 μg/mL vWF A1-domain25 in a humidified container at
room temperature for 4 hours. The coverslips were mounted
in a micro-parallel plate flow chamber28 and perfused for
10 minutes with a high accuracy Harvard pump (PHD 2000
Infusion, Harvard Apparatus, Cambridge, Massachusetts, Uni-
ted States), generating flow rates of 500, 1,000 or 2,000 s�1.
Bacteria were labelled with 5(6)-carboxy-fluorescein N-
hydroxysuccinimidyl ester (Sigma-Aldrich) (final concentra-
tion of 30 μg/mL for subsequent perfusion experiments) and
diluted in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 25 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) pH 7.5 and 10% fetal bovine
serum (FBS) to an OD600 nm (optical density) of 0.65 or 1.2
corresponding to 5.0 � 107 or 108 colony-forming unit (CFU)/
mL, respectively. An approximate number of 7.0 � 107 CFUs
was used to assess bacterial adhesion to extracellular matrix
proteins (Fg, fibrin, Fn), whereas 1.4 � 108 CFUs were taken
for the evaluation of adhesion events to EC layers.

Coated coverslips were perfused with labelled bacteria
(OD600 nm 0.65) with or without added rvWbp (10–50 μg/mL),
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Ca2þ (10 mM) and Fg (10–200 μg/mL). Live images were
recorded using an inverted fluorescence microscope
(Axio-observer DI, Carl-Zeiss NV, Belgium) and read with
a black and white camera (Carl-Zeiss Axio-Cam MRm).
Images were digitally stored and fluorescence was mea-
suredwith the ImageJ analysis software (National Institutes
of Health, Bethesda, Maryland, United States) using a par-
ticle analysis module, both manually and by means of an
elaborated macro. The intensity of fluorescence is reported
as relative bacterial adhesion, expressed as a percentage of
an internal control, inmost case consisting of L. lactis-fnbpA
adhesion, as indicated. In some cases, asmentioned, bacter-
ial adherence was also defined by intensity measurement,
as arbitrary fluorescence units of cumulative foci intensity,
or by a surface coverage area analysis, referring to the area
occupied by adhered bacteria.

Bacterial Adhesion to Endothelial Cells
Human umbilical vein endothelial cells (HUVECs) were iso-
lated from fresh umbilical cords of healthy donors after
taking informed consent, as described before.17,27 HUVECs
were seeded on 1% gelatin (Sigma-Alderich)-coated plastic
microscopic slides (Sarstedt, Nuembrecht, Germany) and
grown to confluence. The slides were mounted in a micro-
parallel plate flow chamber and ECs were perfused with
fluorescently labelled bacteria in DMEM, containing 25 mM
HEPES pH 7.5 and 10% FBS (supplemented DMEM) for
10 minutes at a shear rate of 1,000 s�1. When indicated,
ECs were activated via perfusion with 10 µM Ca2þ -iono-
phore A23187 (Sigma-Aldrich) for 5 minutes. Fluorescently
labelled bacteria were suspended in supplemented DMEM
(108 CFU/mL) or platelet-poor plasma (1:1 diluted in DMEM,
containing 50 mM HEPES pH 7.5 and 10% FBS), with or
without Fn (100 μg/mL), Fg (20–200 μg/mL), rvWbp (10–
50 μg/mL) and/or eptifibatide (10 μg/mL, GlaxoSmithKline,
Brentford, UK) added to the perfusate. After perfusion of
activated HUVECs with or without 30 μg/mL rvWbp in
supplemented DMEM, ADAMTS13 string cleaving activity
of vWF multimers was checked by post-perfusion with
medium or plasma, as indicated. HUVECs were pre-perfused
with rvWbp (activated ECs) or Fg (non-activated ECs), as
indicated, to avoid strong secondary interactions shown in
this study as agglutinated bacterial clumps, which in non-
plasma environments complicated the adhesion process.
Human plasma used in this study was constituted of pooled
plasma from eight healthy donors. Before use, plasma was
centrifuged at 1,000 rpm at room temperature and was
additionally filtered through 0.45 µm sterile filter to avoid
particles that would clog the perfusion chamber. Bacterial
adhesion was recorded as described above.

