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ARTICLE INFO ABSTRACT

Staphylococci, in particular Staphylococcus aureus, are the predominant cause of bone infections
worldwide. These infections are painful, debilitating and with the rise in antibiotic-resistant forms,
increasingly difficult to treat. The growth in the number of prosthetic joint replacement procedures also
provides new opportunities for these infections to take hold. Comprehending the mechanisms by which
staphylococci interact with and damage bone is critical to the development of new approaches to meet
this challenge. This review summarises current understanding of the mechanisms by which
staphylococci infect and damage bone. We address the role of the inflammatory response to
staphylococcal infection in disrupting the homeostatic balance of bone matrix deposition and
resorption and thereby mediating bone destruction. A number of virulence factors that have been
shown to contribute to bone infection and pathology are discussed, however no single factor has been
defined as being specific to bone infections. Although traditionally considered an extracellular
pathogen, there is increasing evidence that staphylococci are able to invade host cells, and that an
intracellular lifestyle may facilitate long-term persistence in bone tissue, enabling evasion of
antimicrobials and host immune responses. ‘Small colony variant’ strains, with mutations disabling
the electron transport pathway appear particularly adept at invading and persisting within host cells,
and exhibit enhanced antimicrobial resistance, and may represent a further complication in the
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treatment and management of staphylococcal bone disease.

© 2009 Elsevier GmbH. Open access under CC BY-NC-ND license,

Introduction

Bacteria of the genus Staphylococcus are the principal causative
agents of two major types of infection affecting bone - septic
arthritis and osteomyelitis, which involve the inflammatory
destruction of joint and bone. These infections cause serious
morbidity and are often difficult to manage (Berendt and Byren,
2004). The principal routes of infection for both osteomyelitis and
septic arthritis are either haematogenous, resulting from bacter-
emia; contiguous, when the infection is transmitted from local
tissue; or direct, resulting from infiltration of bone, often
following injury, surgery or implantation of a foreign body, such
as joint replacement (Berendt and Byren, 2004; Ciampolini and
Harding, 2000; Goldenberg, 1998; Lazzarini et al., 2004; Lew and
Waldvogel, 2004). Infections may be acute or chronic and affect
native joints, especially the hip and knee, or prosthetic joints, long
bones, vertebrae and almost any other bone. Osteomyelitis of the
foot is particularly common in diabetic patients (Berendt and
Byren, 2004; Nade, 2003).
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Septic arthritis is a joint disease typified by bacterial colonisa-
tion and rapid articular destruction (Levine and Siegel, 2003).
Infiltration and growth of bacteria within the synovium results in
inflammation with infiltration of leukocytes into the joint fluid
(Goldenberg, 1998; Nade, 2003). The production of reactive
oxygen species and host matrix metalloproteinases (MMPs),
lysosomal enzymes and bacterial toxins contribute to the
destruction of cartilage. This starts with degradation of host
proteoglycans followed by collagen breakdown within hours of
infection, and is mediated by polymorphonuclear leukocytes
(Goldenberg, 1998; Nade, 2003; Shirtliff and Mader, 2002; Stott,
2001). The containment of the inflammatory process within the
joint results in increasing pressure, which impedes blood and
nutrient supply to the joint exacerbating joint damage and
facilitating destruction of cartilage and the synovium. Permanent
destruction of articular cartilage and subchondral bone can occur
rapidly, within just a few days (Shirtliff and Mader, 2002).

Osteomyelitis describes a range of infections in which bone is
colonized with microorganisms, with associated inflammation
and bone destruction. Acute osteomyelitic foci are characterised
by pus-forming inflammation at the site of microbial colonisation.
Damage to bone matrix and compression and destruction of
vasculature is also observed as the infection spreads to surround-
ing soft tissues, which can further exacerbate bone necrosis
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(Lazzarini et al., 2004; Lew and Waldvogel, 2004) Sections of dead
bone, known as sequestra, can form which may then detach to
form separate infectious foci which, due to the lack of vasculature,
are protected from immune cells and antibiotics (Lazzarini et al.,
2004; Lew and Waldvogel, 2004). Such areas of dead, infected
tissues that are inaccessible to antimicrobials or the immune
response can lead to chronic persistence of the infection (Lazzarini
et al., 2004).

The incidence of septic arthritis is between 2 and 10 in 100,000
in the general populace but may be as high as 30-70 per 100,000
in rheumatoid arthritis sufferers or recipients of prosthetic joints
(Goldenberg, 1998; Nade, 2003; Stott, 2001) and is more common
in children than adults, and in males rather than females (Levine
and Siegel, 2003). Haematogenous osteomyelitis most frequently
effects children and the elderly (Lew and Waldvogel, 2004) and in
children, the incidence is typically between 1 in 5000 and 1 in
10,000 (Weichert et al., 2008). It has been argued that the
incidence of haematogenous osteomyelitis is decreasing with an
annual fall in childhood cases of 0.185 per 100,000 people
recorded in Glasgow, Scotland between 1970 and 1997 (Blyth
et al, 2001; Lazzarini et al., 2004; Weichert et al., 2008).
Conversely, osteomyelitis resulting from direct infection is
reportedly on the increase (Gillespie, 1990; Lazzarini et al,,
2004). Local spread of infection from contiguous tissue to bone
or direct infection can occur at any age, with foreign body
implants a substantial risk factor (Lew and Waldvogel, 2004). The
presence of an implant is particularly associated with chronic
osteomyelitis, where antibiotic treatment is frequently ineffective,
and removal of the implant and debridement are required
(Ciampolini and Harding, 2000). Relapsing cases of osteomyelitis
with several decades between episodes have been documented,
and there are records of reactivation fifty or even eighty years
after the initial infection (Ciampolini and Harding, 2000; Gallie,
1951; Greer and Rosenberg, 1993; Korovessis et al., 1991).

A broad range of bacterial species have been isolated in cases of
septic arthritis and osteomyelitis. Pathogens cultured from septic
joints include S. aureus, Streptococcus pyogenes, Streptococcus
pneumoniae, Escherichia coli, Pseudomonas aeruginosa, Serratia
marcescens, as well as Salmonella, Neisseria, Aerobacter, and
Bacteroides species (Nade, 2003; Shirtliff and Mader, 2002).
Staphylococcus and Streptococcus spp., Haemophilus influenzae,
E. coli, P. aeruginosa, Salmonella and Mycobacterium spp. are all
potential causes of osteomyelitis (Bennet and Bennet, 2006;
Lazzarini et al., 2004; Lew and Waldvogel, 1997, 2004). S. aureus is
the most commonly identified pathogen in both conditions, by a
substantial margin, regardless of type or route of infection
(Ciampolini and Harding, 2000; Goldenberg, 1998; Lew and
Waldvogel, 2004).

