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ABSTRACT Septic arthritis, one of the most dangerous joint diseases, is predomi-
nantly caused by Staphylococcus aureus. In contrast, coagulase-negative staphylo-
cocci are rarely found in septic arthritis. We hypothesize that coagulases released by
S. aureus, including coagulase (Coa) and von Willebrand factor-binding protein
(vWbp), play potent roles in the induction of septic arthritis. Four isogenic S. aureus
strains differing in expression of coagulases (wild-type [WT] Newman, Δcoa, Δvwb,
and Δcoa Δvwb) were used to induce septic arthritis in both wild-type and von Wil-
lebrand factor (vWF)-deficient mice. Septic arthritis severity was greatly reduced
when wild-type mice were infected with the Δcoa Δvwb and Δvwb variants com-
pared to WT or Δcoa strains, suggesting that vWbp rather than Coa is a major viru-
lence factor in S. aureus septic arthritis. vWF-deficient mice were more susceptible to
bone damage in septic arthritis, especially when the Δvwb strain was used. Impor-
tantly, no difference in arthritis severity between the Δvwb and WT strains was ob-
served in vWF-deficient mice. Collectively, we conclude that vWbp production by S.
aureus enhances staphylococcal septic arthritis.

IMPORTANCE Septic arthritis remains one of the most dangerous joint diseases with
a rapidly progressive disease character. Despite advances in the use of antibiotics,
permanent reductions in joint function due to joint deformation and deleterious
contractures occur in up to 50% of patients with septic arthritis. So far, it is still
largely unknown how S. aureus initiates and establishes joint infection. Here, we
demonstrate that von Willebrand factor-binding protein expressed by S. aureus facili-
tates the initiation of septic arthritis. Such effect might be mediated through its in-
teraction with a host factor (von Willebrand factor). Our finding contributes signifi-
cantly to the full understanding of septic arthritis etiology and will pave the way for
new therapeutic modalities for this devastating disease.

KEYWORDS von Willebrand factor-binding protein, von Willebrand factor,
Staphylococcus aureus, septic arthritis, mouse

Septic arthritis, also known as infectious arthritis or joint infection, remains one of the
most dangerous joint diseases with a rapidly progressive disease character. Staph-

ylococcus aureus is the most common pathogen of septic arthritis. Despite advances in
the use of antibiotics, permanent reductions in joint function due to joint deformation
and deleterious contractures occur in up to 50% of patients with septic arthritis (1).
Additional challenge is posed by increasing antibiotic resistance of S. aureus (2). Our
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recent work suggests that the combination of antibiotics and biological drugs targeting
inflammatory mediators is able to minimize postinfectious sequelae caused by long-
lasting joint inflammation (3, 4). However, there are potential dangers associated with
the combination therapy of antibiotics and biologics in septic arthritis (3, 5). Under-
standing how S. aureus initiates and establishes joint infection would allow the iden-
tification of therapeutic targets beyond those that reduce inflammatory mediators.

Bacterial joint invasion is the key step for triggering septic arthritis, and in most
cases, the initial cause of disease is invading S. aureus bacteria in affected joints.
Hematogenous spread of S. aureus to the joint cavity is the most common reported
route of acquiring septic arthritis (6). Defects in the host’s innate immunity exacerbate
the susceptibility toward S. aureus in septic arthritis, which is correlated with impaired
bacterial clearance (7, 8). However, it is still largely unknown which factors determine
the joint-invading process of S. aureus. Unlike S. aureus, the related coagulase-negative
staphylococci (CoNS) are hardly found in native septic arthritis, suggesting coagulases
might play a major role in disease pathogenesis.

S. aureus has a marked propensity to activate both the coagulation and fibrinolytic
systems (9). Coagulation is promoted by two secreted enzymes (coagulases), coagulase
(Coa) and von Willebrand factor-binding protein (vWbp), that activate host prothrom-
bin and consequently cleave fibrinogen to fibrin (10). Both Coa and vWbp promote
clotting of soluble fibrinogen, plasma, or blood by forming a stable complex with
prothrombin. Apart from its coagulation-promoting property, von Willebrand-binding
protein has also high affinity to von Willebrand factor that can form ultralarge multi-
mers retained on the endothelial cell surface upon activation of endothelial cells (11).
It has been shown that interaction between von Willebrand factor and vWbp contrib-
utes to vascular adhesion of S. aureus (12).

In the present study, we examine the contribution of Coa and vWbp for joint-specific
invasiveness by S. aureus in septic arthritis.

RESULTS
Septic arthritis is greatly reduced upon infection with S. aureus lacking both

Coa and vWbp. To understand the overall role of coagulases in S. aureus-induced
septic arthritis, a mutant strain lacking both the Coa and vWbp encoding genes (Δcoa
Δvwb) was compared with its parental Newman (WT) strain in the septic arthritis mouse
model. Infection with the Δcoa Δvwb strain resulted in greatly reduced arthritogenicity
compared to its parental strain (Fig. 1). The severity of clinical arthritis was attenuated
in mice infected with the Δcoa Δvwb mutant compared to animals infected with the
Newman strain during the whole course of disease (Fig. 1A). The frequency of arthritis
in the Δcoa Δvwb mutant-infected group was also significantly decreased. On day 2
postinfection, 10% of animals in Δcoa Δvwb-infected group developed arthritis,
whereas the arthritis frequency in the control group was 60% (Fig. 1B). At the end of
the experiment (day 10), the Δcoa Δvwb-infected group had an arthritis frequency of
20% compared to 78% in mice infected with the wild-type Newman strain.