Bacterial Adhesion to Fibrin
Glass coverslips (24 � 50 mm, VWR International) were
coated with 50 μg/mL Horm collagen (Takeda, Linz, Austria)
in a humidified container at room temperature for 4 hours,
rinsedwithHEPES buffer of pH7.5 andblockedwith 5%bovine
serum albumin dissolved in HEPES buffer of pH 7.5 for
30 minutes. The coverslips were mounted in a micro-parallel

plate flow chamber and perfused for 6 minutes with citrated
whole blood at 1,000 s�1 to trigger platelet adhesion and
primary platelet aggregation. After a wash step with HEPES
buffer, pH 7.5, the coverslips were perfused with re-calcified
(16.4 mM CaCl2, Sigma-Aldrich) plasma (plasma pool, 8
healthy donors) for 12 minutes at 150 s�1, to trigger fibrin
formation on the adhered platelets. Then, after washing with
the HEPES buffer, the fibrin layer was perfused with fluores-
cently labelledbacteria suspended insupplementedDMEMfor
10minutes at different shear rates (500, 1,000 and 2,000 s�1).
Bacterialadhesion to thefibrin layerwasrecordedasdescribed
above.

Static Agglutination Test
Fluorescently labelled bacteria were diluted in DMEM or
plasma to an OD600nm of 0.65 with or without 30 μg/mL
rvWbp or Fg (50–200 μg/mL). Droplets of 500 μL were placed
on a glass coverslip and incubated for 5 minutes at room
temperature. Live images were obtained using an inverted
fluorescence microscope (Axio- observer DI, Carl-Zeiss NV,
Belgium) and recorded with a black and white camera (Carl-
Zeiss Axio-Cam MRm).

Statistical Analysis
All calculationsweredonewithGraphPadPrism7.0d (GraphPad
Software, San Diego, California, United States). Groups were
comparedwith the one-way analysis of variance or a two-tailed
Student’s t-test. All values are reported as mean � standard
error of the mean. A p-value of < 0.05 was considered signifi-
cant (�p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001).

Results

Adhesion of Lactococci Expressing FnbpA and ClfA to
Fn, Fg and ECs in Flow
The FnbpA sub-domains contribute to S. aureus adhesion to
Fn and Fg in static conditions and, as shown before, the CD
domain of FnbpA mediates binding to Fn and the A16þ

domain binds both Fn and Fg.5 We first evaluated the
influence of shear stress on the adhesion of L. lactis expres-
sing FnbpA or ClfA to Fn and Fg in conditions where the
native L. lactis-pIL253 control strain showed only minimal
adhesion (►Fig. 1A, B). The expression of FnbpA in L. lactis
allowed adhesion to Fn and Fg in flow, while ClfA selectively
triggered adhesion to Fg (►Fig. 1A, B), which was consider-
ably higher than that of L. lactis-fnbpA (►Fig. 1B)
(p ¼ 0.0058). We further investigated in detail the role of
staphylococcal FnbpA sub-domains for adhesion to Fn and
Fg, taking L. lactis-fnbpA as an internal reference, set to
100%, thus resulting in some quantitative differences
(►Fig. 1A, B). In conclusion, the CD-domain bound selec-
tively to Fn (compared to full length FnbpA, p ¼ 0.039) and
ClfA to Fg. The A16þ domain bound both Fn and Fg. Or, the
same domains controlling bacterial adhesion to Fn and Fg in
static conditions also determine bacterial binding in flow.
Of interest, L. lactis-clfA and L. lactis-CD could serve as
selective probes to measure bacterial binding to Fg and Fn,
respectively.
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Therefore, L. lactis expressing ClfA, FnbpA and its sub-
domains were selected to study these adhesins in bacterial
recruitment to intact ECs in flow conditions. L. lactis-fnbpA
bound to ECs via the CD domain and the A16þ domain
(►Fig. 1C). Because of the strong binding via the CD domain,
we suspected that the adhesion observed for L. lactis-fnbpA
was mediated via EC-bound Fn. Indeed, perfusions with an
excess of Fn, added to the perfusate to saturate the L. lactis-
CD Fn integrin receptor(s) almost abrogated adhesion
(►Fig. 1C). In contrast, L. lactis-clfA showed little interaction
with ECs (►Fig. 1C), but adding Fg to the perfusate restored
the ClfA-mediated adhesion to comparable levels as mea-
sured for L. lactis-fnbpA, taken as an internal control set at
100% recruitment (►Fig. 1C). Moreover, there was no differ-
ence if Fg was added to the perfusate or pre-perfused over
ECs, showing that Fg pre-perfusion is also a valid strategy

(►Supplementary Fig. S3A, available in the online version).
Inclusion of the integrin receptor antagonist integrilin in the
perfusate confirmed complete inhibition of L. lactis-clfA
binding to ECs (not shown). We conclude, that ClfA selec-
tively mediates bacterial adhesion to ECs via EC-bound Fg.