Staphylococcus, principally S. aureus, accounts for between 37%
and 67% of septic arthritis isolates in studies from a range of
nations (Al Arfaj, 2008; Dubost et al., 2002; Goldenberg, 1998;
Ryan et al., 1997). Coagulase-negative staphylococci are less
commonly isolated from arthritic joints, representing between
3% and 16% of Staphylococcus cultures (Al Arfaj, 2008; Dubost et
al., 2002; Ryan et al., 1997). Studies of osteomyelitis in several
developed countries over the past decade have identified S. aureus
in 38% to 67% of culture-positive cases. Coagulase-negative
staphylococci were identified in 5% to 15% of culture-positive
patients (Arnold et al., 2006; Blyth et al., 2001; Grammatico et al.,
2008; Karwowska et al., 1998). Surveillance data from the Health
Protection Agency on surgical site infections in the U.K. between
1997 and 2005 found S. aureus to be the causative agent in 41.4%
of hip prosthesis, 33.5% of knee prosthesis, 53% of open reduction
of bone fracture and 59.1% of hip hemiarthroplasty infections.
Coagulase-negative staphylococci accounted for 15.1%, 20.7%, 7.5%
and 6.3% of these infections, respectively (U.K. Health Protection

Agency, 2008). S. epidermidis is the most common coagulase-
negative Staphylococcus species in many types of infection,
including osteomyelitis and infection of prosthetic joints, but
other species, including Staphylococcus simulans, Staphylococcus
hominis, Staphylococcus capitis, Staphylococcus caprae and Staphy-
lococcus lugdunensis have all been reported (Greig and Wood,
2003; Lang et al., 1999; Murdoch et al., 1996; Vallianou et al.,
2008).

Clearly S. aureus, and to a lesser extent other staphylococci, are
pathogens of major importance in skeletal infections. The number
of joint replacement procedures is increasing: 220,000 hip
replacements were performed in the USA in 2003, a 38% rise
from 1996, with numbers projected to rise to 572,000 by 2030.
Total knee replacements reached 418,000 in 2003 and are
expected to undergo a similar rise, especially in light of an aging
population (Lee and Goodman, 2008). In cases of septic arthritis
antibiotic therapy is frequently effective if applied rapidly,
appropriately and in combination with joint drainage (Shirtliff
and Mader, 2002). Osteomyelitis is, however, often refractory to
antibiotic treatment, a problem exacerbated by the increasing
levels of antibiotic resistance amongst Staphylococcus spp. This is
complicated further by the emergence of particularly persistent,
antibiotic-resistant ‘small colony variant’ forms that may be
selected for by certain current treatment regimens (Ciampolini
and Harding, 2000; Henderson and Nair, 2003; von Eiff et al.,
1997a). Staphylococcal bone infections are thus likely to be a
continuing and probably increasing problem, and understanding
of the interaction of these pathogens with bone is central to
development of the novel therapeutic strategies required to treat
increasingly antibiotic-resistant and persistent infections.

Genomic features of staphylococci associated with bone
infections

A number of studies have attempted to identify an association
between the possession of certain virulence genes by S. aureus and
invasive disease. Thus Peacock et al. (2002) suggested that the
possession of certain combinations of virulence factor genes is
associated with invasive disease, and increased severity of
infection following examination of a panel of 334 S. aureus
isolates by PCR. The isolates comprised those from 179 healthy
patients, 94 hospital-acquired isolates and 61 community-
acquired isolates. Seven putative virulence genes, including the
adhesin genes fnbA and cna, the toxin genes sej, eta and hlg, and
icaA, which is involved in biofilm production, were found to be
associated with invasive isolates. The association with specific
types of invasive infection was not examined and indeed the small
number of isolates examined in this study would have precluded
such an analysis (Peacock et al., 2002). The genes for the
fibronectin-binding proteins fnbA and fnbB have been reported
to be present in 98% and 99% of clinical isolates, respectively, from
a range of orthopaedic associated infections, whereas the cna
gene, encoding the collagen-binding protein was identified in just
46% of isolates (Arciola et al., 2005). Another study by Peacock
et al. (2000) found the prevalence of both fnbA and fnbB genes, as
opposed to just one of the two, to be significantly higher in
invasive isolates than in ‘carriage’ strains in a panel of 163 strains,
which included septic arthritis and osteomyelitis isolates. Genes
encoding Panton-Valentine leukocidin were found to be present in
59 of 89 S. aureus isolates from cases of acute haematogenous
osteomyelitis. The presence of pvl genes is associated with an
increased risk of severe infection requiring intensive care,
bacteremia and more severe systemic inflammation (Bocchini
et al., 2006; Sdougkos et al., 2007). However, one of the problems
with the above studies is that it is unclear how representative
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these strain collections are of those isolates carried in other
establishments and regions across the world, since strain typing
was not reported.

Strain typing studies of S. aureus, using multilocus sequence
typing (MLST) and comparative genomic microarray hybridiza-
tions have so far failed to identify any specific clonal lineages
associated with invasive disease (Feil et al., 2003; Lindsay et al.,
2006). However, these studies did not use a collection of isolates
from specific invasive diseases and therefore do not rule out the
possibility that specific lineages or genes are associated with
specific types of infection, such as osteomyelitis or septic arthritis.
To date, the only genome comparison study relevant to S. aureus
bone infections has been done using comparative genome
microarray hybridisations of the S. aureus UAMS-1 strain, isolated
from an osteomyelitis patient, with a range of genome sequenced
strains (Cassat et al., 2005). These authors found variations in the
complement of adhesin, toxin, exoenzyme and regulatory genes.
Although it is not possible to draw general conclusions about
association with bone infection from characterisation of a single
strain, the presence of fnbA, but not fnbB or the bone sialoprotein-
binding gene bbp, in UAMS-1 suggest that fnbB and bbp are
dispensable for bone infection, at least in certain genetic back-
grounds. Thus at this juncture there is a lack of evidence to
support or disprove an association between specific S. aureus
lineages or specific genomic features and the pathogenesis of
bone infections.