The representative computed tomography (CT) images show severe bone destruc-
tion in a hip joint from a mouse infected with the wild-type strain Newman (Fig. 1C, top)
and a healthy hip joint from a mouse infected with the Δcoa Δvwb mutant (Fig. 1C,
bottom). Histopathological Fig. 1D shows a septic arthritis hip joint with heavily
inflamed synovium and severe bone erosions (top) and a healthy joint with single-layer
synovium and intact cartilage (bottom). Histopathologically verified synovitis and the
extent of joint destruction were significantly attenuated in Δcoa Δvwb-infected mice
compared to mice infected with the parental Newman strain.

The joints and kidneys were collected on day 3 postinfection, and the CFU counts
were processed by plating serial dilutions of ground tissues. Interestingly, animals
infected with the Δcoa Δvwb mutant had slightly higher bacterial CFU counts in kidneys
than mice infected with the Newman strain, whereas bacteria positive joints were
found in 30% of joints from Newman-infected mice and only 11% in Δcoa Δvwb
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mutant-infected mice (Fig. 1E and F), strongly suggesting that S. aureus-producing
coagulases have joint-invading propensity.

vWbp rather than Coa mediates S. aureus-induced septic arthritis. To further
study the relative importance of Coa and vWbp during joint infections, groups of
animals were infected with four isogenic S. aureus strains differing in expression of
coagulases (Fig. 2). Compared to mice infected with the Newman (WT) strain, mice
infected with both the single Δvwb or double Δcoa Δvwb mutants developed signifi-
cantly milder and less frequent clinical arthritis. This difference was already noticeable
on day 2 postinfection and continued until the end of the experiment. In comparison,
animals infected with the Δcoa mutant developed severe clinical arthritis in a manner
indistinguishable from mice infected with Newman (Fig. 2A and B), suggesting vWbp
rather than Coa is a crucial virulence factor for induction of septic arthritis. In line with
clinical arthritis data, both severity (Fig. 2C) and frequency (Fig. 2D) of bone erosion
with micro-CT scan data were significantly decreased in mice infected with either single
Δvwb or double Δcoa Δvwb mutants compared with animals infected with the wild-
type parental or Δcoa mutant strains. In fact, the last two groups did not display any
difference (Fig. 2C and D). In addition, histopathologically verified synovitis and the

FIG 1 Coagulases are critical virulence factors of S. aureus septic arthritis. NMRI mice inoculated with S. aureus
Newman strain or Δcoa Δvwb mutant strain (4.0 � 106 CFU/mouse) were sacrificed on day 10. The severity (A) and
frequency (B) of clinical arthritis were observed for 10 days postinfection. (C) Representative microcomputed
tomography images of an intact hip joint from an NMRI mouse infected with Δcoa Δvwb (bottom) and destroyed
hip joint from NMRI mice infected with the Newman WT (top). The arrows indicate bone destruction. (D)
Representative photomicrographs of histologically intact knee joint from a NMRI mouse infected with Δcoa Δvwb
(bottom) and a heavily inflamed hip joint with severe bone and cartilage destruction from NMRI mouse with septic
arthritis inoculated with the Newman strain (top), stained with hematoxylin and eosin. Original magnification, �10.
The asterisk indicates heavily inflamed synovium and the arrows indicate bone destruction. (E and F) Bacterial loads
in kidneys (E) and positive bacterial culture in joints (F) on day 3 were compared between Newman- and Δcoa
Δvwb-infected mice. Statistical evaluations were performed using the Mann-Whitney U test and chi-square test.
Data were presented as mean � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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extent of joint destruction were also significantly reduced in mice infected with either
Δvwb or Δcoa Δvwb mutants compared with mice infected with the wild-type parental
or Δcoa mutant strains (Fig. 2E).

Animals infected with single Δvwb or double Δcoa Δvwb mutants lost significantly
less body weight than mice infected with the Newman strain during the whole course
of disease (Fig. 3A). Interestingly, loss of coa expression also resulted in reduced weight
loss compared to infections with wild-type S. aureus on days 2, 3, and 10 (Fig. 3A). On
day 10 after infection, all four groups of animals displayed similar bacterial loads in
kidney tissues (Fig. 3B) as well as similar serum levels of interleukin-6 (IL-6) (Fig. 3C) and
monocyte chemoattractant protein 1 (MCP-1) (Fig. 3D).

vWbp-deficient S. aureus caused as severe bone erosion as its parental strain
in vWF-deficient mice. Both Coa and vWbp promote blood coagulation. However, only
vWbp interacts with von Willebrand factor (vWF) that forms ultralarge multimers
retained on the endothelial cell surface upon release from these cells (11). To evaluate
the contribution of this interaction in our disease model, vWF-deficient and C57BL/6 WT
mice were infected with the Δvwb mutant and the parental strain. In agreement with
data obtained from NMRI mice, C57BL/6 WT mice infected with Δvwb displayed
significantly milder clinical arthritis than WT mice infected with the WT Newman strain.
Relatively mild clinical arthritis was observed in vWF-deficient mice infected with either
Δvwb or Newman strains, and no difference was found between these two groups
(Fig. 4A). Results from micro-CT scan confirmed our clinical observation. As expected,

FIG 2 vWbp rather than Coa determines bacterial joint invasiveness. NMRI mice inoculated with S. aureus Newman, Δcoa, Δvwb, and Δcoa Δvwb
strains (4.0 � 106 CFU/mouse) were sacrificed on day 10. The data from 3 independent experiments were pooled. (A and B) Severity (A) and
frequency (B) of clinical arthritis were observed for 10 days postinfection. (C and D) Cumulative bone erosion scores (C) and frequency of bone
destruction (D) of the joints from all 4 limbs of NMRI mice as assessed by microcomputed tomography scan. (E) Histological evaluation of the
joints, including synovitis and bone erosion scores from all 4 limbs 10 days after infection. Statistical evaluations were performed using the
Mann–Whitney U test (A, C, and E) and Fisher’s exact test (B and D). Data are expressed as mean values � SEM. *, P � 0.05; **, P � 0.01, ***,
P � 0.001.
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significantly milder and less frequent bone destruction was found in WT mice inocu-
lated with the Δvwb mutant compared to infection with the Newman strain. However,
no difference could be detected when vWF-deficient mice were used for infection with
either Δvwb or Newman (Fig. 4B and C).