Interaction of L. Lactis-fnbpA and L. Lactis-clfA with Fg
versus Fibrin in Flow
S. aureus is known to adhere to platelet-fibrin clots, present
in endocarditis lesions.29,30 Therefore, the interactions of L.
lactis-clfA with Fg and fibrin were presently compared in
flow, information currently lacking for fibrin. Adhesion of L.
lactis-clfA to coated Fg was homogenous, bacteria being
equally distributed and it was shear stress-sensitive, gradu-
ally increasing with shear rates rising from 500 to 2,000 s�1

(►Fig. 2A, p ¼ 0.045). In addition, adhesion to Fg was highly
selectively mediated by ClfA (►Fig. 2A, left panel), in agree-
ment with findings shown in ►Fig. 1.

The adhesion to fibrin occurred to the preformed fibrin
fibres and clots and resulted inmassive L. lactis-clfA adhesion
after 10 minutes (►Fig. 2B, right panel). The binding of L.
lactis-clfA to fibrin went up when the shear rate rose from
500 to 1,000 s�1 (p ¼ 0.0024), but dropped at 2,000 s�1 to the
same degree as observed for thebinding of L. lactis-fnbpA and
L. lactis-CD (►Fig. 2B, left panel). Overall, L. lactis-clfA inter-
acted with coated Fg and fibrin remarkably differently.
Adhesion to fibrin was more focal and resisted the highest
shear rate tested less well (►Fig. 2B), hence appeared to be
not more selective than the binding of L. lactis-fnbpA and L.
lactis-CD to fibrin. It may reflect a situation in which these
fibrin higher-ordered structures form a kind of three-dimen-
sional scaffold that does not experience high shear forces at
the site of lesions.

ClfA Binds to Fibrin via the Fg γ-Chain
The Fg γ-chain has been identified as the interaction site for
ClfA.8 Inviewof thedifferent interactionprofile of ClfAwith Fg
and fibrin, we have tested whether blocking the Fg γ-chain
with Ca2þ would affect fibrin—L. lactis-clfA interactions. CaCl2
(10 mM) inhibited comparably L. lactis-clfA adhesion to Fg and
fibrin (►Fig. 3), illustrating the involvement of the Fg γ-chain
in both cases, further documenting the availability of this
binding site in fibrin clots. We previously showed that ClfA
interacts with rvWbp to promote vWF-mediated adhesion to
ECs and sub-endothelial matrix. Interestingly, rvWbp, how-
ever, did not inhibit the binding of L. lactis-clfA to Fg or fibrin
(►Fig. 3). In contrast, L. lactis-clfA binding to Fg was even
enhanced by adding 10 to 30 µg/mL rvWbp (►Fig 3A). These
findings are compatible with the formation of a ternary
complex between Fg, vWbp and ClfA, where vWbp stabilizes
the binding between Fg and ClfA (►Figs. 3A and 4), in further
agreement with its known binding to Fg, when it is part of the
staphylothrombin complex, capable of Fg conversion.31 Such a
complex seems to play a lesser role in L. lactis-clfA adhesion to
fibrin (►Fig. 3B). Finally, saturation of L. lactis-clfA with Fg
(100 µg/mL) interferes with its binding to fibrin (►Fig. 3B),
illustrating thatanexcessof soluble Fgcompeteswithfibrin for
binding to bacterial ClfA.We conclude that ClfA binds to fibrin

Fig. 1 L. lactis-CD and L. lactis-fibronectin binding protein A (fnbpA)
bind primarily to fibronectin (Fn) and L. lactis-clumping factor A (clfA)
binds to fibrinogen (Fg) under shear stress. (A–C) Micro-parallel plate
flow chamber perfusion over coated Fn (A, 100 μg/mL) or Fg
(B, 100 μg/mL) and human umbilical vein endothelial cells (HUVECs)
(C) with fluorescently labelled L. lactis-pIL253, L. lactis-fnbpA, L. lactis-A,
L. lactis-A16þ, L. lactis-ABC, L. lactis-CD and L. lactis-clfA strains at a shear rate
of 1,000 s�1 (n � 6). Where indicated, Fn or Fg were added to the
perfusate. All results are expressed as mean � standard error of the mean
(SEM). �p < 0.05, ��p < 0.01 compared to L. lactis-fnbpA, §p < 0.05
compared to L. lactis-CD, $$p < 0.01 compared to L. lactis-clfA.
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via the Fgγ-chain, avidlyenough tomediatebacterial adhesion
to fibrin-rich clots or lesions. Additionally, no enhancement of
adhesion to fibrin in the presence of vWbp emphasizes no
further requirement for the staphylothrombin complex for-
mation towards more Fg conversion.

