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Community-acquired meticillin-resistant Staphylococcus aureus (MRSA) is becoming an important public-health
problem. New strains of S aureus displaying unique combinations of virulence factors and resistance traits have
been associated with high morbidity and mortality in the community. Outbreaks of epidemic furunculosis and
cases of severe invasive pulmonary infections in young, otherwise healthy people have been particularly
noteworthy. We review the characteristics of these new strains of community-acquired MRSA that have
contributed to their pathogenicity and discuss new approaches to the diagnosis and management of suspected
and conﬁrmed community-acquired MRSA infections.
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Genetic basis of meticillin resistance

The emergence of a community pathogen depends on
its ability to survive in different environments and to
interact successfully with the host. Staphylococcus
aureus is one of the most successful and adaptable
human pathogens. The remarkable ability of the
bacterium to acquire antibiotic-resistance mechanisms
and advantageous pathogenic determinants has
contributed to its emergence in both nosocomial and
community settings. However, because of different
selective pressures, several notable differences exist
between nosocomial isolates and community-acquired
strains.
Meticillin resistance ﬁrst appeared among
nosocomial isolates of S aureus in 1961.1 Since that
time, meticillin-resistant S aureus (MRSA) has become
widespread in hospitals and intensive care units
around the world. MRSA is now one of the most
common causes of bacterial nosocomial infections,
accounting for 40–70% of the S aureus infections in
intensive care units.2,3 In the past, acquisition of MRSA
colonisation or infection was generally considered to
be restricted to the nosocomial setting. However, in the
past decade new strains of MRSA have emerged in the
community, causing aggressive infections in young,
otherwise healthy people.4–11 Suppurative skin
infections (including epidemics of furunculosis,
ﬁgure 1) and severe necrotising pneumonias are the
most well-known clinical syndromes caused by these
new strains. The increasing prevalence of communityacquired MRSA in multiple countries and the
substantial morbidity and mortality associated with
these infections suggest that community-acquired
MRSA will continue to develop into a challenging
public-health problem.
What makes these new isolates of communityacquired MRSA particularly well equipped to succeed
as community-based pathogens? We summarise the
available information regarding community-acquired
MRSA infections, emphasising the characteristics that
have prompted the recent emergence of MRSA in the
community setting and the virulence factors associated
with its typical clinical presentations.

Resistance to penicillin is now widespread in S aureus
and may be conferred by the production of a betalactamase coded by the blaZ gene. Meticillin resistance
results from the production of an altered penicillin
binding protein known as PBP2a, which has decreased
afﬁnity for most beta-lactam antibiotics.12–15
PBP2a is encoded by the gene mecA, which is carried
on a mobile genetic element known as the
staphylococcal cassette chromosome (SCC) mec.12,16
Besides the mecA gene itself, the SCCmec element
contains regulatory genes, an insertion sequence
element (IS431mec), and a unique cassette of recombinase genes (ccr) responsible for the integration and
excision of SCCmec.16 Based on the class of mecA gene
complex and the type of ccr gene complex, at least ﬁve
types of SCCmec elements have been identiﬁed and are
numbered from I to V.17,18 A second SCCmec typing
system has also been described19 that uses a multiplex
PCR assay to accurately identify types I–IV. This assay
identiﬁes SCCmec types based on loci located upstream
and downstream of the mecA gene, and does not take
into account the speciﬁc ccr gene complex.
Type I SCCmec contains the mecA gene as the sole
resistance determinant, whereas SCCmec types II and
III contain multiple determinants for resistance to
non-beta-lactam antibiotics and are responsible for the
multidrug resistance commonly found in nosocomial
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Figure 1: Furuncle near the right knee
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MRSA isolates. However, most probably due to their
larger size, the horizontal transfer of SCCmec types II
and III occurs with less ease compared with type
IV12,20–24 and spread of MRSA strains harbouring these
elements mainly occurs as a result of the selective
pressure of antibiotic exposure over time (vertical
spread).17
Several subtypes of type IV SCCmec are now
recognised based on the polymorphism of the region
upstream of the ccr genes, a location known as L-C.17,21,25
Although the L-C subtyping system has been used
before, many groups now sequence larger regions of
the SCCmec type IV element as a method of subtyping.
Like type I, type IV elements lack other resistance
determinants.21,26 Their smaller size, compared with
type II and III elements, may serve as an evolutionary
advantage by making them more amenable to
horizontal spread among a bacterial population.26,27
Strains of community-acquired MRSA that have
emerged over the past decade have mostly harboured
the SCCmec type IV element18,21,22,26 and they are
typically susceptible to multiple antibiotics with nonbeta-lactam susceptibility patterns resembling those of
meticillin-susceptible S aureus (MSSA) strains
prevalent in the community. The genome sequence for
only one community-acquired MRSA strain (MW2) is
available; the sequence from a closely related strain of
community-acquired MSSA (MSSA476)—known to
have caused severe invasive disease in an
immunocompetent child—has also been published.28
MSSA476 shares many virulence factors with MW2
and contains a novel SCC element (SCC476) remarkably
similar to the one described for Staphylococcus hominis
(SCC12263).29 Although SCC476 does not carry the mec
genes, it carries genes that might confer resistance to
fusidic acid (far1).28 Like MW2, MSSA476 is sensitive to
a great variety of non-beta-lactam antibiotics and both
belong to the same sequence type.30,31 Therefore, most
authorities feel that it is the acquisition of the SCCmec
IV element by MSSA strains in the community that
has given rise to the emerging community-acquired
MRSA strains.25,32
Besides intraspecies transfer of resistant determinants, other commensal staphylococcal species may
act as a reservoir for antibiotic resistance islands that
may be transferred to S aureus. Notably, the SCCmec
type IV element was found to be prevalent in isolates of
Staphylococcus epidermidis from the 1970s, and has
been rarely described in S aureus isolates before 1990.33
Furthermore, three other SCCmec elements that
contain genes encoding biosynthetic enzymes for
capsular polysaccharides have been identiﬁed in
MSSA, S epidermidis, and S hominis strains.27,29,34 These
elements share most of the essential characteristics of
SCCmec, including regulatory genes and insertion
sequences, but lack the mecA gene. Interestingly,
sequences found within the L-C region of SCCmec type
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IV were found to be virtually identical to those found in
S epidermidis, suggesting extensive horizontal
exchange between staphylococcal species.34

New strains of community-acquired S aureus
Strains of S aureus (including MRSA) are able to
colonise the host for very long periods of time before
causing infection.35–38 Because nosocomial colonisation
with MRSA usually goes undetected and may lead to
infection many months after hospital discharge (when
the patient is in the community), it may be difﬁcult to
establish the origin of strains causing MRSA infections
in the community. This difﬁculty differentiating
nosocomial MRSA from community-acquired MRSA
has led to confusion regarding the prevalence of MRSA
in the community. Substantial heterogeneity is found
among the deﬁnitions used by different authors to
deﬁne community-acquired MRSA.39 For example,
deﬁning a case as being community acquired is usually
based on the timing of isolation of MRSA in relation to
the time of hospitalisation. As a result, the vast
majority of cases attributed to community-acquired
MRSA are associated with recent direct or indirect
exposure to the health-care setting (eg, hospitalisation,
outpatient visit, nursing home admission, antibiotic
exposure, chronic illness, or close contact with people
with these risk factors), suggesting that these
infections are caused by nosocomial strains that have
been carried into the community. When risk factors for
acquisition of strains related to the health-care
environment are not rigorously assessed, the term
“community-onset” MRSA is technically more accurate
than community-acquired MRSA for isolates causing
infections that arise in the community.39
Over the past decade, reports of severe communityonset MRSA infections occurring in the absence of
clear risk factors for nosocomial acquisition have been
associated with isolates that are unusually susceptible
to a wide variety of antimicrobials, including
clindamycin, macrolides (variable), co-trimoxazole,
tetracyclines, and ﬂuoroquinolones,40 indicating that
the epidemiology of MRSA is changing.4,41 The
introduction of molecular typing techniques (panel)
into epidemiological investigations conﬁrmed that
some isolates from community-onset infections were