Surprisingly, a discrepancy was observed between clinical arthritis evaluation and
micro-CT scan results in vWF-deficient mice, as bone destruction was severe, but clinical
arthritis was relatively mild in those mice. As arthritis of deeper joints (knees, elbows,
hips, and shoulders) was assessable by micro-CT scan but not by clinical evaluation, we
hypothesized that vWF-deficient mice had more septic arthritis in deeper joints than
superficial joints. A more detailed subgroup analysis was performed to investigate the
reason for this discrepancy (Fig. 4D). Indeed, both Δvwb mutant and Newman strains
displayed invading propensities to deeper joints in vWF-deficient mice. Such joint
preference of S. aureus was not observed with C57BL/6 wild-type mice.

vWbp deficiency had no impact on weight development and kidney bacterial
load in vWF-deficient mice. In line with the data from NMRI mice, C57BL/6 WT mice
infected with the Δvwb mutant had better weight maintenance than animals infected
with the Newman strain. In contrast, infection with both the Δvwb mutant and Newman
strain resulted in gradual weight loss in vWF-deficient mice, and no tangible difference
was found between these two groups (Fig. 5A). With respect to bacterial dissemination
to kidneys, C57BL/6 WT mice infected with the Δvwb mutant harbored significantly
lower CFU counts than animals infected with the Newman strain. Interestingly, counts
remained high for both infections in vWF-deficient mice (Fig. 5B).

FIG 3 The impact of coagulase expression on weight loss, bacterial clearance, and cytokine production in mouse with septic
arthritis. NMRI mice inoculated with S. aureus Newman, Δcoa, Δvwb, and Δcoa Δvwb strains (4.0 � 106 CFU/mouse) were
sacrificed on day 10. The data from 3 independent experiments were pooled. (A) Changes in body weight registered as
percentages of the initial body weight. (B to D) Persistence of S. aureus in kidneys (B), serum IL-6 (C), and MCP-1 levels (D)
10 days after infection. Statistical evaluations were performed using the Mann-Whitney U test. Data are expressed as mean
values � SEM. *, P � 0.05; ***, P � 0.001.
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DISCUSSION

Coagulase-negative staphylococci hardly cause any hematogenous septic arthritis in
native joints. S. aureus, another species expressing coagulases in the very same genus
group, is, however, the top culprit responsible for the disease (13). Despite the fact that
coagulases have been shown to be implicated in different types of S. aureus infections
(10, 12, 14), much is still unknown about the role of coagulases in S. aureus septic
arthritis. In the current study, we show for the first time that vWbp rather than Coa is
a critical S. aureus virulence factor that mediates the bacterial joint-invading capacity in
septic arthritis. The joint propensity of S. aureus might rely on the interaction between
S. aureus vWbp and the host factor vWF.

Several surface proteins known as adhesins have been previously reported to
contribute to S. aureus septic arthritis (15). The clumping factor A (ClfA) is known to be
one of those virulence factors, and the virulence is not mediated through the interac-
tion between clumping factor A and fibrinogen (16, 17). vWbp, a secreted protein,
however, can interact with ClfA on the bacterial surface after secretion, mediating
adhesion of S. aureus to vWF and vascular endothelium under shear stress (18). We
speculate that bacterial vascular adhesion mediated by a ClfA-vWbp-vWF complex

FIG 4 vWbp-deficient S. aureus caused as severe bone erosion as its parental strain in vWF-deficient mice.
C57BL/6 and Vwf�/� C57BL/6 mice inoculated with S. aureus Newman strain and �vWbp mutant strain
(4.0 � 106 CFU/mouse) were sacrificed on day 10. The data from 3 independent experiments were pooled. (A)
Severity of clinical arthritis in the mice was observed for 10 days postinfection. (B and C) Cumulative bone
erosion scores (B) and frequency of bone destruction (C) of the joints from all 4 limbs of mice as assessed by
microcomputed tomography scan. The joints were divided to deeper joints (knees, elbows, hips, and shoulders)
and superficial joints (wrists, ankles, fingers, and toes). (D) Involvement of septic arthritis in deeper and
superficial joints was then compared. Statistical evaluations were performed using the Mann-Whitney U test (A,
B, and D) and chi-square test (C). Data are expressed as mean values � SEM. ns, not significant; *, P � 0.05; **,
P � 0.01.
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might be one of the explanations for the pathogenic role of ClfA in septic arthritis. Of
note, protein A, also possessing binding capacity to vWF (19), has also been shown to
be a virulence factor in S. aureus septic arthritis (20). However, under conditions of high
shear stress, protein A does not promote bacterial adherence to vWF (21), which rules
out the possibility of bacterial vascular adhesion mediated by protein A in septic
arthritis.

vWbp displays species-specific activity as a coagulase. It coagulates human and
porcine plasma efficiently but has modest coagulating activity in mouse plasma (22),
whereas Coa is an efficient coagulase in mouse plasma. Thus, vWbp activity in the
mouse appears to be largely mediated via interaction with vWF and, to a smaller
degree, to coagulation. It has been shown that both Coa and vWbp are required for
abscess formation (10) and in vivo bacteria adhesion to blood vessel wall (12). In
contrast, in our septic arthritis model, the Coa-deficient strain displayed similar or
slightly lower virulence than the parental strain, suggesting that Coa-mediated fibrin
formation does not play a major role in the pathogenesis of septic arthritis. Yet the
successful attachment of bacteria to the blood vessel walls, mediated by the vWbp-vWF
interaction, may be enhanced by Coa release and local fibrin-forming activity, which
will recruit platelets to bacterial microthrombi. Indeed, the Coa-fibrin scaffold shields S.
aureus from opsonophagocytosis and innate immune attack (23). In humans, since
vWbp possesses both coagulase- and vWF-binding properties, the importance of vWbp
in pathogenesis of septic arthritis might be even greater than in the mouse model.