The Effect of Fg on vWbp—ClfA Interactions
Wepreviously reported that adhesionof S. aureus to ECsand to
the sub-endothelial matrix under shear stress occurred
through the A1 domain of vWF, interacting with vWbp.25,27

Interactions exist between vWbp, Fg and ClfA (►Figs. 3A and
4) and S. aureus binding to EC results from complex formation
between vascular vWF, soluble vWbp and bacterial ClfA,25

recruiting S. aureus to inflamed (activated) endothelium. We
have, therefore, further investigated how Fg would affect the
interaction between vWbp and ClfA. ECs were activated by a
Ca2þ-ionophore to stimulate release of vWF, which was then
retained on the EC surface, in the absence of ADAMTS13.

In agreement with earlier findings,25 soluble vWbp
(30 µg/mL) increased adhesion of L. lactis-clfA to the A1
domain of vWF. Adhesion was further enhanced by adding
Fg up to 100 µg/mL (►Fig 5A). The ►Supplementary Fig. S2

(available in the online version) illustrates how 30 to
200 µg/mL Fg causes L. lactis-clfA agglutination in a buffer
environment. Hence, rapid formation of these larger, more
stable bacterial clumps has a positive effect on the bacterial
adhesion (►Fig. 5A, left and right panels). This observation
explainswhy Fg further raised adhesion of L. lactis-clfA to the
A1 domain of vWF, i.e. in the absence of EC receptors for Fg.

Whereas we observed that L. lactis-clfA firmly bound to
coated vWbp in a homogenous pattern (►Fig. 5B, right panel),
the Fg-mediated agglutination of L. lactis-clfA did not further
enhance bacterial interactions with coated vWbp, even when
we still observed the formation and adhesion of agglutinated
bacterial clumps (►Fig. 5B). However, the adhered clumps
wereunstable, reflectingweaker interactionsbetweenFg, ClfA
and rvWbp, when the latter was coated and less accessible for
stabilizing interactions between ClfA and Fg. This was not
further investigated. Therefore, these data indicate that
vWbp–ClfA and Fg–ClfA are not mutually exclusive, but that
the final outcome of vWbp–Fg–ClfA interactions for bacterial
recruitmentsdependson thedegreeofbacterial agglutination.
►Supplementary Fig. S2 (available in the online version)
describes the agglutination issue in larger detail.

Howdo Fg and vWbpMediate Adhesion of L. Lactis-clfA
to Activated Endothelial Cells
Next, we studied how ClfAwouldmediate bacterial adhesion
to activated ECs by simultaneously focusing on the vWF/
vWbp and the integrin receptor-Fg pathways.

In the absence of vWbp or Fg, L. lactis-clfAweakly adhered
to activated ECs and hardly more than the adhesion of the
negative control pIL253 (►Fig. 6A). However, addition of
either low vWbp or low Fg concentrations to the perfusate
increased adhesion in both cases to comparable levels,
illustrating equivalence for vWF/vWbp and integrin recep-
tor-Fg mediated binding, analysed separately. The integrin
inhibitor integrilin abrogated the Fg-mediated L. lactis-clfA

Fig. 2 L. lactis expressing clumping factor A (ClfA) binds to fibrinogen (Fg) and fibrin under shear stress. Micro-parallel plate flow chamber
perfusion over coated Fg (A, 100 μg/mL) and fibrin (B) with fluorescently labelled L. lactis-pIL253, L. lactis-fnbpA, L. lactis-CD and L. lactis-clfA
strains at a shear rate of 500, 1,000 or 2,000 s�1. Representative images show L. lactis-clfA adhering to Fg (n > 6) and fibrin (n > 4) at shear rates
of 500 and 2,000 s�1. All results are expressed as mean � standard error of the mean (SEM). �p < 0.05, ��p < 0.01, ���p < 0.001.
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adhesion. In other words, the binding of L. lactis-clfA to
activated ECs via vWF/vWbp and integrin receptor-Fg is
comparable and is furthermore similar to the recruitment
of L. lactis-fnbpA, used as an internal reference being set to
100%. Taking into account the agglutination of L. lactis-clfA
by Fg (►Supplementary Fig. S2, available in the online
version), the binding of L. lactis-clfA via vWF/vWbp occurred
via single bacteria and that to EC-bound Fg via agglutinated
clumps (►Fig. 6A, right panel).

In the more complex condition where vWbp and Fg were
simultaneously added to the perfusate, we observed that L.
lactis-clfA adhesion to activated ECs was never higher than
that of the internal control, i.e. combining pathways did not
lift interaction efficiencies over those found for the single
pathways. Both, when rvWbp was pre-perfused or added to
the perfusate, the degree of interaction was similar and only
weakly but positively influenced by the additional presence
of Fg (►Fig. 6B). At higher degrees of agglutination (see
►Supplementary Fig. S2, available in the online version), the
combined presence of rvWbp and Fg resulted even in the
inhibition of bacterial recruitment. Or, in this complex
environment, dependent on multiple interactions between
vWF, rvWbp, Fg and ClfA, no additive effects were found for
the vWF/vWbp and the EC-bound Fg pathways.