Bone as a target organ

In terrestrial vertebrates mature bone is made up of dense
surface plates of bone, known as the cortices, and within these is a
network of bone struts oriented to oppose loading forces, known
as trabecular bone. Trabecular bone is typically replaced every
3-4 years, with the denser cortical bone taking over a decade to
replace in adults (Blair, 1998). This process of continual remodel-
ling is required to remove old bone and microfractures to ensure
bone integrity and mineral homeostasis (Vaananen and Laitala-
Leinonen, 2008). The skeleton is a dynamic organ system, in a
state of perpetual turnover which is continually remodelled by the
actions of two cell types (Henderson and Nair, 2003). Osteoblasts
are responsible for the deposition of bone matrix; they are found
on bone surfaces and are derived from mesenchymal osteopro-
genitor cells. These cells secrete osteoid, a mixture of bone matrix
proteins primarily made up of type I collagen (over 90%),
proteoglycans such as decorin and biglycan, glycoproteins such
as fibronectin, osteonectin and tenascin-C, osteopontin, osteocal-
cin and bone sialoprotein, oriented along stress lines (Blair,
1998; Mackie, 2003). Osteoblasts are also thought to facilitate
the mineralization of bone matrix, whereby hydroxyapatite,
[Cas(PO4)2]3 - Ca[OH],, crystals form, making up around 90% of
bone matrix (Blair, 1998; Mackie, 2003). It is thought that
‘nucleators’ are required to instigate mineralisation, and phos-
phate-containing matrix proteins like bone sialoprotein and
osteopontin are likely to play such a role (Henderson and Nair,
2003; Mackie, 2003; van de Lest and Vaandrager, 2007).
Osteoblasts also produce tissue non-specific alkaline phosphatase
(TNAP) which cleaves phosphate esters to liberate free inorganic
phosphate, which is key to the process of mineralisation (van de
Lest and Vaandrager, 2007). Osteoblasts are not terminally differ-
entiated, and some may form osteocytes and become implanted in
the bone matrix, eventually ceasing the secretion of osteoid, whilst
others undergo apoptosis (Blair, 1998; Mackie, 2003). Osteocytes are
also involved in bone maintenance, detecting stress within the bone
through mechanosensitive mechanisms located in extensive cellular
projections, called canaliculi, that interconnect osteocytes (van de

Lest and Vaandrager, 2007). Osteocytes are thought to respond to
mechanical stress by undergoing apoptosis, leading to osteoclast
recruitment and differentiation, possibly by alterations in the levels
of soluble factors produced by the osteocyte. Candidates include
transforming growth factor B (TGF-B), which may suppress
osteoclastogenesis when produced by healthy osteocytes (Henriksen
et al., 2009; Matsuo and Irie, 2008).

The opposing action of bone matrix removal is performed by
osteoclasts, multinucleate cells that are derived from the macro-
phage-monocyte lineage. These cells express large quantities of a
vacuolar-type H*-ATPase on their cell surface, along with chloride
channel 7 (CIC 7) enabling localised hydrochloric acid secretion
into a closed compartment, known as the resorption lacuna, and
subsequent solubilisation of bone mineral (Blair et al., 1989; Blair,
1998; Kornak et al., 2001; Vaananen and Laitala-Leinonen, 2008).
The cell is attached to the bone matrix by a sealing zone
membrane to create this compartment, and fusion of acidified
vesicles with the plasma membrane contributes further to acid
release (Vaananen and Laitala-Leinonen, 2008). Following mineral
solubilisation, proteolysis of bone matrix proteins is then possible.
Cathepsin K is centrally involved in degradation of bone matrix, it
is highly expressed by osteoclasts and digests substrates such as
collagen and osteonectin (Bossard et al., 1996; Drake et al., 1996).
Evidence from knock-out mouse and selective inhibitor experi-
ments indicates that cathepsin L, and MMPs also play a role in
degrading bone matrix (Everts et al, 2006). Osteoclasts also
secrete acid phosphatases, such as tartrate-resistant acid phos-
phatase (TRAcP), which is used as an osteoclast marker and is
activated by cathepsin K cleavage (Blair et al., 1989; Blair, 1998;
Ek-Rylander et al., 1991; Ljusberg et al., 2005). TRAcP is able to
generate reactive oxygen species in addition to having phospha-
tase activity (Hayman and Cox, 1994). The exact cellular function
of TRACP in bone resorption is not well understood, but serum
TRACP levels correlate with bone-resorptive activity, and TRAcP-
deficient mice exhibit reduced osteoclastic bone resorption and
increased bone mineralization (Angel et al., 2000; Hayman et al.,
1996; Nesbitt and Horton, 1997; Salo et al., 1997).

The balance of activity between these two cell types is crucial
to maintaining the proper homeostasis of bone turnover, and any
shift in the relative levels of osteoblast and osteoclast activity can
result in bone pathology (Henderson and Nair, 2003). Infection
with a pathogen such as S. aureus is capable of stimulating such a
shift, mediated in part by induction of an inflammatory response.
There is intimate interaction between the two cell types, with
osteoblasts interpreting the majority of extracellular signals and
subsequently modulating osteoclast differentiation and function
(Henderson and Nair, 2003; Matsuo and Irie, 2008). Interaction
between the RANK (receptor activator for nuclear factor xB)
receptor, expressed by osteoclast precursors, and its cognate
ligand, RANKL, expressed by osteoblasts is essential for osteoclas-
togenesis (Matsuo and Irie, 2008). RANKL is a homotrimeric
protein displayed on the membrane of osteoblasts, although it
may be secreted following cleavage by MMPs 7 or 14, or ADAM (a
disintegrin and metalloprotease domain) (Boyce and Xing, 2008;
Hikita et al., 2006; Lynch et al., 2005). Suppression of MMP 14-
mediated secretion enhances osteoclastogenesis (Boyce and Xing,
2008; Hikita et al., 2006). The RANK receptor is a homotrimeric
transmembrane protein belonging to the tumour necrosis factor
(TNF) receptor superfamily. Following binding of RANKL to RANK,
TRAF (TNF receptor-associated factor) adaptor proteins are
recruited, with binding sites for TRAF2, TRAF5 and TRAF6 all
present on RANK (Kim et al., 1999; Wada et al., 2006). TRAF6
seems to play a central role in RANK-mediated osteoclast
formation, and mice deficient in TRAF6 are osteopetrotic (Lomaga
et al., 1999) whereas TRAF2 and TRAF5 are relatively marginal
players in osteoclastogenesis (Kanazawa et al., 2003; Kanazawa
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and Kudo, 2005). Signalling via RANK, and these adaptor proteins,
activates a number of transcription factors, including NFkB
(nuclear factor ¥ B), AP-1 (activator protein 1) and NFATc1
(nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 1) which drive osteoclast differentiation (Matsuo and
Irie, 2008; Wada et al., 2006). Osteoprotegrin (OPG) is an
endogenous inhibitor of RANKL signalling, functioning as a decoy
receptor that binds to RANKL and prevents its association with
RANK (Wada et al., 2006; Yasuda et al., 1998).