The second top-ranked bacteria causing septic arthritis are Streptococcus spp. (13).
Some species of streptococci, such as S. pneumoniae, are known to express surface-
exposed enolase as vWF-binding protein, which mediates bacteria anchoring within the
bloodstream and promotes intravascular bacterial aggregation (24). Other arthritogenic
bacteria species also express vWbp-like proteins. For example, Staphylococcus lug-
dunensis is known to express vWF-binding protein (25) that mediates bacterial adhesion
to the cardiac valves and initiates endocarditis (26). Thus, the vWF-binding protein/
vWF-mediated bacteria joint-invading capacity might be a universal disease mechanism
for hematogenous septic arthritis.

Preexisting joint disorders, such as rheumatoid arthritis (RA), are associated with
increased risk for septic arthritis (27). Release of proinflammatory cytokines, including
tumor necrosis factor (TNF) and IL-6 in synovial local joints, is one of the hallmarks in
the pathogenesis of RA. Inhibitors for those proinflammatory cytokines have achieved
the most notable clinical success in the treatment of RA (28). Interestingly, IL-8 and TNF
stimulate release of ultralarge and hyperreactive vWF by endothelial cells. Simultane-
ously, IL-6 inhibits vWF cleavage by ADAMTS13 under flowing conditions (29). This
results in the accumulation of vWF on the surface of vascular endothelia of inflamed

FIG 5 vWbp deficiency had no impact on weight development and kidney bacterial load in vWF-deficient mice.C57BL/6 and
Vwf�/� C57BL/6 mice inoculated with S. aureus Newman and Δvwb mutant strains (4.0 � 106 CFU/mouse) were sacrificed on
day 10. The data from 3 independent experiments were pooled. (A) Changes in body weight registered as percentages of the
initial body weight. (B) Persistence of S. aureus in kidneys 10 days after infection. Statistical evaluations were performed using
the Mann-Whitney U test. Data are expressed as mean values � SEM. ns, not significant; *, P � 0.05; **, P � 0.01.
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joints, which provides a perfect anchoring base for bacteria producing proteins such as
vWbp. Initial seeding of bacteria on the blood vessel wall in the joints permits
proliferation and disease. A similar disease mechanism has been demonstrated in an S.
aureus endocarditis model, as the local inflammation of cardiac valves causes endo-
thelial activation and vWF release, which recruits platelet accumulation and captures S.
aureus to the valve surface (30). Indeed, patients with RA display elevated levels of vWF,
which correlate positively with inflammatory markers (31). The increased risk for septic
arthritis in RA patients might be partially explained by endothelial injury and accumu-
lation of hyperreactive vWF on the endothelium surface of inflamed joints. Future
studies are warranted to understand how inflammation impacts the hemostatic status
in joints, bacterial seeding to the local blood vessel, and development of septic arthritis.

It is clear that vWF-deficient mice are more susceptible to the bone damages in S.
aureus septic arthritis than the wild-type mice, especially in the bacteria lacking vWbp
expression. This suggests that host vWF plays a protective role, especially for the
bacteria strains that do not express vWbp. The protective role of vWF in septic arthritis
might be explained by the link between vWF and inflammation, as vWF is known to
possess the capacity to attract the leukocytes by either direct binding or recruitment of
platelets, which, in turn, recruit leukocytes (32). The influx of innate immune cells into
infected joints is crucial for bacteria elimination and better outcomes in septic arthritis
(33). However, it still remains elusive why the protective role of vWF is most predom-
inant when vWbp-deficient bacteria were invading.

Another unexpected finding was that the characteristics of septic arthritis are
somehow different in the vWF-deficient mice compared to WT mice, as there was
significantly deeper joint involvement in the vWF knockout mouse than WT controls.
The question then arises, is there any better way to confirm the relevance of vWbp-vWF
interaction in septic arthritis? The binding of vWbp and vWF is specific and mediated
by a region of 26-amino-acid (aa) residues in the C-terminal part of vWbp (34). To
generate an S. aureus mutant strain expressing vWbp with the vWF-binding site
disrupted and use it in our septic arthritis model will ultimately determine the impor-
tance of vWbp-vWF interaction in septic arthritis in the future. Indeed, a similar strategy
has been successfully applied before to study the role of fibrinogen-binding sites of
clumping factor A in S. aureus infections (35, 36).

Here, we have demonstrated that vWbp determines S. aureus joint-invading capacity
in hematogenous septic arthritis. This knowledge contributes significantly to our full
understanding of septic arthritis etiology and will pave the way for fundamentally new
therapeutic modalities for this devastating disease.

MATERIALS AND METHODS
Mice. Female NMRI mice and C57BL/6 wild-type mice, aged 6 to 8 weeks, were purchased from

Envigo (Venray, Netherlands) and Charles River Laboratories (Sulzfeld, Germany), respectively. Homozy-
gous Vwf�/� C57BL/6 mice (12) were bred in the animal facility of the Department of Rheumatology and
Inflammation Research, University of Gothenburg. Mice were kept under standard conditions of tem-
perature and light and were fed laboratory chow and water ad libitum. The Ethics Committee of Animal
Research of Gothenburg approved the study, and animal experimentation guidelines were strictly
followed.