The Adhesion of L. Lactis-clfA to Endothelial Cells in
Plasma
In thepreviousfigures, L. lactis-clfA interactionswith ECswere
largely controlled by Fg-induced agglutination of L. lactis-clfA.
However, in plasmawhere Fg concentrations are considerably
higher and other plasma proteins can participate in the
agglutination process, we did not observe agglutination any
longer over the time interval of our incubations
(►Supplementary Fig. S2, available in the online version). In
addition, plasma contains the metalloproteinase ADAMTS13.
Becausewe had already shown that ADAMTS13 decreases the
vWF-mediated S. aureus adhesion to ECs by 60%, as a result of
vWF multimeric string cleavage by ADAMTS13,27 it became
necessary to assess the adhesion of L. lactis-clfA to ECs while
introducing flow and plasma as two additional factors.

Perfusions during 10minutes over ECs in 50% plasma show
that ionophore-activation of ECs reduced the degree of L.
lactis-fnbpA adhesion by about 50% (►Fig. 7A). At the same
time, the adhesion of L. lactis-clfA is considerably higher in
plasma and is hardly affected by EC-ionophore activation, in
agreement with the interpretation that Fg-binding to ECs is
independent of EC-ionophore treatment. Reperfusions of acti-
vated ECs with rvWbp or inclusion of rvWbp in the perfusate
further enhanced the adhesion, assessed after 10 minutes of
perfusion time. To express bacterial adherence more quanti-
tatively, we compared bacterial adherence as ‘surface cover-
age’after perfusionsof10minutes in theabsenceandpresence

Fig. 3 L. lactis expressing clumping factor A (ClfA) binds to fibrin under
shear stress via the γ-chain of fibrinogen (Fg). Micro-parallel plate flow
chamber perfusion over coated Fg (A, 100 μg/mL, n > 6) and fibrin
(B, n > 4) with fluorescently labelled L. lactis-clfA strain at a shear rate of
1,000 s�1. Where indicated, Ca2þ, Fg or von Willebrand factor-binding
protein (rvWbp) were added to the perfusate. All results are expressed
as mean � standard error of the mean (SEM). �p < 0.05, ��p < 0.01,
���p < 0.001 compared to L. lactis-clfA (negative control).

Fig. 4 Schematic model indicating how binding of clumping factor A (ClfA) promotes bacterial attachment to endothelial cells (ECs) under shear
stress, ClfA binds via von Willebrand factor (vWF)-binding protein (vWbp) to vWF present on activated ECs. Via a second pathway, ClfA binds to
the integrins, mediated by fibrinogen (Fg). vWbp is part of a complex formed with Fg and ClfA.
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of plasma. Hence, ►Fig. 7A confirms that the potency of
L. lactis-fnbpA adhesion strongly decreases in plasma, when
assessed on ionophore-activated ECs. In contrast, L. lactis-clfA
adhesionwas as strongly stimulated by plasma as it was by Fg
in the absence of further plasma proteins. Because, depending
on the individual ECs chosen, the residual contribution of
vWbp to bacterial adhesion in plasma appeared to be variable,
we have assessed the impact of the vWF pathway in plasma
more precisely, as shown in ►Fig. 7B. To that end, we first
perfused L. lactis-clfA over activated ECs and then added a
wash-in step with medium or with plasma. We observed no
difference in thedegreeandkineticsofadhesionwhen L. lactis-
clfA was perfused and washed-in with medium or plasma
(►Fig. 7B, left panel). However, when vWbpwas supplemen-
ted to themedium, an expected increased adhesion of L. lactis-
clfAwas observed after the wash-in step. The wash-in step in
plasma, where ADAMTS13 was able to cleave the EC-bound
vWF strings, progressively decreased L. lactis-clfA adhesion to
the activated ECs in the presence of vWbp to about 30% of the
signal in the absence of plasma (►Fig. 7B, left panel).

When plasma was mixed with L. lactis-clfA and perfused
over activated ECs for different time intervals before the
wash-out, these different time points clearly revealed an
increased adhesion when vWbp was present, but also illu-
strated that the cumulative adhesion during the first 4 min-
utes was reversed between 4 and 8 minutes (►Fig. 7B, right

panel), in agreement with ADAMTS13-mediated vWF clea-
vage in this time frame. These experiments illustrate that the
standard perfusion time of 10 minutes are long enough to
enable ADAMTS13-mediated vWF-cleavage, largely rever-
sing the vWF-dependent adhesion.