Panel: Techniques used for molecular typing of MRSA
Pulsed-ﬁeld gel electrophoresis42
Multilocus sequence typing20
Multilocus restriction fragment typing43
Sequence analysis of the polymorphic repeat region of the
staphylococcal protein A gene typing (spa typing)44
High-throughput ampliﬁed fragment length polymorphism
analysis45
Genotyping46
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genotypically distinct from typical nosocomial isolates
and demonstrated
clonal spread within the
community.22 Other isolates from community-onset
infections were clonally related to common nosocomial
isolates, suggesting spread of MRSA from the healthcare setting. Furthermore, the publication of ﬁve
complete S aureus genomes—nosocomial MRSA
strains N315, Mu50, MRSA252,28,47 communityacquired MRSA strain MW2,48 and communityacquired MSSA47628—plus two others that are publicly
available—MSSA COL (http://www.tigr.org) and
MSSA NCTC 8325 (http://www.genome.ou.edu/
staph)—have added great insights to the understanding of the factors involved in S aureus
pathogenesis and emergence in different settings.
Three groups of individuals can be differentiated
from a clinical point of view: people with communityonset MRSA infections without health-care-associated
risk factors; people with community-onset MRSA and
health-care-associated risk factors; and people with
nosocomial MRSA infections.
MRSA infections in individuals without typical
health-care-associated risk factors have mostly been
associated with staphylococcal strains bearing the
SCCmec type IV element and the Panton-Valentine
leukocidin (PVL) genes. These strains are more
frequently susceptible to a variety of non-beta-lactam
antibiotics, although macrolide resistance is
variable.40,49,50 The highly virulent strain MW2 that
resulted in severe infections among healthy children
and young adults in the USA is, to date, the only
community-onset MRSA strain from people without
typical MRSA risk factors that has been completely
sequenced.4,48 A study within the USA showed that
MW2 and other community-onset MRSA strains
belonged to just two of the eight pulsed-ﬁeld types
known at that time–USA300 and USA400.42 Within the
USA400 pulsed-ﬁeld type (including MW2), multilocus
sequence typing (MLST) revealed an ST 1 proﬁle, and
strains were of the staphylococcal protein A gene (spa)
type motif UJJJFE. MLST of USA300 isolates showed
they had an ST 8 proﬁle and shared a common spa type
motif (MBQBLO).42
Although most of the S aureus strains found in
nosocomial and community settings belong to few
clonal populations,31 from a clinical and therapeutic
perspective it is important to recognise that some
strains of MRSA causing community-onset infections
in people with health-care-associated risk factors may
be typical nosocomial MRSA strains, or they may
represent community-acquired MRSA strains, each
presenting different resistance patterns and a different
array of virulence factors.51–53 Nosocomial MRSA
carrying a type II SCCmec element are more likely to be
resistant
to
macrolides,
clindamycin,
and
ﬂuoroquinolones.40
Community-acquired
MRSA
strains carrying a type IV SCCmec element are more
http://infection.thelancet.com Vol 5 May 2005

frequently susceptible to these non-beta-lactam
antibiotic classes. Community-acquired MRSA strains
are genetically diverse—some have a genetic
background similar to “archaic” or “historic” MRSA,23,49
but most harbour the SCCmec type IV element

(associated with remaining susceptibility to many
non-beta-lactam antibiotics), and some may also
carry the PVL genes.18,23,24,49,53–55
Nosocomial MRSA strains are typically resistant to a
wide range of antibiotics. Although the N315 and
Mu50 strains are closely related to MW2 and
MSSA476, they harbour several differences among
their accessory genes. Notably, nosocomial MRSA
strains have multiple mobile and non-mobile genetic
elements that confer resistance to multiple antibiotics,
allowing them to succeed under heavy selective
pressure.
Both health-care-associated community-onset MRSA
and
non-health-care-associated
community-onset
MRSA are highly virulent strains, capable of clonal
dissemination, and have the ability to cause epidemics
of furunculosis and other skin and soft-tissue
infections.56,57 Nevertheless, non-health-care-associated
MRSA strains are now responsible for the majority of
community-onset MRSA infections in some areas of
the USA.24,58–60 Furthermore, despite their designation
as community-onset MRSA strains, these strains are
no longer restricted to that setting, since communityonset MRSA strains have now been found in
association with nosocomial infections.61,62 Irrespective
of the characteristics of the population or the setting,
community-onset MRSA carrying the SCCmec type IV
element poses a real threat and will likely continue to
emerge as a major public-health concern.

Prevalence of MRSA in the community
Because of different deﬁnitions of communityacquired infections used in the literature, and the
limited number of population-based studies that
include molecular typing techniques, the reported
prevalence of MRSA in the community varies widely.
However, regardless of the deﬁnition, prevalence of
MRSA in the community seems to be increasing. In a
meta-analysis, Salgado and colleagues39 summarised
many studies reporting the prevalence of communityonset MRSA both with and without health-careassociated risk factors in the community. The authors
divided the reports into two groups: studies of the
prevalence of community-onset MRSA infection
among hospitalised patients, and studies of the
prevalence of MRSA colonisation in the community.
In the ﬁrst group of studies, patients were identiﬁed
by routine clinical specimens and cases were deﬁned
based on the timing of isolation of MRSA in relation to
the time of admission. The pooled data from 27
retrospective studies (5932 patients) and from ﬁve
prospective studies (636 patients) showed prevalences
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of community-onset infection among hospitalised
patients with MRSA isolates of 30·2% and 37·3%,
respectively. Of note, approximately 85% of
community-onset MRSA patients in both the
retrospective and prospective groups reported at least
one health-care-associated risk factor.39
In the second group, ten studies reporting the
prevalence of MRSA in the community with
surveillance cultures were analysed. The pooled data
(8350 patients) showed a prevalence of 1·3% for MRSA
colonisation (2·1% after stratiﬁcation based on
methodological differences).39 Again, most people
colonised with MRSA had health-care-associated risk
factors. After excluding those patients, the prevalence
of MRSA colonisation was only 0·2%. Leman and
colleagues have found a similar prevalence in selected
populations.63 Patients with intravenous drug abuse or
HIV infection have a higher prevalence of MRSA
infection and colonisation.61,64–66

Clinical presentation and virulence factors
S aureus has the capacity to produce a wide array of
virulence factors, some of which are responsible for
Virulence factor

Characteristic

Resistance determinants
SCCmec type IV
SCC476

Resistance to meticillin
Resistance to fusidic acid

Adherence
Collagen-adhesin protein (CNA)
Colonisation
Bacteriocin of SA (bsa)
Unknown
Superantigens
Enterotoxins
Staphylococcal enterotoxin A (sea, sak)
Staphylococcal enterotoxin B
Staphylococcal enterotoxin C (sec4)
Staphylococcal enterotoxin G (seg2)
Staphylococcal enterotoxin H

Clinical syndrome

21,22,48
28

Greater adherence to
host tissues

EF, NP, arthritis,
osteomyelitis

4,67–71

Intraspecies and
interspecies competition
Greater tolerance to salt

EF

4,28,48,72

EF

67

Activation of T cells

EF, NP, TSS-like illness
28,73,74
4,48,75
4,48
28,48,76
48,73,76,77

Extremely potent
superantigen

Staphylococcal enterotoxin K (sek2)
Staphylococcal enterotoxin L (sel2)
Staphylococcal enterotoxin O’ (seo’)
Exotoxins
Staphylococcal exotoxin T (set16–26)
Pore-forming toxins
PVL (LukSPV+LukFPV)
LukE+LukD
LukEv+LukDv
-Haemolysin

References

28,48
48
48,73
Possible defence against
immunity
Necrosis, oedema
Destruction of intestinal
microvilli
Necrosis
Necrosis, vascular leakage,
shock

28,48

EF, NP
Postantibiotic
diarrhoea
EF
EF, NP
Bullous impetigo

Exfoliative toxins
Exfoliative toxin A
Exfoliative toxin B

48,77,78
77,79,80
79
67,81

82,83

EF=epidemic furunculosis, NP=necrotising pneumonia, SA=Staphylococcus aureus, TSS=toxic shock syndrome