Preparation of bacterial strains. S. aureus Newman wild-type strain and isogenic deletion strains
Δcoa, Δvwb, and Δcoa Δvwb (10) were cultured on blood agar plates for 24 h, harvested, and kept frozen
at �20°C in phosphate-buffered saline (PBS) containing 5% bovine serum albumin (BSA) and 10%
dimethyl sulfoxide (DMSO). Before the experiments, the bacterial solutions were thawed, washed with
sterile PBS, and adjusted to the required concentration.

Mouse model for hematogenous S. aureus arthritis. We used a well-established mouse model of
septic arthritis that closely resembles human infectious arthritis spread hematogenously (37). Briefly,
mice were inoculated intravenously (i.v.) via the tail vein with 0.2 ml of S. aureus suspension (2.0 � 107

to 2.5 � 107 CFU/ml). Animals were weighed regularly and examined for arthritis by observers blinded
to the different groups (M.N. and T.J.). Weight loss and clinical signs of septic arthritis were followed for
up to 10 days (days 3, 5, 7, and 10). Blind observers visually inspected all 4 paws of each mouse (hands
and feet). Arthritis was defined as erythema and swelling of the joints. To assess the severity of arthritis,
a clinical scoring system ranging from 0 to 3 was used as previously described (7). After sacrificing the
mice at day 10, the kidneys were obtained for assessment of bacterial dissemination and persistence in
organ tissues, serum samples were collected to assess cytokine levels, and the paws were obtained for
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radiological examination of bone erosions followed by microscopic evaluation of synovitis and destruc-
tion of cartilage and bone.

In total, 7 independent in vivo experiments were performed. To understand the overall role of
coagulases in septic arthritis, NMRI mice (n � 10/group) were inoculated with S. aureus Newman strain
or the Δcoa Δvwb mutant strain (experiment 1). To elucidate the differential role of coagulases in septic
arthritis, NMRI mice (n � 20 to 30/group) were inoculated with S. aureus Newman, Δcoa, Δvwb, and Δcoa
Δvwb strains (experiments 2 to 4). To study the impact of the vWbp-vWF interaction in the development
of septic arthritis, Vwf�/� mice and wild-type mice were infected with either S. aureus Newman or Δvwb
strains (n � 9 to 27/group, experiments 5 to 7).

Serum cytokine measurements. Blood collected from animals in arthritis experiments was centri-
fuged for 15 min at 13,200 rpm after clot formation. Serum was removed and stored at �20°C until
analysis. The levels of IL-6 and MCP-1 in serum were quantified using DuoSet enzyme-linked immu-
nosorbent assay (ELISA) kits (R&D Systems, Abingdon, UK).

Bacteriologic examination in kidneys and joints. Kidneys were aseptically removed after the mice
had been sacrificed. Kidneys were visually examined and blindly judged by two observers (M.N. and A.A.)
for degree of abscess formation. A scoring system of 0 to 3 was used as previously described (7). The
kidneys were homogenized, serially diluted in PBS, and transferred to agar plates containing 5% horse
blood. The bacteria were cultured for 24 h at 37°C and quantified in CFU.

All 4 limbs were divided into 12 joint groups per mouse (hands, elbows, shoulders, feet, knees, and
hips) and separately homogenized with a TissueLyser (Qiagen), diluted in PBS, spread on horse blood
agar plates, and incubated for 24 h at 37°C. The threshold of positivity for bacteria in the joint was set
as equal or more than 10 CFU/joint.

Microcomputed tomography. The joints were fixed in 4% formaldehyde for 3 days and then
transferred to PBS. Afterward, all 4 limbs were scanned and reconstructed into a three-dimensional
structure with SkyScan 1176 micro-CT (Bruker, Antwerp, Belgium) with the settings adjusted to a voxel
size of 35 �m with a 0.2-mm aluminum filter at 45 kV/455 �A. The X-ray projections were obtained at 0.7°
intervals with a scanning angular rotation of 180°. The projection images were reconstructed into
three-dimensional images using NRecon software (version 1.6.9.8; Bruker) and analyzed with CT Analyzer
(version 2.7.0; Bruker). After reconstruction, experienced observers (M.N. and Y.F.) evaluated, in a blinded
manner, the extent of bone and cartilage destruction on a grading scale from 0 to 3 as previously
described (38).

Histopathological examination. After scanning, the joints were decalcified, embedded in paraffin,
and sectioned with a microtome. Tissue sections were thereafter stained with hematoxylin and eosin. All
the slides were coded and assessed under a microscope in a blinded manner by two observers (M.N. and
T.J.) with regard to the degree of synovitis and cartilage-bone destruction as previously described (5).

Statistical analysis. Statistical significance was assessed using the Mann-Whitney U test, Fischer’s
exact test, and Mantel-Cox log-rank test as appropriate. Results are reported as the mean � standard
error of the mean (SEM) unless indicated otherwise. A P value of �0.05 was considered statistically
significant. Calculations were performed using GraphPad Prism version 7.0b software for Mac (GraphPad
Software, La Jolla, CA, USA).

ACKNOWLEDGMENTS
This work was supported by the Swedish Medical Research Council (grant 523-2013-

2750 and 2019-01135 to T.J.), grants from the Swedish state under the agreement
between the Swedish government and the county councils, the ALF agreement
(ALFGBG-823941 to T.J.), the Wilhelm and Martina Lundgren Foundation (grant to T.J.,
M.N., A.A., and A.J.), the Scandinavian Society for Antimicrobial Chemotherapy Foun-
dation (grant SLS-781191 to T.J.), Rune och Ulla Amlövs Stiftelse för Neurologisk och
Reumatologisk Forskning (2019-193 to T.J.), and Adlerbertska Forskningsstiftelsen
(grant to T.J. and M.N.). This was also supported by the National Natural Science
Foundation of China (grant 81460334 to Y.F.), the State Scholarship Fund of China
Scholarship Council (grant 201508525101 to Y.F.), Institute of Medicine, Sahlgrenska
Academy, and Gothenburg University. The funders had no role in study design, data
collection and interpretation, or the decision to submit the work for publication.