Inflammation in bone infection

A number of host cytokines play a significant role in the
pathogenesis of osteomyelitis, and there is strong evidence that
production of these cytokines is induced by staphylococcal
infection of bone, and that they directly contribute to bone
destruction. In particular, the inflammatory cytokines tumour
necrosis factor o (TNFa), interleukin 1 (IL-1) and IL-6 seem to be
especially important in bone physiology and pathology (Kwan
et al., 2004). In patients with acute osteomyelitis, plasma levels of
TNFa, IL-1P (the secreted form of IL-1) and IL-6 are all elevated
(Evans et al., 1998; Klosterhalfen et al., 1996). High levels of IL-1f,
IL-6 and TNFa are also found in the synovial fluid of patients with
septic arthritis (Osiri et al., 1998; Saez-Llorens et al., 1990).
Interestingly, specific polymorphisms in the IL-1a and IL-6 genes
have recently been found to be associated with an increased risk
of osteomyelitis in the Greek population (Tsezou et al., 2008).

A number of animal models of S. aureus osteomyelitis reveal
that bone infection can lead to elevated levels of these cytokines
both locally and systemically. Increased levels of IL-13 have been
measured in the tibiae of 22-month-old rats experimentally
implanted with S. aureus-infected needles, and the same animals
have increased circulating levels of IL-6 (Garcia-Alvarez et al.,
2009). In a murine osteomyelitis model, bone levels of IL-13 and
IL-6 are significantly increased in the early post-infection period,
with TNFa rising later during the infection (Yoshii et al., 2002).
The local source of these cytokines is not fully clear. Production of
IL-1B can be induced in human osteoblast-like cell lines by a
variety of stimuli, including TNFa (Pivirotto et al., 1995). However,
infection of primary mouse osteoblasts with S. aureus results in
increased transcription, but not increased protein synthesis or
secretion of IL-1B (Marriott et al., 2002). TNFa is detectable only
at low levels in human osteoblasts derived from mesenchymal
stem cells and the osteosarcoma cell line MG63 (Bu et al., 2003).
Infiltrating immune cells may therefore be a more likely source of
IL-1B and TNFa in bone in response to infection (Bost et al., 1999;
Ishimi et al., 1990; Marriott et al., 2002; Mundy, 1991; Robinson
et al., 2007). IL-6 however, is produced by osteoblasts in response
to a variety of signals, including infection with S. aureus (Bost et
al., 1999; Ishimi et al., 1990).

These cytokines have potent effects on the process of bone
remodelling, and are strongly implicated in the pathology of
osteomyelitis. Cell culture models support the view that IL-1 and
TNFo stimulate the proliferation and differentiation of osteoclast
progenitors into mature osteoclasts in the presence of osteoblasts
(Mundy, 1991; Pfeilschifter et al., 1989; Tokukoda et al., 2001).
TNFo and IL-1B also stimulate osteoclast-mediated bone resorp-
tion, a process which may also require the presence of osteoblasts
(Azuma et al., 2000; Taubman and Kawai, 2001; Thomson et al.,
1987). Similarly, IL-6 increases bone resorption activity and
osteoclast number in cultured mouse calvariae, and stimulates
osteoclast differentiation in the presence of osteoblasts (Ishimi
et al., 1990; Kotake et al., 1996). In vivo, local administration of
IL-1 and TNF antagonists in a non-human primate model of
periodontitis results in significant reduction of osteoclast forma-

tion and bone destruction (Assuma et al.,, 1998). Intravenous
administration of TNFx and IL-1 in mice stimulates bone
resorption in a dose-dependent fashion (Konig et al., 1988), and
deletion of the murine IL-1R, TNF-R1 and TNF-R2 receptors and of
caspase-1 significantly decreases osteoclast number and the area
of bone resorption in calvariae following lipopolysaccharide (LPS)
injection (Chiang et al., 1999).

IL-1B and TNFa also inhibit the differentiation of mesenchymal
stem cells into osteoblast-like cells, and suppress the accompany-
ing mineralisation and increased expression of alkaline phospha-
tase and procollagen 1 genes, although only TNFa inhibits
osteonectin and osteopontin gene expression (Lacey et al,
2008). TNFa, also decreases production of type I collagen and
osteocalcin, and of alkaline phosphatase in a variety of osteoblast
cell culture and bone tissue explant models, thereby reducing
matrix deposition and mineralisation (Canalis, 1987; Centrella
et al,, 1988; Li and Stashenko, 1992; Nanes et al., 1989, 1991;
Nanes, 2003; Smith et al., 1987).

Surface-associated material (SAM) from S. aureus stimulates
bone resorption and osteoclast formation, and blockade of IL-1 or
TNFo signalling completely abolishes this bone resorption activity.
Neutralisation of TNFa and IL-6 fully abolishes SAM-stimulated
osteoclastogenesis, with antagonism of IL-1 having only a partial
effect (Meghji et al., 1998; Nair et al., 1995). The effect of this SAM
on osteoclast formation and stimulation of resorption does not
require co-culture with osteoblasts, and does not require RANKL
signalling (Lau et al., 2006). S. epidermidis surface material can also
induce bone resorption, by a mechanism that is strongly dependent
on TNFa and, to a lesser extent, IL-1 (Meghji et al., 1997).