Table 1: Virulence factors of community-acquired Staphylococcus aureus
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speciﬁc clinical syndromes (table 1). Communityacquired MRSA isolates have been associated with
many of the same clinical presentations known to
occur with traditional S aureus infection. However,
outbreaks of epidemic furunculosis and severe
invasive paediatric infections caused by communityacquired MRSA have been particularly noteworthy.55
The ability of new community-acquired MRSA
strains to colonise hosts in the community and cause
clinical syndromes is mediated by unique
combinations of traditional and newly described
virulence factors. Analysis of the genome of MW2
demonstrated 19 unique genes encoding virulence
factors that were not found on other S aureus genomes
that had been sequenced to date.48 A better
understanding of MRSA virulence factors and how
they mediate disease may ultimately lead to new
therapeutic interventions.
The most well-known community-acquired MRSA
virulence factor is PVL, which elicits tissue necrosis
and may contribute substantially to the clinical
ﬁndings of epidemic furunculosis and severe
necrotising pneumonia in young, otherwise healthy
individuals. Given that community-acquired MRSA
strains have spread into the hospital, the ability to
differentiate between what is a typical nosocomial
MRSA strain versus an emerging community-acquired
MRSA strain is becoming difﬁcult. Therefore, since
S aureus strains carrying the PVL genes cause similar
clinical syndromes, irrespective of where the infection
is acquired or even the particular antimicrobial
susceptibilities of the strain, in the future it might be
appropriate to use the term “PVL syndrome” when
describing a patient’s presentation.
Several studies suggest that community-acquired
MRSA strains harbouring the smaller SCCmec type IV
element grow faster and achieve higher infection
burdens than nosocomial MRSA strains.84,85 This
property has been attributed to the extra metabolic
burden that multiresistant bacteria have secondary to the
synthesis of extra proteins during replication,86 and may
provide a selective advantage to community-acquired
MRSA. Despite these studies it should be noted that
community-acquired MRSA would likely compete
mostly with MSSA strains in the outpatient setting.

Skin infections
Skin infections caused by S aureus are generally
believed to follow colonisation of the skin or nares of
the host. To colonise the host, the organism must
compete successfully with other commensal bacteria.
Community-acquired MRSA strains that have become
established in the community setting might have
virulence determinants that confer a competitive
advantage. A novel gene cluster, known as bsa
(bacteriocin of S aureus), described in the MW2 and
MSSA476 genomes, may confer such an advantage.
http://infection.thelancet.com Vol 5 May 2005
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Bacteriocins are naturally synthesised antibiotics
found in several Gram-positive bacteria,87 which have a
relatively narrow killing spectrum and are toxic only to
bacteria closely related to the producing strain.72,87,88
Similar molecules found in other bacteria serve as anticompetitive factors enabling the invasion of a strain
into an established microbial community. Additional
roles have been proposed for bacteriocins, such as
quorum sensing and intercellular communication.72,89
Adherence of S aureus to host tissues is an important
step for both colonisation and pathogenesis. Studies
have not shown an advantage of epidemic MRSA types
1 and 16 over MSSA strain Cowan I or other MSSA
clinical isolates in attaching to epithelial cells in vitro.90,91
However, one study suggests certain strains of
community-acquired MRSA (eg, WSPP1 strain
98M7611) may be better able to adhere to epithelial cells
than other MRSA strains (eg, epidemic MRSA16).67
Another virulence factor found in the MW2 genome,
as well as MSSA and nosocomial MRSA, is the
collagen-adhesin protein (CNA), encoded by the cna
gene. CNA is a microbial surface component that
recognises adhesive matrix molecules not expressed by
the majority of S aureus strains.68 CNA has been
implicated in the pathogenesis of septic arthritis and
osteomyelitis69,70 and might be important in the
development of infected thrombi in endocarditis and
in adherence to lung epithelium in pneumonia.71,92,93
However, at present, the role of CNA in disease is
speculative and remains to be elucidated.
Community-acquired MRSA strains from New
Zealand were found to have a higher tolerance to salt
compared with nosocomial strains. This high salt
tolerance might also help in its ability to survive as skin
ﬂora.67
Furunculosis is the most frequently reported
presentation of community-acquired MRSA infection
(ﬁgure 1).41,57,94,95 The syndrome is characterised by the
development of primary necrotic lesions of the skin
and soft tissues caused by direct invasion and tissue
destruction. Crusted lesions and plaques that progress
to abscesses (70–100% of cases) or cellulitis (50–70% of
cases) are the most common lesions. Less commonly
impetigo, nodules, and pustules are also part of the
clinical picture.94–96 Although the infection usually
remains localised to the skin and soft tissues,
bacteraemia, septic shock, toxic shock-like syndrome,
and other systemic complications have been
reported.41,57,96
One of the most striking characteristics of the strains
causing epidemic furunculosis is their ability to cause
necrosis and to form abscesses.41,63,96 Although usually
found in only 2% of all S aureus clinical isolates, the
PVL genes have been found in virtually all isolates of
community-acquired
MRSA
causing
epidemic
furunculosis worldwide,77 suggesting a key role in its
pathogenesis.78,97 PVL genes are also found in MSSA
http://infection.thelancet.com Vol 5 May 2005

strains and, since they may be horizontally transmitted
via phages, it is likely they originated from communityacquired MSSA strains.98 The PVL genes encode a
bicomponent leukotoxin, that, together with
-haemolysin and -haemolysin, constitute the poreforming staphylococcal toxins.78 The leukotoxins are
produced as two non-associated secreted proteins,
referred as S and F. To date, six different leukotoxin
class S proteins (LukSPV, LukE, LukM, HlgA, HlgC,
and LukSI) and ﬁve leukotoxin class F proteins
(LukFPV, LukD, LukF’PV, HlgB, and LukFI) are
known.78 In the case of PVL, LukSPV and LukFPV bind
sequentially, creating hexamers of S/F proteins with a
1/1 molar ratio.99 PVL contact with human neutrophils,
monocytes, macrophages, and erythrocytes results in
pore formation and cell lysis through osmotic rupture.
Binding of PVL also causes the activation of the target
cell by the rapid opening of membrane calcium
channels.100 For neutrophils, this activation triggers the
exocytosis of granules and production of interleukins
and other inﬂammatory mediators.101,102 This activation
generates a cascade of local vasodilation, chemotaxis,
and additional neutrophil inﬁltration, with subsequent
secretion of degradative enzymes and generation of
superoxide ions, promoting necrosis of the tissue.
Injection of puriﬁed PVL into the skin of rabbits
produces necrotic lesions similar to the ones found in
epidemic furunculosis, proving its dermonecrotic
properties.103 A variant of LukE+LukD (LukEv-LukDv)
that is structurally close to PVL has been described
from a clinical strain of S aureus carrying -haemolysin
genes but not the PVL genes.79 This variant shares
many of the characteristics of the PVL toxin and might
have a role in pathogenesis.79
Other pore-forming toxins are produced in greater
amounts by community-acquired MRSA strains.67
-Haemolysin acts on a wide variety of cells
(erythrocytes, leucocytes, platelets, ﬁbroblasts, etc). Like
PVL,
-haemolysin
is
also
dermonecrotic.81
-Haemolysin is a sphingomyelinase active against a
great variety of cells (erythrocytes, leucocytes, platelets,
ﬁbroblasts). The role of -haemolysin in disease is not
clearly understood; however, the high level of expression
in several strains indicates that -haemolysin production
may confer a selective advantage.81
Several cases of impetigo, bullous impetigo, and
scalded skin syndrome have been described, adding a
new clinical presentation to community-acquired
MRSA infection.82,104 These clinical syndromes are
caused by an unexpected clonal group of MRSA
producing exfoliative toxins A and B (eta and etb).105
These strains also carry the SCCmec IVa element and
the PVL genes.82,106

Necrotising pneumonia
Necrotising
pneumonia
is
another
clinical
presentation strongly associated with S aureus strains
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distress syndrome are the rule.41,109 The mortality is
extremely high, and autopsies usually show diffuse
bilateral necrotic haemorrhagic pneumonia. Necrotic
lesions of the tracheal mucosa and alveolar septa, with
numerous clusters of Gram-positive cocci are usually
seen in histopathological studies.
Preceding inﬂuenza or inﬂuenza-like prodromes are
commonly described with necrotising pneumonia.
Although not unique for community-acquired MRSA,
the relation between inﬂuenza and staphylococcal
pneumonia has long been recognised. The expression
of multiple distinct surface proteins that mediate the
binding of S aureus to uninfected cells and those
infected with inﬂuenza A, a substantially reduced
ability to clear the bacteria, and an inability to mount
an adequate immune reaction have been proposed to
have a role in this relation.110–112 CNA has also been
associated with S aureus adherence to human
endothelium70 and may have a role in colonisation or
invasion of the airways.92
As with epidemic furunculosis, almost all of the
cases of necrotising pneumonia have been associated
with S aureus strains carrying the PVL genes—the
properties described above are likely responsible for
the necrotic manifestations in the lung. The
production of interleukins and other inﬂammatory
mediators101,102 are likely responsible for the local
vasodilation and progression to acute respiratory
distress syndrome. The associated leucopenia may also
be related to the action of PVL.42,109 In animal models,
the intravascular injection of PVL results in
accumulation of the toxin in the bone marrow and
subsequent neutropenia.78
Although it has a key role in the pathogenesis of
necrotising pneumonia, PVL is not likely to be the only
pathogenic determinant responsible for this syndrome.
-Haemolysin is expressed at higher concentrations by
some community-acquired MRSA strains.67 This toxin
is also dermonecrotic and, when injected
intravenously, causes vascular leakage in perfused
rabbit lungs.113 Endothelial cells are sensitive to
-haemolysin and the toxin might have a role in the
onset of pulmonary oedema and septic shock.114,115