We do not have any commercial associations that might pose a conflict of interest.

REFERENCES
1. Kaandorp CJ, Krijnen P, Moens HJ, Habbema JD, van Schaardenburg

D. 1997. The outcome of bacterial arthritis: a prospective community-
based study. Arthritis Rheum 40:884 – 892. https://doi.org/10.1002/art
.1780400516.

2. Gould IM, David MZ, Esposito S, Garau J, Lina G, Mazzei T, Peters G. 2012.
New insights into meticillin-resistant Staphylococcus aureus (MRSA)
pathogenesis, treatment and resistance. Int J Antimicrob Agents 39:
96 –104. https://doi.org/10.1016/j.ijantimicag.2011.09.028.

3. Ali A, Na M, Svensson MN, Magnusson M, Welin A, Schwarze JC, Mo-
hammad M, Josefsson E, Pullerits R, Jin T. 2015. IL-1 receptor antagonist
treatment aggravates staphylococcal septic arthritis and sepsis in mice.
PLoS One 10:e0131645. https://doi.org/10.1371/journal.pone.0131645.

4. Fei Y, Wang W, Kwiecinski J, Josefsson E, Pullerits R, Jonsson IM, Mag-
nusson M, Jin T. 2011. The combination of a tumor necrosis factor
inhibitor and antibiotic alleviates staphylococcal arthritis and sepsis in
mice. J Infect Dis 204:348 –357. https://doi.org/10.1093/infdis/jir266.

vWbp-vWF Interaction Mediates S. aureus Septic Arthritis ®

November/December 2020 Volume 11 Issue 6 e02472-20 mbio.asm.org 9

 on N
ovem

ber 18, 2020 by guest
http://m

bio.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1002/art.1780400516
https://doi.org/10.1002/art.1780400516
https://doi.org/10.1016/j.ijantimicag.2011.09.028
https://doi.org/10.1371/journal.pone.0131645
https://doi.org/10.1093/infdis/jir266
https://mbio.asm.org
http://mbio.asm.org/


5. Ali A, Welin A, Schwarze JC, Svensson MN, Na M, Jarneborn A, Magnus-
son M, Mohammad M, Kwiecinski J, Josefsson E, Bylund J, Pullerits R, Jin
T. 2015. CTLA4 immunoglobulin but not anti-tumor necrosis factor
therapy promotes staphylococcal septic arthritis in mice. J Infect Dis
212:1308 –1316. https://doi.org/10.1093/infdis/jiv212.

6. Mathews CJ, Weston VC, Jones A, Field M, Coakley G. 2010. Bacterial
septic arthritis in adults. Lancet 375:846 – 855. https://doi.org/10.1016/
S0140-6736(09)61595-6.

7. Na M, Jarneborn A, Ali A, Welin A, Magnusson M, Stokowska A, Pekna M,
Jin T. 2016. Deficiency of the complement component 3 but not factor
B aggravates Staphylococcus aureus septic arthritis in mice. Infect Im-
mun 84:930 –939. https://doi.org/10.1128/IAI.01520-15.

8. Verdrengh M, Tarkowski A. 1997. Role of neutrophils in experimental
septicemia and septic arthritis induced by Staphylococcus aureus. Infect
Immun 65:2517–2521. https://doi.org/10.1128/IAI.65.7.2517-2521.1997.

9. Liesenborghs L, Verhamme P, Vanassche T. 2018. Staphylococcus aureus,
master manipulator of the human hemostatic system. J Thromb Hae-
most 16:441– 454. https://doi.org/10.1111/jth.13928.

10. Cheng AG, McAdow M, Kim HK, Bae T, Missiakas DM, Schneewind O.
2010. Contribution of coagulases towards Staphylococcus aureus dis-
ease and protective immunity. PLoS Pathog 6:e1001036. https://doi.org/
10.1371/journal.ppat.1001036.

11. McAdow M, Missiakas DM, Schneewind O. 2012. Staphylococcus aureus
secretes coagulase and von Willebrand factor binding protein to modify
the coagulation cascade and establish host infections. J Innate Immun
4:141–148. https://doi.org/10.1159/000333447.

12. Claes J, Vanassche T, Peetermans M, Liesenborghs L, Vandenbriele C,
Vanhoorelbeke K, Missiakas D, Schneewind O, Hoylaerts MF, Heying R,
Verhamme P. 2014. Adhesion of Staphylococcus aureus to the vessel
wall under flow is mediated by von Willebrand factor-binding protein.
Blood 124:1669 –1676. https://doi.org/10.1182/blood-2014-02-558890.

13. Goldenberg DL. 1998. Septic arthritis. Lancet 351:197–202. https://doi
.org/10.1016/S0140-6736(97)09522-6.

14. Malachowa N, Kobayashi SD, Porter AR, Braughton KR, Scott DP, Gardner
DJ, Missiakas DM, Schneewind O, DeLeo FR. 2016. Contribution of
Staphylococcus aureus coagulases and clumping factor A to abscess
formation in a rabbit model of skin and soft tissue infection. PLoS One
11:e0158293. https://doi.org/10.1371/journal.pone.0158293.

15. Colavite PM, Sartori A. 2014. Septic arthritis: immunopathogenesis, ex-
perimental models and therapy. J Venom Anim Toxins Incl Trop Dis
20:19. https://doi.org/10.1186/1678-9199-20-19.

16. Josefsson E, Hartford O, O’Brien L, Patti JM, Foster T. 2001. Protection
against experimental Staphylococcus aureus arthritis by vaccination
with clumping factor A, a novel virulence determinant. J Infect Dis
184:1572–1580. https://doi.org/10.1086/324430.