Induction and release of these cytokines in response to
pathogen-associated molecules involves two main classes of
pattern recognition receptors (PRRs), the Toll-like receptors (TLRs)
and NOD-like receptors (NLRs). The production of TNFa and IL-6
by murine macrophages in response to S. aureus cell wall
preparations is dependent on TLR2, and TLR2-deficient mice
exhibit reduced survival of intravenous S. aureus infections
compared to wild-type counterparts (Takeuchi et al., 1999,
2000). Signalling through TLRs, in response to microbial ligands
such as LPS, ‘primes’ the cell for IL-1p production by inducing
expression of the inactive, pro-form of the cytokine (Creagh and
O’Neill, 2006; Kahlenberg et al., 2005). IL-1pB is synthesised as a
31-kDa precursor molecule, and is processed to produce a 17-kDa
active molecule by caspase-1. Caspase-1 activation, and subse-
quent processing and release of active IL-1f involves assembly of
a multiprotein complex known as the inflammasome. This
complex consists of caspase-1, the adaptor protein ASC (apopto-
sis-associated speck-like protein containing a caspase recruitment
domain (CARD)) and one of several NLR proteins, of which four are
known to associate with inflammasomes (Ting et al., 2008). Each
NLR responds to different activating signals, and although the
exact recognition steps remain to be elucidated, reported stimuli
include flagellin, anthrax lethal toxin, and muramyl dipeptide
(Boyden and Dietrich, 2006; Faustin et al., 2007; Franchi et al.,
2006; Miao et al., 2006). A broad range of stimuli for NLRP3 (NLR
family pyrin domain containing 3) have been reported, including
S. aureus. Although NLRP3 and ASC are essential for IL-1PB
secretion by murine macrophages in response to S. aureus, the
stimulating signal is as yet unknown, and deletion of the o-, B-
and vy-toxins does not perturb production of the cytokine
(Mariathasan et al., 2006; Ting et al., 2008). The inflammasome
is involved in cell death in response to bacterial invasion (Marriott
et al.,, 2002; McCall et al., 2008) and although invasion of murine
osteoblasts by S. aureus induces apoptosis, it is not established
whether the inflammasome is involved (Tucker et al., 2000).

The major signal transduction events following binding of IL-1
and TNF to their respective receptors are shown in Fig. 1.
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Fig. 1. Schematic diagram of IL-1 and TNF signal transduction events. (A) IL-1 binding to IL-1RI results in recruitment of the IL-1 receptor accessory protein IL-1RAcP, which
form a complex that, via the intracellular Toll/IL-1 receptor (TIR) domains of the two receptor molecules, engages the MyD88 (myeloid differentiation factor 88) adaptor
protein (Arend et al., 2008; Dinarello, 2009; Verstrepen et al., 2008). MyD88 binding initiates phosphorylation of IRAK-4 (interleukin-1 receptor-associated kinase 4), IRAK-
2 and IRAK-1. IRAK-1 recruits TRAF6 and these two proteins localise to the cell membrane where they associate with TAK1 (TGF-B-activated kinase 1), TAB1 (TAK1-binding
protein) and TAB2. The TAK1/TAB1/TAP2/TRAF6 complex translocates to the cytosol where TRAF-6 is poly-ubiquitinated and TAK1 is subsequently phosphorylated, and
activates NF-kB, p38 MAPK and JNK. The MyD88 adaptor molecule and downstream signalling events are common to most Toll-like receptors (TLRs), and, via TRAF®6, this
pathway also converges with RANKL signalling. (B) Engagement of the homotrimeric TNF-R1 receptor by TNF enables recruitment of TRADD (TNF-R1 associated death
domain protein) via homotypic death domain interactions. TRADD associates with itself, TRAF2 and RIP1 (receptor-interacting protein 1) and with TRAF5. TNF-R2 is able to
directly associate with TRAF2, independently of TRADD. TRAF2 auto-poly-ubiquitinates and ubiquitinates RIP1. Poly-ubiquitination of RIP1 then leads to the recruitment of
TAK1, through interactions with TAB1, TAB2 and TAB3, again leading to NF-«xB, p38 MAPK and JNK activation (Bradley, 2008; Verstrepen et al., 2008).

Signalling in response to both cytokines leads to eventual
activation of the NFkB transcription factor and JNK (c-Jun N-
terminal kinase) and p38 MAPK (mitogen-activated protein
kinase) signalling (Arend et al., 2008; Dinarello, 2009). Studies
with knockout mice have shown that at least one of the p50 or
p52 NFkB subunits is required for IL-1-induced osteoclast
formation and resorptive activity, indicating that much of the
osteoclastogenic activity of IL-1 is dependent on NFkB (Xing et al.,
2003). TNFo binds to two receptors, TNF type I (TNF-R1) and type
Il (TNF-R2) receptor which differ in their signalling mechanisms
although there is substantial signalling crosstalk between the two
receptors (Aggarwal, 2003; Wajant et al., 2003). Interestingly, the
S. aureus virulence factor protein A, in addition to possession of
immunoglobulin G-binding activity, is able to bind to the TNF-R1
receptor and stimulates downstream signalling and inflammation
(Gomez et al., 2004). TNFo mediates the osteoclastogenic activity
of RANKL. TNFa production by osteoclast progenitors is induced
by RANKL and stimulates osteoclast differentiation in an autocrine
manner (Zou et al., 2001). Fig. 2 shows an overview of the signal
transduction events following IL-6 binding to its receptor. Signal
transduction involves the activation of Janus family (JAK) tyrosine
kinases and subsequent phosphorylation and activation of STAT
(signal transducers and activators of transcription) family
transcription factors (Kwan et al., 2004). IL-6 mediates bone
resorption indirectly, and has no effect on isolated osteoclasts and
IL-6 induction of osteoclastogenesis is dependent on the
expression of the IL-6 receptor by osteoblasts, but not osteoclast
progenitors (Hattersley et al., 1988; Kwan et al., 2004; Udagawa
et al., 1995).

It is clear that these cytokines have a prominent role in
modulating bone turnover, and perturbation of their levels can
have profound effects on this process. Although some mechanistic
details are currently lacking, there is strong evidence that S. aureus
infection of bone initiates local and systemic production of TNFg,
IL-1 and IL-6 via host PRRs. Elevated levels of these cytokines then

shift the homeostatic balance of bone turnover, increasing
osteoclast differentiation and bone resorption and diminishing
osteoblast-mediated bone matrix production and mineralisation,
thereby driving bone destruction.