Other presentations
Figure 2: Necrotising pneumonia secondary to MRSA carrying PVL genes10

producing PVL (ﬁgure 2). Originally described in
children and young, healthy adults, it has also been
described in older adults.41,107–109 The syndrome is
characterised by high fever, haemoptysis, hypotension,
leucopenia, and multilobular alveolar inﬁltrates that,
unlike nosocomial MRSA pneumonias, usually
progress into abscesses.10,41,108,109 Diffuse alveolar
haemorrhage has been described and may be lifethreatening.107 Positive blood cultures and rapid
progression to septic shock and acute respiratory
280

Rapid development of septic shock has characterised the
course of most reported cases of necrotising pneumonia
and some cases of skin or soft tissue infection. The high
mortality, frequent failure to improve with antibiotics,
and similarities with Gram-negative sepsis suggest a key
role of staphylococcal toxins in its pathogenesis. Because
of its strong epidemiological linkage, PVL has been
suggested as a possible mediator of shock. However,
despite the multiple systemic manifestations associated
with the intravenous administration of PVL in animal
models, it has not proven to be lethal even when applied
at high doses.116
http://infection.thelancet.com Vol 5 May 2005
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Although most patients presenting with shock do not
ﬁt the established deﬁnition of toxic shock syndrome,117
most do ﬁt with the proposed “toxic shock syndromelike illness”.118 The tst gene that encodes toxic shock
syndrome toxin 1 (TSST1), the toxin associated with
most typical toxic shock syndrome cases, is absent in
the majority of community-acquired MRSA isolates,
but other toxins capable of producing toxic shock
syndrome-like illness have been identiﬁed.83 The
importance of these toxins in the pathogenesis of
community-acquired MRSA infections was ﬁrst
suggested in the initial report of four children who
died of fulminant MRSA infection in Minnesota and
North Dakota, USA. Isolates from each of the four
patients produced staphylococcal enterotoxins B and C
(SEB and SEC) as well as PVL.4 Pulsed-ﬁeld gel
electrophoresis analysis of MRSA isolates from a
native American community demonstrated strains
highly related to one another and indistinguishable
from strains reported in other areas of USA.58,119 The
majority of those strains produced either SEB, SEC, or
both, unlike nosocomial strains used as controls.22 SEB
and SEC have been implicated as causes of nonmenstrual severe toxic shock syndrome120–123 and,
together with TSST1, account for nearly all cases of
staphylococcal toxic shock syndrome.120
Genes encoding staphylococcal enterotoxins A and H
(SEA and SEH) were also found in all the isolates
obtained from another cluster of four paediatric
patients with severe pneumonia and sepsis caused by
community-acquired MRSA or MSSA.73 SEH is one of
the unique genes present in the MW2 genome and has
been found in most community-acquired MRSA
isolates reported in the USA.77 SEH is a potent
superantigen that causes toxic shock syndrome-like
illness in rabbits.74–76,124 The toxin is produced in large
amounts by isolates carrying the respective gene125 and

its activity may be enhanced by low concentrations of
endotoxin. SEA also shares many biochemical and
biological properties with TSST1 and has been
associated with toxic shock syndrome-like illness in
rabbits.74,75,126
Additional enterotoxins have been reported in
community-acquired MRSA isolates. Although the role
of the unique toxin gene sequence fragment seo’—a
truncated copy of staphylococcal enterotoxin O
described in strain MW248—is still unknown, it might
have a pathogenic role.73 Similarly, a staphylococcal
enterotoxin-like toxin gene known as set was described
in MW2; clustering of set on pathogenicity islands
suggests a role in virulence.75
Better understanding of the role of these toxins in the
pathogenesis of community-acquired MRSA infections
may have therapeutic relevance. Studies have
suggested that the use of intravenous immunoglobulin
is beneﬁcial as an adjunctive therapy in severe toxinmediated shock.125 However, higher doses of
intravenous immunoglobulin may be required to
neutralise staphylococcal superantigens compared
with streptococcal superantigens.126 Neutralisation of
PVL and other toxins by intravenous immunoglobulin
has also been demonstrated in vitro. Although the role
of intravenous immunoglobulin in the treatment of
severe community-acquired MRSA infections remains
to be deﬁned, intravenous immunoglobulin could be
considered as an adjunctive treatment for people
presenting with severe necrotising pneumonia or toxic
shock syndrome-like illness. Higher doses of
intravenous immunoglobulin than those used for
streptococcal shock might be necessary.
Multiple other clinical presentations are also caused
by community-acquired MRSA. Osteomyelitis and
mediastinitis are known complications of bacteraemia,
pneumonia, and soft tissue infections. Postantibiotic

Severe infections

Non-severe infections

First-line agents

Second-line agents

First-line agents

Second-line agents

Patient with health-careassociated risk factors*

Vancomycin

Linezolid
Quinupristin/dalfopristin
Daptomycin†

Empiric penicillinase-resistant
penicillin‡§
First-generation cephalosporin§¶
Vancomycin**

Linezolid
Co-trimoxazole
Clindamycin
Tetracycline††

Patient without health-careassociated risk factors*

Vancomycin

Linezolid
Quinupristin/dalfopristin
Daptomycin†

Penicillinase-resistant penicillin‡§
First-generation cephalosporin§¶

Co-trimoxazole
Clindamycin

Penicillinase-resistant penicillin‡§
PLUS one of the following:
Trimethoprim/sulfamethoxazole
Clindamycin
Tetracycline††

Tetracycline††

*Recent hospitalisation (1–24 months), recent outpatient visit (12 months), recent nursing home admission (12 months), recent antibiotic exposure (1–12 months), haemodialysis,
chronic illness, intravenous drug use, or close contact with persons with risk factors. †Daptomycin should be avoided in the treatment of MRSA pneumonia. ‡Oxacillin, nafcillin,
dicloxacillin. §Avoid beta-lactam in areas with high prevalence of community-acquired MRSA. ¶Cefazolin, cefalexin. **Vancomycin should be discouraged as empirical treatment of
furuncles and non-severe skin and soft tissue infections. ††Minocycline (preferred) or doxycycline.

Table 2: Suggested initial empiric therapy for patients with suspected staphylococcal infections
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diarrhoea has also been associated with other poreforming toxins different from PVL.77,80,99 The leukocidin
LukE+LukD, produced by 30–100% of clinical isolates,
causes destruction of epithelial microvilli and
diarrhoea when given to rabbits78 and has been
implicated in this clinical presentation. Although less
frequent, cases of infective endocarditis, urinary tract
infections, and enterocolitis have also been described
in association with pore-forming toxins.