Or, although vWbp addition evidenced the residual bac-
terial binding via the vWF/vWbp pathway (►Fig. 7B), i.e. to
the vWF A1 domain still present on ECs after ADAMTS13
cleavage, this residue is small compared to the binding via
the EC-bound Fg-ClfA pathway. This explains why the ‘resi-
due binding’ may go unnoticed in some cases if compared to
the integrin-Fg-ClfA pathway.

Discussion

To initiate IE, blood-borne S. aureus needs to colonize the
endothelium via adhesion to the heart valve surface, itself
subject to turbid blood flow. Both S. aureus ClfA and FnbpA
are reported to be central players in bacterial adhesion to the
endothelium.4,5,11,20,32 We have, therefore, presently evalu-
ated the adhesive properties for these both adhesins in vitro,
in conditions more closely mimicking the contact interface
between bacteria and the heart valve endothelium. To this
end, perfusion studies with bacteria were performed over
layers of confluent ECs, exposing them to variable mild shear
forces in a plasma matrix. Bacteria consisted of several

Fig. 5 Aggregate formation of L. lactis expressing clumping factor A (ClfA) with fibrinogen (Fg) enhances adhesion to von Willebrand factor
(vWF) A1-domain in the presence of vWF-binding protein (rvWbp), but decreases adhesion to coated rvWbp. Micro-parallel plate flow chamber
perfusion over coated vWF A1-domain (A, 50 μg/mL, n > 4) and over rvWbp (B, 50 μg/mL, n > 6) with fluorescently labelled L. lactis-pIL253 and/
or L. lactis-clfA strains at a shear rate of 1,000 s�1. Where indicated, rvWbp and/or Fg were added to the perfusate. Representative images of L.
lactis-clfA adhering to vWF A1-domain (A) and to rvWbp (B). All results are expressed as mean � standard error of the mean (SEM). �p < 0.05
compared to L. lactis-clfA, �§p < 0.05 compared to L. lactis-clfA þ 30 μg/mL rvWbp, $p < 0.05 compared to L. lactis-clfA.
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L. lactis strains, individually expressing ClfA or FnbpA (and its
domains) to a level comparable to that found in S. aureus
Newman.24 In the absence of plasma, these studies revealed
that ClfA mediates bacterial recruitment to endothelium via
vWF/vWbp and via EC-bound Fg with comparable efficiency,
furthermore similar to the efficiency for the FnbpA/Fn path-
way. This balance, however, is strongly affected by thehigh Fg
concentration and by the presence of ADAMTS13 in plasma,
defining ClfA as the most relevant adhesin in plasma. These
findings can explain why ClfA, but not FnbpA, is a potent
initiator of IE in animal models.19,24

ClfAbinds Fg via its Adomain,which recognizes the γ-chain
of Fg8and this interaction allowsFg tobridge S. aureusClfAand
the platelet receptor αIIbβ3.33 ClfA also assures fibrin mono-
mer binding to this receptor,34 facilitating S. aureus-triggered
platelet aggregation. We have presently found that ClfA bind-
ing to fibrin, indeed, also occurs via its γ-chain, which is in
agreement with the existence of circulating complexes
between S. aureus, platelets and fibrin strands.30 Recently, it
was shown that Fg also supports S. aureus adhesion to ECs via
cross-linking ClfA to the endothelial integrin αVß3 integ-
rin,23,24 a function partially overlapping that of staphylococcal
FnbpA. FnbpA binds both Fn and Fg, findings confirmed in this
studyandexplainedbythebridgingofbacterial FnbpAvia Fnto
the endothelial Fn receptor integrin α5ß1.3,24

Yet, even when these findings in perfused medium com-
ply with previous static in vitro experiments of bacterial
binding to ECs, showing predominant binding via the FnbpA
receptor and only to a minor extent via ClfA,32 such data
conflict with the more predominant role for ClfA in vivo.19 IE
models in the rat underscored a higher propensity for ClfA
over FnbpA in heart valve colonization.19,26 In counterpart
though, FnbpA triggered cell internalization in vitro and
in vivo, leading to bacterial persistence in ECs, vegetations
and peripheral organs.19 This interpretation is in further
agreement with Kerrigan et al who described that, even
when FnbpA and ClfA both bind Fg in static conditions, ClfA
but not FnbpA activates and aggregates platelets via Fg
bridging under shear stress.33 To further validate the sig-
nificance of our adhesion data for ClfA, we have compared
the degree of adhesion for L. lactis-clfAwith that of wild-type
S. aureus, making use of a ClfA deletion mutant
(►Supplementary Fig. S3B, available in the online version).
Thus, it allowed us to judge on the relative contribution of
ClfA–Fg interactions to the adhesion of both strains of
bacteria. This approach confirmed that the separate mea-
surement of these interactions in the context of L. lactis was
representative for their relevance in S. aureus. All interac-
tions in this study were analysed in flow, at various shear
rates and formal comparisons were made for the efficiencies