17. Palmqvist N, Josefsson E, Tarkowski A. 2004. Clumping factor
A-mediated virulence during Staphylococcus aureus infection is retained
despite fibrinogen depletion. Microbes Infect 6:196 –201. https://doi.org/
10.1016/j.micinf.2003.10.014.

18. Claes J, Liesenborghs L, Peetermans M, Veloso TR, Missiakas D, Schnee-
wind O, Mancini S, Entenza JM, Hoylaerts MF, Heying R, Verhamme P,
Vanassche T. 2017. Clumping factor A, von Willebrand factor-binding
protein and von Willebrand factor anchor Staphylococcus aureus to the
vessel wall. J Thromb Haemost 15:1009 –1019. https://doi.org/10.1111/
jth.13653.

19. Hartleib J, Kohler N, Dickinson RB, Chhatwal GS, Sixma JJ, Hartford OM,
Foster TJ, Peters G, Kehrel BE, Herrmann M. 2000. Protein A is the von
Willebrand factor binding protein on Staphylococcus aureus. Blood
96:2149 –2156.

20. Palmqvist N, Foster T, Tarkowski A, Josefsson E. 2002. Protein A is a
virulence factor in Staphylococcus aureus arthritis and septic death.
Microb Pathog 33:239 –249. https://doi.org/10.1006/mpat.2002.0533.

21. Pappelbaum KI, Gorzelanny C, Grassle S, Suckau J, Laschke MW, Bischoff
M, Bauer C, Schorpp-Kistner M, Weidenmaier C, Schneppenheim R,
Obser T, Sinha B, Schneider SW. 2013. Ultralarge von Willebrand factor
fibers mediate luminal Staphylococcus aureus adhesion to an intact
endothelial cell layer under shear stress. Circulation 128:50 –59. https://
doi.org/10.1161/CIRCULATIONAHA.113.002008.

22. Bjerketorp J, Jacobsson K, Frykberg L. 2004. The von Willebrand
factor-binding protein (vWbp) of Staphylococcus aureus is a coagu-
lase. FEMS Microbiol Lett 234:309 –314. https://doi.org/10.1016/j
.femsle.2004.03.040.

23. Kwiecinski J, Peetermans M, Liesenborghs L, Na M, Bjornsdottir H, Zhu X,
Jacobsson G, Johansson BR, Geoghegan JA, Foster TJ, Josefsson E,
Bylund J, Verhamme P, Jin T. 2016. Staphylokinase control of Staphylo-
coccus aureus biofilm formation and detachment through host plasmin-
ogen activation. J Infect Dis 213:139 –148. https://doi.org/10.1093/infdis/
jiv360.

24. Jagau H, Behrens IK, Lahme K, Lorz G, Koster RW, Schneppenheim R,
Obser T, Brehm MA, Konig G, Kohler TP, Rohde M, Frank R, Tegge W,
Fulde M, Hammerschmidt S, Steinert M, Bergmann S. 2019. Von Wille-
brand factor mediates pneumococcal aggregation and adhesion in
blood flow. Front Microbiol 10:511. https://doi.org/10.3389/fmicb.2019
.00511.

25. Nilsson M, Bjerketorp J, Wiebensjo A, Ljungh A, Frykberg L, Guss B. 2004.
A von Willebrand factor-binding protein from Staphylococcus lugdunen-
sis. FEMS Microbiol Lett 234:155–161. https://doi.org/10.1016/j.femsle
.2004.03.024.

26. Liesenborghs L, Peetermans M, Claes J, Veloso TR, Vandenbriele C, Criel
M, Lox M, Peetermans WE, Heilbronner S, de Groot PG, Vanassche T,
Hoylaerts MF, Verhamme P. 2016. Shear-resistant binding to von Wille-
brand factor allows Staphylococcus lugdunensis to adhere to the cardiac
valves and initiate endocarditis. J Infect Dis 213:1148 –1156. https://doi
.org/10.1093/infdis/jiv773.

27. Kaandorp CJ, Van Schaardenburg D, Krijnen P, Habbema JD, van de Laar
MA. 1995. Risk factors for septic arthritis in patients with joint disease. A
prospective study. Arthritis Rheum 38:1819 –1825. https://doi.org/10
.1002/art.1780381215.

28. Smolen JS, Aletaha D, Koeller M, Weisman MH, Emery P. 2007. New
therapies for treatment of rheumatoid arthritis. Lancet 370:1861–1874.
https://doi.org/10.1016/S0140-6736(07)60784-3.

29. Bernardo A, Ball C, Nolasco L, Moake JF, Dong JF. 2004. Effects of
inflammatory cytokines on the release and cleavage of the endothelial
cell-derived ultralarge von Willebrand factor multimers under flow.
Blood 104:100 –106. https://doi.org/10.1182/blood-2004-01-0107.

30. Liesenborghs L, Meyers S, Lox M, Criel M, Claes J, Peetermans M, Trenson
S, Vande Velde G, Vanden Berghe P, Baatsen P, Missiakas D, Schneewind
O, Peetermans WE, Hoylaerts MF, Vanassche T, Verhamme P. 2019.
Staphylococcus aureus endocarditis: distinct mechanisms of bacterial
adhesion to damaged and inflamed heart valves. Eur Heart J 40:
3248 –3259. https://doi.org/10.1093/eurheartj/ehz175.

31. Gurol G, Ciftci IH, Harman H, Karakece E, Kamanli A, Tekeoglu I. 2015.
Roles of claudin-5 and von Willebrand factor in patients with rheuma-
toid arthritis. Int J Clin Exp Pathol 8:1979 –1984.

32. Kawecki C, Lenting PJ, Denis CV. 2017. von Willebrand factor and
inflammation. J Thromb Haemost 15:1285–1294. https://doi.org/10
.1111/jth.13696.