Management of community-acquired MRSA
infections and antibiotic selection
The emergence of MRSA in the community heralds a
need for new approaches to the management of both
suspected and conﬁrmed staphylococcal infections,
particularly regarding the selection of empirical
antibiotic therapy (table 2). For now, the selection of
initial antibiotic regimens can be guided by the
prevalence of MRSA in a given community, the presence
or absence of health-care-associated risk factors, and the
severity and type of clinical presentation.
Vancomycin should be considered as empirical
therapy for people with severe and life-threatening
infections while cultures are pending in areas where
community-acquired MRSA has been documented.
Empirical therapy with vancomycin should also be
considered for serious infections in patients with a
history of MRSA colonisation, intravenous drug use,
and health-care-associated risk factors.
In geographic locations with a low prevalence of
community-acquired MRSA, individuals with less
severe infections and people without health-careassociated risk factors may be treated with a
penicillinase-resistant penicillin (eg, oxacillin or
nafcillin) or a ﬁrst-generation cephalosporin (eg,
cefazolin) while cultures are pending.
Community-acquired MRSA isolates from people
without health-care-associated risk factors are usually
susceptible to a variety of non-beta-lactam antibiotics.40
Clindamycin, co-trimoxazole, linezolid, and minocycline should be given serious consideration as
alternative treatments for skin and soft tissue
infections and for selected patients with necrotising
pneumonias. Daptomycin also has activity against
S aureus strains; however, it was found inferior to
comparators in a large unpublished communityacquired pneumonia trial, presumably because of poor
penetration into alveolar secretions.127 There are
contraindications for the use of co-trimoxazole in
children less than 8 weeks old and tetracyclines in
children under 8 years of age, thus these agents should
be avoided in paediatric community-acquired MRSA
infections in the respective age groups. In addition, to
our knowledge there is little experience with
daptomycin in individuals under 18 years of age.
Given that community-onset MRSA from patients
with health-care-associated risk factors have higher
282

Search strategy and selection criteria
In preparation for this review we searched PubMed (from
1966) with combinations of the following keywords:
“Staphylococcus”, “Staphylococcus aureus”, “methicillinresistance”, “community-acquired infections”, “virulence”,
“toxins”, “leukocidin”, “Panton-Valentine”, “colonisation”,
“adherence”, “hemolysin”, “superantigen” and “toxic-shock”.
Recent reviews on related topics were also checked. English
bibliographies of all articles collected were checked for
additional references. English and Spanish papers were
evaluated in an attempt to perform an in depth review.

rates of resistance,40 clinicians may consider avoiding
clindamycin, co-trimoxazole, and tetracyclines until
the results of susceptibility testing are available.
Clinicians should be aware that inducible resistance to
clindamycin may not be apparent from the results of
routine susceptibility testing.128–130 Siberry and
colleagues129 demonstrated inducible resistance to
clindamycin that could be clinically important in 56%
of isolates that were resistant to erythromycin but
susceptible to clindamycin on the basis of initial
testing. Isolates with this resistance phenotype should
be tested to exclude inducible clindamycin resistance
before this antibiotic is used for pathogen-directed
therapy. Rifampicin is another option when isolates
prove to be susceptible, but it should not be used alone
due to the rapid selection of resistant organisms.
The emergence of MRSA infections in the
community places renewed emphasis on the
importance of non-antibiotic management of localised
infections. Although sometimes neglected, appropriate
drainage is the deﬁnitive management of many skin
and soft tissue infections and is always an important
adjunct to antibiotic therapy in deeper, closed-space
infections. Cutaneous abscesses typically resolve with
proper drainage and/or debridement alone, and
collections left without drainage in the setting of
antibiotic treatment promote the emergence of
resistance.131
Because of the therapeutic implications, every effort
should be made to obtain appropriate clinical
specimens for culture and susceptibility testing,
particularly in areas with high MRSA prevalence
and/or in people with health-care-associated risk
factors, severe infections, or treatment failure. For
people with mild or chronic infections, withholding
antibiotics until adequate specimens are obtained
and/or drainage is performed will further improve the
culture yield.
Renewed emphasis on the prevention of MRSA
infections is also necessary. Control of MRSA in the
health-care setting remains an important means of
limiting its spread in the community. High-risk
populations (eg, people with a history of intravenous
http://infection.thelancet.com Vol 5 May 2005
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drug use, residents of long-term care facilities, patients
on dialysis or residing in intensive care units) can be
considered for nasal surveillance cultures for MRSA on
admission.132,133 Patients with recognised MRSA
colonisation or infections should be isolated and
contact precautions implemented.
The eradication of MRSA colonisation is
controversial. Topical mupirocin applied to the nares
or systemic co-trimoxazole have been used with
different rates of success.134,135 Because of the rapid
development of resistance that occurs almost
invariably with time, treatment of MRSA colonisation
is currently not recommended for most populations.130
However, given the high morbidity and mortality
associated with staphylococcal strains carrying the PVL
genes, screening and decolonisation with mupirocin of
selected people (eg, individuals with recurrent skin
abscesses despite antimicrobial treatment) and their
contacts (if nasal cultures are positive) may be
appropriate.

Conclusions
New strains of MRSA have evolved in the community,
with unique combinations of virulence factors and
resistance traits that confer distinct advantages for
colonisation and pathogenesis. Clinicians must be
aware of the wide and, in some cases, unique spectrum
of disease caused by community-acquired MRSA.
Continued emergence of MRSA in the community is a
public-health problem that warrants increased
vigilance in the diagnosis and management of
suspected and conﬁrmed staphylococcal infections.
Conﬂicts of interest
ELN has received research grants and honoraria from Abbott and
Pﬁzer. WRB has received research grants from Abbott, Aventis, Bayer,
Merck, and Pﬁzer, and has received honoraria from Abbott, Aventis,
Bayer, Merck, Ortho-McNeil, Oscient, Roche, and Pﬁzer. NZ and JSF
have no conﬂicts of interest.
Acknowledgments
The authors thank Ian Rosenthal for his excellent editorial assistance.
ELN receives salary support from NIAID grants 58993 and 40007, and
WRB from NIAID grants 36973, 37856, 43846, 51668, and 30036.
References
1
Jevons MP. “Celbenin”-resistant staphylococci. BMJ 1961; 1:
124–25.
2
Sahm DF, Marsilio MK, Piazza G. Antimicrobial resistance in
key bloodstream bacterial isolates: electronic surveillance with
the Surveillance Network Database—USA. Clin Infect Dis 1999;
29: 259–63.
3
Diekema DJ, Pfaller MA, Schmitz FJ, et al. Survey of infections
due to Staphylococcus species: frequency of occurrence and
antimicrobial susceptibility of isolates collected in the United
States, Canada, Latin America, Europe, and the Western Paciﬁc
region for the SENTRY Antimicrobial Surveillance Program,
1997–1999. Clin Infect Dis 2001; 32 (suppl 2): S114–32.
4
Centers for Disease Control and Prevention. Four pediatric
deaths from community acquired methicillin-resistant
Staphylococcus aureus—Minnesota and North Dakota, 1997–1999.
MMWR Morb Mortal Wkly Rep 1999; 48: 707–10.
5
Herold BC, Immergluck LC, Maranan MC, et al. Communityacquired methicillin-resistant Staphylococcus aureus in children
with no identiﬁed predisposing risk. JAMA 1998; 279: 593–98.