Fig. 6 Both fibrinogen (Fg) and von Willebrand factor-binding protein (vWbp) mediate the adhesion of L. lactis expressing clumping factor A
(ClfA) to activated endothelial cells (ECs) in flow conditions. (A, B) Micro-parallel plate flow chamber perfusions of L. lactis-pIL253, L. lactis-clfA and
L. lactis-fnbpA strains over ECs activated by a 5-minute perfusion with Ca2þ -ionophore (10 µM) at a shear rate of 1,000 s�1. Where indicated,
rvWbp, Fg and/or integrilin were added to the perfusate (n > 6). (A, B) Representative images of L. lactis-clfA perfusion in the presence of rvWbp
or Fg. All results are expressed as mean � standard error of the mean (SEM). ��p < 0.01 and ���p < 0.001 compared to L. lactis-clfA, §p < 0.001
compared to L. lactis-clfA þ 100 µg/mL Fg.
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of ClfA and FnbpA in bacterial adhesiveness to endothelium,
by selecting L. lactis as the bacterial carrier for each adhesin
individually. However, our findings showed that most
domain interactions, presently studied during L. lactis
recruitment to ECs were hardly flow-controlled, i.e. occurred
with relative affinities, similar to those previously measured
in static conditions.5,24 This suggests that the apparent
conflicting roles of FnbpA and ClfA in vitro and in vivo19,33

are shear-independent and rather reflect the different envir-
onment in which such studies are performed, i.e. in buffer/
medium versus animal models. We have, therefore, also
performed our studies in the presence of plasma and plasma
proteins to study flow-controlled bacterial recruitment.

Nonetheless, to our surprise, we found that shear stress
increases the interaction between ClfA and insolubilized Fg
and to some degree also between ClfA and fibrin. These
findings are suggestive of multi-domain interactions but
also hint to a flow-dependent role of ClfA in the early phase
of S. aureus infection, during its recruitment to EC integrin-
bound Fg. The existence of inter-independent binding sites on
ClfA for Fg and for vWbp further documented the capacity of
ClfA to participate in multi-domain interactions. This was
further illustrated in this study by the enhanced recruitment
of L. lactis-clfA onto coated vWF A1 domain, where Fg

enhanced the vWbp-mediated binding of this strain, as also
schematically represented in ►Fig. 4. Nevertheless, our find-
ings made clear that plasma components rather than shear
forces per se were the prime determinant of the adhesion
efficiency.

Recently, we showed that S. aureus adhesion to vWF was
shear-dependent and mediated by staphylococcal vWbp,
an interaction equally dependent on S. aureus ClfA.17 vWbp
is not only an adhesive molecule but also acts as a
coagulation-inducing bacterial protein, which is capable
of forming a complex with human pro-thrombin, a prop-
erty it shares with staphylocoagulase (Coa).35,36 Both
secreted staphylococcal coagulases thus form a pro-throm-
binase complex directly converting soluble Fg into fibrin
clots.37,38 As mentioned above, bridging platelet αIIbβ3
and bacterial ClfA via fibrin monomers contributes to
platelet activation and aggregate formation in a forming
vegetation,34 but the present work also explicits how fibrin
directly contributes to S. aureus recruitment in that pro-
cess. The more important ClfA-mediated adhesion to fibrin
at low shear rates is in agreement with histological obser-
vations which demonstrated fibrin deposition in the valv-
ular sinus of non-infected heart valve prosthesis, a site of
low shear stress.39