33. Mohammad M, Nguyen MT, Engdahl C, Na M, Jarneborn A, Hu Z,
Karlsson A, Pullerits R, Ali A, Gotz F, Jin T. 2019. The yin and yang of
lipoproteins in developing and preventing infectious arthritis by Staph-
ylococcus aureus. PLoS Pathog 15:e1007877. https://doi.org/10.1371/
journal.ppat.1007877.

34. Bjerketorp J, Nilsson M, Ljungh A, Flock JI, Jacobsson K, Frykberg L. 2002.
A novel von Willebrand factor binding protein expressed by Staphylo-
coccus aureus. Microbiology (Reading) 148:2037–2044. https://doi.org/
10.1099/00221287-148-7-2037.

35. Josefsson E, Higgins J, Foster TJ, Tarkowski A. 2008. Fibrinogen
binding sites P336 and Y338 of clumping factor A are crucial for
Staphylococcus aureus virulence. PLoS One 3:e2206. https://doi.org/
10.1371/journal.pone.0002206.

36. Loughman A, Fitzgerald JR, Brennan MP, Higgins J, Downer R, Cox D,
Foster TJ. 2005. Roles for fibrinogen, immunoglobulin and complement
in platelet activation promoted by Staphylococcus aureus clumping
factor A. Mol Microbiol 57:804 – 818. https://doi.org/10.1111/j.1365-2958
.2005.04731.x.

37. Mohammad M, Na M, Welin A, Svensson MN, Ali A, Jin T, Pullerits R. 2016.
RAGE deficiency impairs bacterial clearance in murine staphylococcal
sepsis, but has no significant impact on staphylococcal septic arthritis.
PLoS One 11:e0167287. https://doi.org/10.1371/journal.pone.0167287.

38. Fatima F, Fei Y, Ali A, Mohammad M, Erlandsson MC, Bokarewa MI,
Nawaz M, Valadi H, Na M, Jin T. 2017. Radiological features of
experimental staphylococcal septic arthritis by micro computed to-
mography scan. PLoS One 12:e0171222. https://doi.org/10.1371/
journal.pone.0171222.

Na et al. ®

November/December 2020 Volume 11 Issue 6 e02472-20 mbio.asm.org 10

 on N
ovem

ber 18, 2020 by guest
http://m

bio.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1093/infdis/jiv212
https://doi.org/10.1016/S0140-6736(09)61595-6
https://doi.org/10.1016/S0140-6736(09)61595-6
https://doi.org/10.1128/IAI.01520-15
https://doi.org/10.1128/IAI.65.7.2517-2521.1997
https://doi.org/10.1111/jth.13928
https://doi.org/10.1371/journal.ppat.1001036
https://doi.org/10.1371/journal.ppat.1001036
https://doi.org/10.1159/000333447
https://doi.org/10.1182/blood-2014-02-558890
https://doi.org/10.1016/S0140-6736(97)09522-6
https://doi.org/10.1016/S0140-6736(97)09522-6
https://doi.org/10.1371/journal.pone.0158293
https://doi.org/10.1186/1678-9199-20-19
https://doi.org/10.1086/324430
https://doi.org/10.1016/j.micinf.2003.10.014
https://doi.org/10.1016/j.micinf.2003.10.014
https://doi.org/10.1111/jth.13653
https://doi.org/10.1111/jth.13653
https://doi.org/10.1006/mpat.2002.0533
https://doi.org/10.1161/CIRCULATIONAHA.113.002008
https://doi.org/10.1161/CIRCULATIONAHA.113.002008
https://doi.org/10.1016/j.femsle.2004.03.040
https://doi.org/10.1016/j.femsle.2004.03.040
https://doi.org/10.1093/infdis/jiv360
https://doi.org/10.1093/infdis/jiv360
https://doi.org/10.3389/fmicb.2019.00511
https://doi.org/10.3389/fmicb.2019.00511
https://doi.org/10.1016/j.femsle.2004.03.024
https://doi.org/10.1016/j.femsle.2004.03.024
https://doi.org/10.1093/infdis/jiv773
https://doi.org/10.1093/infdis/jiv773
https://doi.org/10.1002/art.1780381215
https://doi.org/10.1002/art.1780381215
https://doi.org/10.1016/S0140-6736(07)60784-3
https://doi.org/10.1182/blood-2004-01-0107
https://doi.org/10.1093/eurheartj/ehz175
https://doi.org/10.1111/jth.13696
https://doi.org/10.1111/jth.13696
https://doi.org/10.1371/journal.ppat.1007877
https://doi.org/10.1371/journal.ppat.1007877
https://doi.org/10.1099/00221287-148-7-2037
https://doi.org/10.1099/00221287-148-7-2037
https://doi.org/10.1371/journal.pone.0002206
https://doi.org/10.1371/journal.pone.0002206
https://doi.org/10.1111/j.1365-2958.2005.04731.x
https://doi.org/10.1111/j.1365-2958.2005.04731.x
https://doi.org/10.1371/journal.pone.0167287
https://doi.org/10.1371/journal.pone.0171222
https://doi.org/10.1371/journal.pone.0171222
https://mbio.asm.org
http://mbio.asm.org/

	RESULTS
	Septic arthritis is greatly reduced upon infection with S. aureus lacking both Coa and vWbp. 
	vWbp rather than Coa mediates S. aureus-induced septic arthritis. 
	vWbp-deficient S. aureus caused as severe bone erosion as its parental strain in vWF-deficient mice. 
	vWbp deficiency had no impact on weight development and kidney bacterial load in vWF-deficient mice. 

	DISCUSSION
	MATERIALS AND METHODS
	Mice. 
	Preparation of bacterial strains. 
	Mouse model for hematogenous S. aureus arthritis. 
	Serum cytokine measurements. 
	Bacteriologic examination in kidneys and joints. 
	Microcomputed tomography. 
	Histopathological examination. 
	Statistical analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