http://infection.thelancet.com Vol 5 May 2005

6

7

8

9

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

Centers for Disease Control and Prevention. Methicillin-resistant
Staphylococcus aureus skin or soft tissue infections in a state
prison—Mississipi 2000. MMWR Morb Mortal Wkly Rep 2001; 50:
919–22.
Centers for Disease Control and Prevention. Public health
dispatch: outbreaks of community-associated methicillin-resistant
Staphylococcus aureus skin infections—Los Angeles County,
California, 2002–2003. MMWR Morb Mortal Wkly Rep 2003; 52: 88.
Centers for Disease Control and Prevention. Methicillin-resistant
Staphylococcus aureus infections among competitive sports
participants—Colorado, Indiana, Pensylvania and Los Angeles
County, 2000–2003. MMWR Morb Mortal Wkly Rep 2003; 52:
793–95.
Centers for Disease Control and Prevention. Methicillin-resistant
Staphylococcus aureus infections in correctional facilities—
Georgia, California and Texas, 2001–2003. MMWR Morb Mortal
Wkly Rep 2003; 52: 992–96.
Francis JS, Doherty MC, Lopatin U, et al. Severe communityonset pneumonia in healthy adults caused by methicillinresistant Staphylococcus aureus carrying the Panton-Valentine
leukocidin genes. Clin Infect Dis 2005; 40: 100–07.
Yamasaki O, Kaneko J, Morizane S, et al. The association between
Staphylococcus aureus strains carrying Panton-Valentine leukocidin
genes and the development of deep-seated follicular infection.
Clin Infect Dis 2005; 40: 381–85.
Chambers HF. Methicillin resistance in staphylococci: molecular
and biochemical basis and clinical implications. Clin Microbiol
Rev 1997; 10: 781–91.
Katayama Y, Zhang H-Z, Hong D, Chambers HF. Jumping the
barrier to beta-lactam resistance in Staphylococcus aureus.
J Bacteriol 2003; 185: 5465–72.
Asheshov EH, Dyke KG. Regulation of the synthesis of
penicillinase in diploids of Staphylococcus aureus. Biochem Biophys
Res Commun 1968; 30: 213–18.
Sabath LD. Mechanisms of resistance of beta-lactam antibiotics in
strains of Staphylococcus aureus. Ann Intern Med 1982; 97: 339–44.
Ito T, Katayama Y, Asada K, et al. Structural comparison of three
types of staphylococcal cassette chromosome mec in the
chromosome of methicillin-resistant Staphylococcus aureus.
Antimicrob Agents Chemother 2001; 45: 1323–36.
Ito T, Okuma K, Ma XX, Yuzawa H, Hiramatsu K. Insights on
antibiotic resistance of Staphylococcus aureus from its whole
genome: genomic island SCC. Drug Resist Updat 2003; 6: 41–52.
Ito T, Ma XX, Takeuchi F, Okuma K, Yuzawa H, Hiramatsu K.
Novel type V staphylococcal cassette chromosome mec driven by a
novel cassette chromosome recombinase, ccrC. Antimicrob Agents
Chemother 2004; 48: 2637–51.
Oliveira DC, de Lencastre H. Multiplex PCR strategy for rapid
identiﬁcation of structural types and variants of the mec element
in methicillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother 2002; 46: 2155–61.
Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG.
Multilocus sequence typing for characterization of methicillinresistant and methicillin-susceptible clones of Staphylococcus
aureus. J Clin Microbiol 2000; 38: 1008–15.
Ma XX, Ito T, Tiensasitorn C, et al. Novel type of staphylococcal
cassette chromosome mec identiﬁed in community-acquired
methicillin-resistant Staphylococcus aureus strains. Antimicrob
Agents Chemother 2002; 46: 1147–52.
Fey PD, Said-Salim B, Rupp ME, et al. Comparative molecular
analysis of community or hospital-acquired methicillin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother 2003; 47:
196–203.
Oliveira DC, Tomasz A, de Lencastre H. Secrets of success of a
human pathogen: molecular evolution of pandemic clones of
methicillin-resistant Staphylococcus aureus. Lancet Infect Dis 2002;
2: 180–89.
Charlebois ED, Perdreau-Remington F, Kreiswirth B, et al.
Origins of community strains of methicillin-resistant
Staphylococcus aureus. Clin Infect Dis 2004; 39: 47–54.
Hiramatsu K, Okuma K, Ma XX, Yamamoto M, Hori S, Kapi M.
New trends in Staphylococcus aureus infections: glycopeptide
resistance in hospital and methicillin resistance in the
community. Curr Opin Infect Dis 2002; 15: 407–13.

283

Review

26

27

28

29

30
31
32

33

34

35
36

37

38

39

40

41

42

43

44

45

46

284

Daum RS, Ito T, Hiramatsu K, et al. A novel methicillinresistance cassette in community-acquired methicillin-resistant
Staphylococcus aureus isolates of diverse genetic backgrounds.
J Infect Dis 2002; 186: 1344–47.
Luong TT, Ouyang S, Bush K, Lee CY. Type 1 capsule genes of
Staphylococcus aureus are carried in a staphylococcal cassette
chromosome genetic element. J Bacteriol 2002; 184: 3623–29.
Holden MT, Feil EJ, Lindsay JA, et al. Complete genomes of two
clinical Staphylococcus aureus strains: evidence for the rapid
evolution of virulence and drug resistance. Proc Natl Acad Sci
USA 2004; 101: 9786–91.
Katayama Y, Takeuchi F, Ito T, et al. Identiﬁcation in methicillinsusceptible Staphylococcus hominis of an active primordial mobile
genetic element for the staphylococcal cassette chromosome mec
of methicillin-resistant Staphylococcus aureus. J Bacteriol 2003;
185: 2711–22.
Lindsay JA, Holden MT. Staphylococcus aureus: superbug, super
genome? Trends Microbiol 2004; 12: 378–85.
Feil EJ, Cooper JE, Grundmann H, et al. How clonal is
Staphylococcus aureus? J Bacteriol 2003; 185: 3307–16.
Hiramatsu K, Cui L, Kuroda M, Ito T. The emergence and
evolution of methicillin-resistant Staphylococcus aureus. Trends
Microbiol 2001; 9: 486–93.
Wisplinghoff H, Rosato AE, Enright MC, Noto M, Craig W,
Archer GL. Related clones containing SCCmec type IV
predominate among clinically signiﬁcant Staphylococcus epidermidis
isolates. Antimicrob Agents Chemother 2003; 47: 3574–79.
Mongkolrattanothai K, Boyle S, Murphy TV, Daum RS. Novel
non-mecA-containing staphylococcal chromosomal cassette
composite island containing pbp4 and tagF genes in a commensal
staphylococcal species: a possible reservoir for antibiotic
resistance islands in Staphylococcus aureus. Antimicrob Agents
Chemother 2004; 48: 1823–36.
Hurst V. Staphylococcus aureus in the infant upper respiratory
tract. J Hyg 1957; 55: 299–312.
Hust V, Grossman M. The hospital nursery as a source of
staphylococcal disease among families of newborn infants. N Eng
J Med 1960; 262: 951–56.
Payne MC, Wood HF, Karakawa W, Gluck L. A prospective study
of staphylococcal colonization and infections in newborns and
their families. Am J Epidemiol 1966; 82: 305–16.
Sanford MD, Widmer AF, Bale MJ,Jones RN, Wenzel RP.
Efﬁcient detection and long-term persistence of the carriage of
methicillin-resistant Staphylococcus aureus. Clin Infect Dis 1994;
19: 1123–28.
Salgado CD, Farr BM, Calfee DP. Community-acquired
methicillin-resistant Staphylococcus aureus: a meta-analysis of
prevalence and risk factors. Clin Infect Dis 2003; 36: 131–39.
Naimi TS, LeDell KH, Como-Sabetti K, et al. Comparison of
community and health care-associated methicillin-resistant
Staphylococcus aureus infection. JAMA 2003; 290: 2976–84.
Lina G, Piemont Y, Godail-Gamot F, et al. Involvement of
Panton-Valentine leukocidin-producing Staphylococcus aureus in
primary skin infections and pneumonia. Clin Infect Dis 1999; 29:
1128–32.
McDougal LK, Steward CD, Killgore GE, Chaitram JM,
McAllister SK, Tenover FC. Pulsed-ﬁeld gel electrophoresis
typing of oxacillin-resistant Staphylococcus aureus isolates from
the United States: establishing a national database. J Clin
Microbiol 2003; 41: 5113–20.
Diep BA, Perdreau-Remington F, Sensabaugh GF. Clonal
characterization of Staphylococcus aureus by multilocus restriction
fragment typing, a rapid screening approach for molecular
epidemiology. J Clin Microbiol 2003; 41: 4559–64.
Shopsin B, Gomez M, Montgomery SO, et al. Evaluation of
protein A gene polymorphic region DNA sequencing for typing
of Staphylococcus aureus strains. J Clin Microbiol 1999; 37:
3556–63.
Melles DC, Gorkink RF, Boelens HA, et al. Natural population
dynamics and expansion of pathogenic clones of Staphylococcus
aureus. J Clin Invest 2004; 114: 1732–40.
Dunman PM, Mounts W, McAleese F, et al. Uses of
Staphylococcus aureus GeneChips in genotyping and genetic
composition analysis. J Clin Microbiol 2004; 42: 4275–83.