Fig. 7 Adhesion of L. lactis expressing fibronectin binding protein A (FnbpA) and clumping factor A (ClfA) to endothelial cells in plasma and
medium conditions. (A) Micro-parallel plate flow chamber perfusions of fluorescently labelled L. lactis-pIL253, L. lactis-fnbpA and L. lactis-clfA
strains over endothelial cells (ECs) in plasma (A, left panel) and medium compared to plasma (A, right panel, n > 4, represented as surface
coverage area [SCA]) at a shear rate of 1,000 s�1. Where indicated (A, B), ECs were activated with Ca2þ -ionophore (10 μM), and rvWbp (30 or
50 μg/mL) was added to the perfusate or pre-perfused. (B) L. lactis-clfA perfusion over activated ECs followed by a perfusion of medium or plasma.
Adhesion evaluated at different time points (n ¼ 4, represented as arbitrary fluorescent units [AFU/x1000]). All results are expressed as
mean � standard error of the mean (SEM). ���p < 0.001 compared to L. lactis-fnbpA (resting cells, normalization control), §p < 0.05 compared
to L. lactis-clfA (activated ECs), �p < 0.05 compared to L. lactis-clfA in medium (resting ECs) and $p < 0.01.
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Taking into consideration that ClfA not only mediates
interactions with Fg and fibrin, but via vWbp also with
vWF, we have performed additional perfusion studies in
plasma, to rationalize contributions by the various ligand-
receptor couples, yet omitting platelets, the impact of which
we had demonstrated before in flow,25 also to keep our
models apprehensive. In these studies, we have used the
non-selective but Fn-dependent adhesion of L. lactis-fnbpA
as an internal reference to incorporate both plasma-Fn and
plasma-Fg effects. Amajor functional characteristic of ClfA is
its propensity to cause bacterial agglutination, a property
strongly determining the degree of bacterial adhesiveness in
various flow studies. Such was also the case in our studies,
but in plasma, at least over fairly short time intervals,
bacterial agglutination did not occur, allowing us to mini-
mize disturbances by agglutination, such as observed in
perfusions lacking plasma. Combined, the various perfusions
performed over coated Fg and (ionophore-activated) EC
layers revealed that the role of FnbpA was several-fold
reduced in plasma compared to that of ClfA in triggering
bacterial adhesion. Moreover, during sepsis, inflamed
endothelium will expose temporarily retained vWF multi-
mers. We had shown before that ADAMTS13 rapidly
degrades these multimers, thus reducing bacterial adhesion
by 60%.27 We presently found that even in plasma, the ClfA-
mediated bacterial adhesion to residual vWF can still be
higher than that of the binding measured in the absence of
vWbp. Yet, ADAMTS13 rapidly reduces the importance of
vWF–vWbp–ClfA interactions, thus favouring the EC-bound
Fg-ClfA pathway. Hence, in plasma, where Fg saturates both
FnbpA andClfA andwhereADAMTS13quickly degrades vWF,
the Fg–ClfA interaction is as performant as it is in the absence
of plasma, when the perfusate is supplemented with Fg.

Clinical studies reveal that vWF is increased, leading to
consumption of ADAMTS13 in sepsis patients.40,41 As a
result, in sepsis and IE, the vWF/ADAMTS13 ratio rises, which
may yet favour the importance of the vWF/vWbp pathway
during S. aureus adhesion to valvular and peripheral ECs.16,27

This remains to be further documented, but ClfA has been
shown to be critical for valve colonization in rats with
experimental IE.19,24 Blocking the Fg binding site of FnbpA
did not alter Fn binding and cell internalization in vitro,
whereas valve colonization in vivo was abrogated.19 Collec-
tively, these findings show that binding to Fg and Fn are both
required for colonization and invasion of heart valves,
respectively.19 Therefore, even when our results reveal a
smaller capacity for S. aureus to adhere to ECs in plasma
via FnbpA, it seems important to consider that the propen-
sity of infection is highly sufficient in vivo, the Fn-mediated
binding of bacteria not being negligible.

In conclusion, our work has confirmed that both FnbpA
and ClfA can contribute to S. aureus adhesion to ECs and
fibrin in flow conditions. However, in plasma, the impor-
tance of FnbpA is reduced more strongly than that of ClfA by
the high plasma Fg concentrations. Despite of vWF break-
down on inflamed endothelium by ADAMTS13 and high Fg
concentrations in plasma, ClfA can mediate significant bac-
terial adhesion via both the vWF/vWbp and EC-integrin/Fg

pathways. Our data suggest that novel therapeutic pharma-
cological or vaccination strategies should address these
bacterial pathways specifically in order to reduce the patho-
genicity of S. aureus.

What is known about this topic?

• Staphylococcal FnbpA and ClfA are major surface
molecules contributing to endothelial cell adhesion.

• FnbpA binds via fibronectin retained on the endothe-
lial α5β1 integrin and ClfA to the γ-chain of fibrinogen,
allowing its binding to endothelial cell and platelet
integrin receptors.

• Furthermore, S. aureus ClfA adheres to endothelial
vWF via the staphylococcal vWbp in a shear stress-
dependent manner.

What does this paper add?

• In the absence of plasma and under shear stress,
lactococci expressing FnbpA and ClfA interact compar-
ably with endothelial cells via the pathways described
for S. aureus-endothelial cell adhesion, as EC-bound
fibronectin, EC-bound fibrinogen and EC-bound vWF.

• L. lactis-clfA also binds to fibrin via its γ-chain. In the
presence of plasma, the efficiency of FnbpA is reduced
by fourfold, whereas that of ClfA towards EC-bound
vWF is rapidly reduced by > threefold which is the
result of vWF-hydrolysis by ADAMTS13.

• Hence, in plasma containing high fibrinogen concen-
trations, ClfA is a highly relevant bacterial adhesin due
to its interactions with EC-bound fibrinogen.
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