Staphylococcal invasion of bone cells

In addition to staphylococcal induction of inflammatory
mediators that modulate the actions of osteoblasts and osteo-
clasts, bacteria of this genus are involved in more direct
interactions with bone cells. Invasion and persistence of S. aureus
in ‘non-professional phagocytic’ host cells in vitro has been
described for many different cell types, including epithelial cells,
endothelial cells and keratinocytes (Garzoni and Kelley, 2009;
Kintarak et al., 2004). In cell culture systems, S. aureus is able to
invade cultured osteoblasts from murine, human and embryonic
chick sources, and S. epidermidis is also able to invade and grow
within cultured osteoblasts (Ellington et al., 1999; Hudson et al.,
1995; Jevon et al.,, 1999; Khalil et al., 2007; Reilly et al., 2000).
Electron microscopy has demonstrated the presence of bacteria
within osteoblasts and osteocytes of embryonic chicks following
injection with S. aureus, indicating that internalisation by bone
cells also occurs in vivo (Reilly et al., 2000). Intracellular bacteria
inside osteoblasts and osteocytes in a patient with recurrent,
long-term osteomyelitis of the fibula have been visualised by light
and electron microscopy, although the species was unfortunately
not determined (Bosse et al., 2005). More recently Stoodley et al.
(2008), have demonstrated S. aureus biofilms in an infected total
joint arthroplasty. Although not reported in this paper the authors
also identified S. aureus within host cells (personal communica-
tions, Stoodley). Thus the suggestion that internalisation of
S. aureus by bone cells in vivo provides a protective niche for
the bacterium, where it is shielded from immune effector
mechanisms and antibiotics, may help to explain persistent cases
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Fig. 2. Schematic diagram of IL-6 signalling events. IL-6 specifically binds to IL-6 receptor o (IL-6Ra), and recruits a homodimer of the gp130 signal-transducing protein
(Naugler and Karin, 2008). This in turn leads to association of the JAK kinases JAK1, JAK2 and TYK2 with gp130, and the autophosphorylation of these kinases (Heinrich et
al., 2003). JAK1 is of particular importance in IL-6 signalling, and cells deficient in this kinase exhibit substantial signalling impairment (Guschin et al., 1995; Heinrich et al.,
2001; Rodig et al., 1998). Following JAK activation, gp130 is phosphorylated on multiple tyrosine residues, enabling recruitment and phosphorylation of STAT family
transcripton factors. STAT3 is the major transcription factor acting downstream of IL-6 signalling, and dimerises upon phosphorylation and translocates to the nucleus to
activate transcription of an array of target genes (Li et al., 2002; Naugler and Karin, 2008). IL-6 also activates the MAPK pathway, via JAK phosphorylation of SHP2 (SH2
domain-containing protein-tyrosine phosphatase). SHP2 is thought to recruit either the Grb2-SOS (growth factor receptor-bound protein/Son of Sevenless) complex and/or
Gab1 (Grb2-associated binder 1) to gp130. Recruitment of SOS then enables activation of Ras and subsequently the MAPK (mitogen-associated protein kinase) pathway,
although the importance of this pathway is currently unclear (Heinrich et al., 2003; Naugler and Karin, 2008).

of osteomyelitis. However, the true importance of intracellular
staphylococci in clinical osteomyelitis has yet to be established
(Henderson and Nair, 2003).

S. aureus requires fibronectin-binding proteins (FnBPs) expressed
on the surface of the bacterium to enable uptake by osteoblasts, and
many other cell types (Ahmed et al., 2001; Garzoni and Kelley, 2009;
Sinha et al., 1999). These proteins belong to a group of adhesins
known as MSCRAMMSs (microbial surface components recognising
adhesive matrix molecules), which bind a range of extracellular
matrix proteins including fibronectin, fibrinogen, collagen, elastin
and bone sialoprotein (Hauck and Ohlsen, 2006). Mutants deficient
in the two FnBPs, FnBPA and FnBPB invade host cells very poorly
(Ahmed et al., 2001; Sinha et al., 1999). Invasion is dependent on
fibronectin binding by these proteins, and on the host cell integrin
o5B1 receptor (Dziewanowska et al., 1999; Fowler et al., 2000; Sinha
et al., 1999). S. aureus binds to fibronectin via FnBPs displayed on the
bacterial surface, and fibronectin serves as a bridging molecule to
the integrin a5B1 which acts as a “phagocytic” receptor (Sinha et al.,
1999). Alternative uptake mechanisms do exist in certain cell types,
however, as S. aureus is still able to invade primary keratinocytes in
the absence of FnBPs and uptake is not inhibited by blockade of
integrin o5B1 binding to fibronectin (Kintarak et al, 2004). The
mechanism of invasion also differs between S. aureus and
S. epidermidis and the latter does not gain entry via the fibronec-
tin-integrin 51 mechanism (Khalil et al., 2007). The level of
expression of the alternative sigma factor, &, affects fnbA expression
and the fibronectin binding ability of S. aureus strains and correlates
with the level of internalisation of bacteria by osteoblasts suggesting
that oB-mediated up-regulation of FnBP expression may facilitate
invasion (Mitchell et al., 2008; Nair et al., 2003).

Integrin o.5B1-mediated uptake of S. aureus requires remodel-
ling of the actin cytoskeleton (Agerer et al., 2005). The integrin-
linked kinase, ILK, provides a link between o5f1 and the