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66
67

Kuroda M, Ohta T, Uchiyama I, et al. Whole genome sequencing
of meticillin-resistant Staphylococcus aureus. Lancet 2001; 357:
1225–40.
Baba T, Takeuchi F, Kuroda M, et al. Genome and virulence
determinants of high-virulence community acquired MRSA.
Lancet 2002; 359: 1819–27.
Said-Salim B, Mathema B, Kreiswirth BN. Community-acquired
methicillin-resistant Staphylococcus aureus: an emerging
pathogen. Infect Control Hosp Epidemiol 2003; 24: 451–55.
Buckingham SC, McDougal LK, Cathey LD, et al. Emergence of
community-associated methicillin-resistant Staphylococcus aureus
at a Memphis, Tennessee Children’s Hospital. Pediatr Infect Dis J
2004; 23: 619–24.
Merlino J, Watson J, Rose B, et al. Detection and expression of
methicillin/oxacillin resistance in multidrug-resistant and nonmultidrug-resistant Staphylococcus aureus in Central Sydney,
Australia. J Antimicrob Chemother 2002; 49: 793–801.
O’Brien FG, Pearman JW, Gracey M, Riley TV, Grubb WB.
Community strain of methicillin-resistant Staphylococcus aureus
involved in a hospital outbreak. J Clin Microbiol 1999; 37:
2858–62.
Turnidge JD, Bell JM. Methicillin-resistant Staphylococcal aureus
evolution in Australia over 35 years. Microb Drug Resist 2000; 6:
223–29.
Aires de Sousa M, de Lencastre H. Evolution of sporadic isolates
of methicillin-resistant Staphylococcus aureus (MRSA) in hospitals
and their similarities to isolates of community-acquired MRSA.
J Clin Microbiol 2003; 41: 3806–15.
Eguia JM, Chambers HF. Community-acquired methicillinresistant Staphylococcus aureus: epidemiology and potential
virulence factors. Curr Infect Dis Rep 2003; 5: 459–66.
Pan ES, Diep BA, Carleton HA, et al. Increasing prevalence of
methicillin-resistant Staphylococcus aureus infection in California
jails. Clin Infect Dis 2003; 37: 1384–88.
Lindenmayer JM, Schoenfeld S, O’Grady R, Carney JK.
Methicillin-resistant Staphylococcus aureus in a high school
wrestling team and the surrounding community. Arch Intern Med
1998; 158: 895–9.
Groom AV, Wolsey DH, Naimi TS, et al. Community-acquired
methicillin-resistant Staphylococcus aureus in a rural American
Indian community. JAMA 2001; 286: 1201–05.
Baggett HC, Hennessy TW, Rudolph K, et al. Community-onset
methicillin-resistant Staphylococcus aureus associated with antibiotic
use and the cytotoxin Panton-Valentine leukocidin during a
furunculosis outbreak in rural Alaska. J Infect Dis 2004; 189: 1565–73.
Sattler CA, Mason EO, Kaplan SL. Prospective comparison of risk
factors and demographic and clinical characteristics of
community-acquired, methicillin-resistant versus methicillinsusceptible Staphylococcus aureus infection in children. Pediatr
Infect Dis J 2002; 21: 910–16.
Chung M, Dickinson G, De Lencastre H, Tomasz A. International
clones of methicillin-resistant Staphylococcus aureus in two
hospitals in Miami, Florida. J Clin Microbiol 2004; 42: 542–47.
Borer A, Gilad J, Yagupsky P, et al. Community-acquired
methicillin-resistant Staphylococcus aureus in institutionalized
adults with developmental disabilities. Emerg Infect Dis 2002; 8:
966–70.
Leman R, Alvarado-Ramy F, Pocock S, et al. Nasal carriage of
methicillin-resistant Staphylococcus aureus in an American Indian
population. Infect Control Hosp Epidemiol 2004; 25: 121–25.
Charlebois ED, Bangsberg DR, Moss NJ, et al. Population-based
community prevalence of methicillin-resistant Staphylococcus
aureus in the urban poor of San Francisco. Clin Infect Dis 2002;
34: 425–33.
Fleisch F, Zbinden R, Vanoli, C, Ruef C. Epidemic spread of a
single clone of methicillin-resistant Staphylococcus aureus among
injection drug users in Zurich, Switzerland. Clin Infect Dis 2001;
32: 581–86.
Daly P, Bryce EA, Buxton J. Reply to Dr. Charlebois et al. (Clin
Infect Dis 2002; 34:425–33). Clin Infect Dis 2002; 35: 1135.
Adhikari RP, Cook GM, Lamont I, Lang S, Heffernan H, Smith JM.
Phenotypic and molecular characterization of community
occurring, Western Samoan phage pattern methicillin-resistant
Staphylococcus aureus. J Antimicrob Chemother 2002; 50: 825–31.

http://infection.thelancet.com Vol 5 May 2005

Review

68

Switalski LM, Patti JM, Butcher W, Gristina AG, Speziale P,
Hook M. A collagen receptor on Staphylococcus aureus strains
isolated from patients with septic arthritis mediates adhesion to
cartilage. Mol Microbiol 1993; 7: 99–107.
69 Elasri MO, Thomas JR, Skinner RA, et al. Staphylococcus aureus
collagen adhesin contributes to the pathogenesis of osteomyelitis.
Bone 2002; 30: 275–80.
70 Patti JM, Bremell T, Krajewska-Pietrasik D, et al. The
Staphylococcus aureus collagen adhesin is a virulence determinant
in experimental septic arthritis. Infect Immun 1994; 62: 152–61.
71 Mongodin E, Bajolet O, Cutrona J, et al. Fibronectin-binding
proteins of Staphylococcus aureus are involved in adherence to
human airway epithelium. Infect Immun 2002; 70: 620–30.
72 Navaratna MA, Sahl HG, Tagg JR. Two-component antiStaphylococcus aureus lantibiotic activity produced by Staphylococcus
aureus C55. Appl Environ Microbiol.1998; 64: 4803–08.
73 Mongkolrattanothai K, Boyle S, Kahana MD, Daum R. Severe
Staphylococcus aureus infections caused by clonally related
community-acquired methicillin-susceptible and methicillin
resistant isolates. Clin Infect Dis 2003; 37: 1050–58.
74 McCollister BD, Kreiswirth BN, Novick RP, Schlievert PM.
Production of toxic shock syndrome-like illness in rabbits by
Staphylococcus aureus D4508: association with enterotoxin A.
Infect Immun 1990; 58: 2067–70.
75 Proft T, Fraser JD. Bacterial superantigens. Clin Experimental
Immunol 2003; 133: 299–306.
76 Omoe K, Ishikawa M, Shimoda Y, Hu DL, Ueda S, Shinagawa K.
Detection of seg, seh, sei genes in Staphylococcus aureus isolates and
determination of the enterotoxin productivities of S. aureus isolates
harboring seg, seh or sei genes. J Clin Microbiol 2002; 40: 857–62.
77 Vandenesch F, Naimi T, Enright MC, et al. Community-acquired
methicillin-resistant Staphylococcus aureus carrying PantonValentine leukocidin genes: worldwide emergence. Emerg Infect
Dis 2003; 9: 978–84.
78 Prevost G, Mourey L, Colin DA, Menestrina G. Staphylococcal
pore-forming toxins. Curr Top Microbiol Immunol 2001; 257: 53–83.
79 Morinaga N, Kaihou Y, Noda M. Puriﬁcation, cloning and
characterization of variant LukE-LukD with strong leukocidal
activity of staphylococcal bi-component leukotoxin family.
Microbiol Immunol 2003; 47: 81–90.
80 Gravet A, Rondeau M, Harf-Monteil C, et al. Predominant
Staphylococcus aureus isolated from antibiotic-associated diarrhea
is clinically relevant and produces enterotoxin A and the
bicomponent toxin LukE-lukD. J Clin Microbiol 1999; 37: 4012–29.
81 Wyde PR, Six HR, Ambrose MW, Throop BJ. Inﬂuenza virus
infection and bacterial clearance in young adult and aged mice.
J Gerontol 1989; 44: B118–24.
82 Liassine N, Auckenthaler R, Descombes MC, Bes M, Vandenesch F,
Etienne J. Community-acquired methicillin-resistant
Staphylococcus aureus isolated in Switzerland contains the
Panton-Valentine leukocidin or exfoliative toxin genes. J Clin
Microbiol 2004; 42: 825–28.
83 Dinges MM, Orwin PM, Schlievert PM. Exotoxins of
Staphylococcus aureus. Clin Microbiol Rev 2000; 13: 16–34.
84 Okuma K, Iwakawa K, Turnidge JD, et al. Dissemination of new
methicillin-resistant Staphylococcus aureus clones in the
community. J Clin Microbiol 2002; 40: 4289–94.
85 Laurent F, Lelievre H, Cornu M, et al. Fitness and competitive
growth advantage of new gentamicin-susceptible MRSA clones
spreading in French hospitals. J Antimicrob Chemother 2001; 47:
277–83.
86 Andersson DI, Levin BR. The biological cost of antibiotic
resistance. Curr Opin Microbiol 1999; 5: 489–93.
87 Riley MA, Wertz JE. Bacteriocins: evolution, ecology, and
application. Annu Rev Microbiol 2002; 56: 117–37.
88 Scott JC, Sahl HG, Carne A, Tagg JR. Lantibiotic-mediated antilactobacillus activity of a vaginal Staphylococcus aureus isolate.
FEMS Microbiol Lett 1992; 72: 97–102.
89 Miller M, Bassler B. Quorum sensing in bacteria. Annu Rev
Microbiol 2001; 55: 165–99.
90 Aathithan S, Dybowski R, French GL. Highly epidemic strains of
methicillin-resistant Staphylococcus aureus not distinguished by
capsule formation, protein A content or adherence to HEp-2
cells. Eur J Clin Microbiol Infect Dis 2001; 20: 27–32.