cytoskeleton, and interacts with the cytoplasmic domains of
integrins and is subsequently activated. ILK activity is required for
internalisation of S. aureus by epithelial cells (Wang et al., 2006).
Recruitment of focal adhesion proteins, including the adaptor
protein paxillin and the focal adhesion kinase, FAK, follows
(Boulter and Van Obberghen-Schilling, 2006). Upon infection of
HEK293T cells with S. aureus there is also recruitment of focal
adhesion proteins, such as tensin, zyxin and vinculin to the site of
bacterial attachment. FAK is recruited and tyrosine phosphory-
lated, and FAK-deficient cells are able to internalise S. aureus much
less efficiently. Phosphorylation of downstream substrates of FAK,
including cortactin, which is involved in actin cytoskeletal
organisation, occurs during invasion, and interference with
cortactin also reduces internalisation. So, signalling downstream
of the integrin 581 receptor, involving ILK and FAK, is important
for S. aureus invasion, at least in certain cell types (Agerer et al.,
2005; Wang et al., 2006). Fig. 3 shows an overview of some of the
events involved in the internalisation of S. aureus by host cells.
Physical contact between S. aureus and osteoblasts induces
host cell expression of tumour necrosis factor apoptosis inducing
ligand (TRAIL) (Alexander et al., 2003). TRAIL is a member of the
TNF cytokine family, and binds to two death domain-containing
receptors, TRAIL receptors 1 and 2, which once activated recruit
the FADD (Fas-associated protein with death domain) adaptor
protein which in turn activates caspases 8 and — 10 and commits
the cell to an apoptotic pathway (Mahalingam et al., 2009). TRAIL
produced by S. aureus-infected osteoblasts induces caspase-8
activation and apoptosis in cultured osteoblasts (Alexander et al.,
2003). Uninfected osteoblasts cultured alongside infected cells
also express TRAIL (Reott Jr., et al., 2008). TRAIL can induce
apoptosis in human osteoclasts via TRAIL receptor 2, and also
inhibits osteoclast differentiation (Colucci et al., 2007; Zauli et al.,
2004). It is therefore possible that apoptosis of bone cells infected
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Fig. 3. Schematic diagram of some of the signalling events involved in invasion of ‘non-professional phagocytic’ host cells by S. aureus. FnBPs expressed on the bacterial
surface bind to fibronectin molecules in the extracellular matrix, which form a bridge with integrin 51 on the host cell membrane (Dziewanowska et al., 1999; Fowler et
al.,, 2000; Sinha et al., 1999). Ligation of this complex to the integrin receptor causes receptor clustering and subsequent activation of ILK, via interaction with the 1 subunit
(Wang et al., 2006). There is subsequent recruitment of paxillin and FAK and downstream phosphorylation of cortactin leading to remodelling of the actin cytoskeleton to
enable bacterial uptake (Agerer et al., 2005). The focal adhesion proteins zyxin, vinculin and tensin are also recruited to the site of bacterial uptake, the latter two potentially

via interactions with paxillin and FAK, respectively (Agerer et al., 2005).

with S. aureus, and potentially of neighbouring uninfected cells
may contribute to bone loss in osteomyelitis (Henderson and Nair,
2003).

Growing experimental support indicates that staphylococcal
invasion of osteoblasts, most likely via the FnBP-fibronectin-
integrin o5p1 bridging mechanism in the case of S. aureus, may
play a role in the pathogenesis of bone infections. This
intracellular location may provide a protected environment for
bacteria, aiding prolonged persistence by enabling evasion of
antimicrobials and host immune mechanisms and possibly
contributing to bone damage by inducing apoptosis of infected
cells.

Staphylococcal virulence determinants

A number of animal models of bone implant infection,
osteomyelitis and septic arthritis have been developed which
have enabled the role of specific virulence factors in infections to
be determined. As mentioned at the outset there are a number of
routes of bone infection, i.e. haematogenous, contiguous and
direct infection of bone, and models have been developed to
mimic each of these routes of infection. This is important since the
range of environments experienced by the bacterium differs for
each route and hence the virulence factors that are involved in
pathology may be different for each route of infection. The septic
arthritis model developed by Tarkowski and colleagues (Bremell

et al,, 1991, 1992; Tarkowski et al., 2001) in conjunction with
defined isogenic mutants deficient in one or more virulence
determinants, or with neutralising antibodies to virulence factors
has proven to be particularly useful in elucidating the role of
specific virulence determinants and host factors in bone infec-
tions. This model has shown that there is a plethora of virulence
determinants involved in S. aureus septic arthritis (Table 1) some
of which are also involved in osteomyelitis (Table 1). However,
there is some controversy in this area because whilst the murine
septic arthritis model is well established and standardised a
number of different models have been developed for osteomyelitis
and the relevance of specific virulence factors to bone implant
infections or osteomyelitis appears to be dependent on the
particular model used. For example the collagen adhesin Cna
has been shown to contribute to osteomyelitis by some workers
(Elasri et al., 2002) but not by others (Johansson et al., 2001) and
has been reported not to be important in orthopaedic device
infections (Darouiche et al., 1997). The role of FnBPs has not been
directly assessed in a model of osteomyelitis, but comparison of
S. aureus strains with and without fibronectin-binding activity in a
mouse osteomyelitis model suggests that fibronectin-binding
strains may give rise to more severe bone infections (Johansson
et al,, 2001). In the septic arthritis model, S. aureus fnbA fnbB
mutants show no reduction in severity of arthritis, in contrast
with clfA clfB mutants lacking the fibrinogen-binding clumping
factors. However, the presence of the fnb genes results in greater
weight loss and mortality, as well as higher serum levels of IL-6,
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Virulence determinants which have been demonstrated to play a role in the pathology of experimental S. aureus bone infections. Most studies have utilised the murine

model of septic arthritis.

Virulence determinant Model Reference

Accessory gene regulator (agr) A O Abdelnour et al., 1993; Blevins et al., 2003; Gillaspy et al., 1995
Alpha-toxin and gamma-toxin A Gemmell et al., 1997; Nilsson et al., 1999

Collagen adhesin (Cna) A 0 Elasri et al., 2002; Nilsson et al., 1998; Patti et al., 1994; Xu et al., 2004
Clumping factor (CIfA) A Josefsson et al., 2001; Palmqvist et al., 2004, 2005
Capsular polysaccharide A Nilsson et al., 1997

DItA (D-alanine modification of teichoic acid) A Collins et al., 2002

Fibronectin-binding proteins (0] Johansson et al., 2001

MgrA (a global regulator) A Jonsson et al., 2008

MprF (L-lysine modification of membrane lipids) A Peschel et al., 2001

Peptidoglycan A Liu et al., 2001

Pls (plasmin-sensitive protein) A Josefsson et al., 2005

Protein A A Gemmell et al., 1997; Palmqvist et al., 2002
Ribonucleotide reductase class III A Kirdis et al., 2007

Sigma factor B (c®) and sigma factor S (G°) Jonsson et al., 2004; Shaw et al., 2008

Sortase SrtA (responsible for anchoring many adhesins to the bacterial cell wall) A Jonsson et al., 2002

Small colony variant phenotype A Jonsson et al., 2003

Staphylococcal accessory regulator A0 Blevins et al., 2003

Staphylococcal DNA A Deng et al., 1999

Staphylococcal superantigens A Abdelnour et al., 1994; Bremell and Tarkowski, 1995
Two putative lytic transglycosylases, IsaA and SceD A Stapleton et al., 2007

A, arthritis; O, osteomyelitis.

indicating a role for FnBPs in the systemic inflammatory response
(Palmgqyist et al., 2005).

One area of research that has received surprisingly little
attention is that of the direct action of virulence factors on bone
and bone cells. Work in our own laboratory has shown that
S. aureus and S. epidermidis produce surface-associated proteins
that can stimulate bone breakdown in an in vitro assay (Meghji
et al,, 1997; Nair et al., 1995). These surface-associated proteins
and capsular material appear to promote the formation and
activation of the bone-resorbing osteoclast (Lau et al., 2006;
Meghji et al., 1998). Interestingly, a proportion of the population
have antibodies that can block the action of the S. aureus proteins
and prevent bone breakdown (Nair et al., 1997). The identity of the
protein(s) in these mixtures which cause bone destruction has not
been elucidated.

Small colony variants

Variant forms of S. aureus, known as small colony variants
(SCVs), are associated with infections of bone and joint that may
be particularly persistent, recurrent and refractory to antibiotic
treatment (von Eiff et al., 2006). These bacteria are mutant forms
of Staphylococcus that may have an adaptive advantage enabling
persistent bone colonisation. SCV forms of coagulase-negative
staphylococci, including S. epidermidis, S. lugdunensis and S. capitis
have also been isolated from a range of infections (Adler et al.,
2003; Seifert et al., 2005; von Eiff et al., 1999, 2006). The SCV
phenotype is characterised by slow growth, with colonies around
10-fold smaller than wild-type forms, often with decreased
pigmentation, increased aminoglycoside resistance and some
reports of reduced haemolytic activity (Sendi and Proctor, 2009).
The nature of these phenotypes can cause difficulty in detection
and identification of the bacteria, and may contribute to an
underestimation of the clinical prevalence of SCVs (von Eiff,
2008). These phenotypes usually result from auxotrophy for
hemin, menadione or thymidine and can be reversed by
supplementation with these molecules (Proctor et al., 1995,
2006). Mutations in the hemB and menD genes produce hemin
and menadione auxotrophic strains with typical SCV phenotypes,

and give rise to disruption of electron transport which is the basis
of the growth deficiency, increased aminoglycoside resistance and
other phenotypes (Bates et al., 2003; Proctor et al., 2006; von Eiff
et al., 1997b). SCVs can be selected for with gentamicin in vitro,
and there is evidence that antibiotic therapy, in particular use of
gentamicin beads, which are used in addition to debridement and
systemic antibiotic therapy for osteomyelitis may select for SCVs
in clinical situations (Musher et al., 1977; von Eiff et al., 1997a). In
a cohort of fourteen patients with confirmed S. aureus osteomye-
litis, SCVs were isolated only from those four that had received
gentamicin bead therapy, with the remaining ten patients
harbouring normal S. aureus strains. Of the four SCVs, three were
auxotrophic for hemin, and one for menadione. Only the patients
harbouring SCVs had recurrent infections, although only patients
whose gentamicin bead therapy had failed were included in the
study (von Eiff et al., 1997a). SCVs have also been isolated from
cases of infection of hip prostheses, and intracellular bacteria
within host fibroblasts were identified in one of the five instances
(Sendi et al., 2006).

Clinically isolated SCVs with hemin auxotrophy, and defined
hemB mutants, show enhanced intracellular persistence in a range
of human cell types (Moisan et al., 2006; Vaudaux et al., 2002; von
Eiff et al,, 1997b, 2001). The basis of this persistence is not
established but may involve a number of possible mechanisms.
S. aureus hemB mutants exhibit enhanced binding to fibrinogen
and fibronectin, and transcribe and display more CIfA and FnBP on
their surface, which may increase attachment and uptake by host
cells (Vaudaux et al., 2002). Transcriptional profiling of clinical
and defined mutant SCVs reveals increased transcription of genes
regulated by o8, including adhesin genes, and down-regulation of
exoprotein and toxin genes (Moisan et al., 2006). The effect of
increased o® activity on MSCRAMM expression has been shown to
correlate well with osteoblast invasion, adding weight to the
argument that B-mediated up-regulation of adhesins increases
host cell invasion, at least in vitro, and that increased invasion by
SCVs may be partially dependent on this mechanism (Moisan
et al,, 2006; Nair et al., 2003). It has been argued that reduced
production of toxins, particularly haemolysins, by SCVs also
contributes to intracellular persistence by reducing the cytotoxic
effect on host cells (Moisan et al., 2006; Sendi and Proctor, 2009;
von Eiff et al., 1997b).
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In a murine septic arthritis model, a defined stable hemB
mutant, exhibiting the SCV phenotype, elicited more frequent and
severe arthritis than the parental strain despite a reduced
bacterial load in the kidney and joints. It has been argued that
SCVs are therefore more virulent on a ‘per organism’ basis and
that enhanced protease production by hemB mutants may
partially explain this (Jonsson et al.,, 2003). It may be that in
clinical infections relatively small numbers of SCVs with enhanced
virulence survive within tissues, possibly intracellularly, for
extended periods and cause persistent infections. Clinically
isolated SCVs are able to revert to the parent phenotype, although
to what extent this may play a role in infections, and whether
S. aureus may ‘switch’ between states in different in vivo
situations is currently unclear.

Conclusions

Staphylococcus species are a major cause of debilitating bone
disease globally, a situation that shows no sign of abating. The
increasing antibiotic resistance of staphylococci, combined with
the greater opportunity for infection afforded by escalating
numbers of orthopaedic surgical procedures will only serve to
exacerbate the problem. Furthermore, evidence is now emerging
that staphylococci are facultative intracellular pathogens, and are
able to exploit this protected niche during bone infection to
enhance persistence. Spontaneously arising mutant forms, such as
SCVs, may be particularly adapted to this lifestyle, complicating
the treatment of these infections further. Although host factors
involved in the inflammatory destruction of bone are increasingly
well understood, the staphylococcal virulence determinants
directly involved in skeletal colonisation and destruction are less
well characterised. Continued focus on elucidating the complex
interactions between host and pathogen in these invasive skeletal
infections is required to develop more effective treatment
regimes. Enhanced understanding of these interactions will not
only inform improved clinical management of bone disease, but
may well open up new avenues for therapeutic development.
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