http://infection.thelancet.com Vol 5 May 2005

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Duckworth GJ, Jordens JZ. Adherence and survival properties of
an epidemic methicillin-resistant strain of Staphylococcus aureus
compared with those of methicillin-sensitive strains. J Med
Microbiol 1990; 32: 195–200.
Menzies BE. The role of ﬁbronectin binding proteins in the
pathogenesis of Staphylococcus aureus infections. Curr Opin Infect
Dis 2003; 16: 225–29.
Mascari LM, Ross JM. Quantiﬁcation of staphylococcal-collagen
binding interactions in whole blood by use of a confocal
microscopy shear-adhesion assay. J Infect Dis 2003; 188: 98–107.
Cohen PR, Kurzrock R. Community-acquired methicillinresistant Staphylococcus aureus skin infection: an emerging
clinical problem. J Am Acad Dermatol 2004; 50: 277–80.
Cribier B, Prevost G, Couppie P, Finck-Barbancon V, Grosshans E,
Piemont Y. Staphylococcus aureus leukocidin: a new virulence
factor in cutaneous infections? Dermatology 1992; 185: 175–180.
Baggett HC, Hennessy TW, Leman R, et al. An outbreak of
community-onset methicillin-resistant Staphylococcus aureus skin
infections in southwestern Alaska. Infect Control Hosp Epidemiol
2003; 24: 397–402.
Ward PD, Turner WH. Identiﬁcation of staphylococcal PantonValentine leukocidin as a potent dermonecrotic toxin. Infect
Immun 1980; 28: 393–97.
Narita S, Kaneko J, Chiba J, et al. Phage conversion of PantonValentine leukocidin in Staphylococcus aureus: molecular analysis
of a PVL-converting phage, phiSLT. Gene 2001; 268: 195–206.
Gravet A, Colin DA, Keller D, Giradot R, Monteil H, Prevost G.
Characterization of a novel structural member, LukE-LukD, of
the bi-component staphylococcal leukotoxins family. FEBS Lett
1998; 436: 202–08.
Staali L, Monteil H, Colin DA. The staphylococcal poreforming leukotoxins open Ca2+ channels in the membrane
of human polymorphonuclear neutrophils. J Membr Biol 1998;
162: 209–16.
Konig B, Koller M, Prevost G, et al. Activation of human effector
cells by different bacterial toxins (leukocidin, alveolysin, and
erythrogenic toxin A): generation of interleukin-8. Infect Immun
1994; 62: 4831–37.
Baba Moussa L, Werner S, Colin DA, et al. Discoupling the
Ca(2+)-activation from the pore-forming function of the bicomponent Panton-Valentine leucocidin in human PMNs.
FEBS Lett 1999; 461: 280–86.
Cribier B, Prevost G, Couppie P, Finck-Barbancon V,
Grosshans E, Piemont Y. Staphylococcus aureus leukocidin:
a new virulence factor in cutaneous infections? An
epidemiological and experimental study. Dermatology 1992;
185: 175–80.
Capoluongo E, Giglio A, Belardi M, et al. Association between
lesional or non-lesional S. aureus strains from patients with
impetigo and exfoliative toxin production. No association with
SmaI PFGE patterns. New Microbiol 2000; 23: 21–27.
Yamaguchi T, Yokota Y, Terajima J, et al. Clonal association of
Staphylococcus aureus causing bullous impetigo and the
emergence of new methicillin-resistant clonal groups in Kansai
district in Japan. J Infect Dis 2002; 185: 1511–16.
Koning S, van Belkum A, Snijders S, et al. Severity of nonbullous
Staphylococcus aureus impetigo in children is associated with
strains harboring genetic markers for exfoliative toxin B, PantonValentine leukocidin, and the multidrug resistance plasmid
pSK41. J Clin Microbiol 2003; 41: 3017–21.
Boussaud V, Parrot A, Mayaud C, et al. Life-threatening
hemoptysis in adults with community-acquired pneumonia due
to Panton-Valentine leukocidin-secreting Staphylococcus aureus.
Intensive Care Med 2003; 29: 1840–43.
Gillet Y, Issartel B, Vanhems P, et al. Association between
Staphyloccocus aureus strains carrying gene for Panton-Valentine
leukocidin and highly lethal necrotising pneumonia in young
immunocompetent patients. Lancet 2002; 359: 753–59.
Petros S, Eggers B, Heuer M, et al. Severe community acquired
pneumonia due to Staphylococcus aureus. Intensive Care Med 1998;
24: 189.
Wyde PR, Six HR, Ambrose MW, Throop BJ. Inﬂuenza virus
infection and bacterial clearance in young adult and aged mice.
J Gerontol 1989; 44: B118–24.

285

Review

111 Sanford BA, Davison VE, Ramsay MA. Staphylococcus aureus
adherence to inﬂuenza A virus-infected and control cell cultures:
evidence for multiple adhesins. Proc Soc Exp Biol Med 1986; 181:
104–11.
112 Larson HE, Blades R. Impairment of human polymorphonuclear
leucocyte function by inﬂuenza virus. Lancet 1976; 1: 283.
113 McElroy MC, Harty HR, Hosford GE, Boylan GM, Pittet JF,
Foster TJ. Alpha-toxin damages the air-blood barrier of the lung
in a rat model of Staphylococcus aureus-induced pneumonia. Infect
Immun 1999; 67: 5541–44.
114 Seeger W, Birkenmeyer RG, Ermert N, Suttorp N, Bhakdi S,
Dunker HR. Staphylococcal alpha-toxin-induced vascular leakage
in isolated perfused rabbit lungs. Lab Investig 1990; 63: 341–49.
115 Bhakdi S, Bayley H, Valeva A, et al. Staphylococcal alpha-toxin,
streptolysin-O, and Escherichia coli hemolysin: prototypes of poreforming bacterial cytolysins. Arch Microbiol 1996; 165: 73–79.
116 Grojec PL, Jeljaszewicz J. Effect of staphylococcal leukocidin on
mouse leukocyte system. Zentralbl Bakteriol Mikrobiol Hyg [A]
1981; 250: 446–55.
117 Reingold AL, Hargrett NT, Shands KN, Dan BB, Schmid GP.
Toxic shock syndrome surveillance in the United States, 1980 to
1981. Ann Intern Med 1982; 96: 875–80.
118 Parsonnet J. Case deﬁnition of staphylococcal TSS: a proposed
revision incorporating laboratory ﬁndings. In: Arbuthnott J,
Furman B, eds. International Congress and Symposium Series:
European Conference on Toxic Shock Syndrome. London: Royal
Society of Medicine Press, 1998: 15–16.
119 Naimi TS, LeDell KH, Boxrud DJ, et al. Epidemiology and
clonality of community-acquired methicillin-resistant
Staphylococcus aureus in Minnesota, 1996–1998. Clin Infect Dis
2001; 33: 990–96.
120 McCormick JK, Yarwood JM, Schlievert PM. Toxic shock
syndrome and bacterial superantigens: an update. Annu Rev
Microbiol 2001; 55: 77–104.
121 Czachor JS, Herchline TE. Bacteremic nonmenstrual
staphylococcal toxic shock syndrome associated with enterotoxins
A and C. Clin Infect Dis 2001; 32: e53–e6.
122 Crass BA, Bergdoll MS. Involvement of staphylococcal
enterotoxins in nonmenstrual toxic shock syndrome. J Clin
Microbiol 1986; 23: 1138–39.
123 Schlievert PM. Staphylococcal enterotoxin B and toxic-shock
syndrome toxin-1 are signiﬁcantly associated with nonmenstrual
TSS. Lancet 1986; 1: 1149–50.
124 Ren K, Bannan JD, Pancholi V, et al. Characterization and
biological properties of a new staphylococcal exotoxin. J Exp Med
1994; 180: 1675–83.

286

125 Darenberg J, Ihendyane N, Sjolin J, et al. Intravenous
immunoglobulin G therapy in streptococcal toxic shock
syndrome: a European randomized, double-blind, placebocontrolled trial. Clin Infect Dis 2003; 37: 333–40.
126 Darenberg J, Soderquist B, Normark BH, Norrby-Teglund A.
Differences in potency of intravenous polyspeciﬁc
immunoglobulin G against streptococcal and staphylococcal
superantigens: implications for therapy of toxic shock syndrome.
Clin Infect Dis 2004; 38: 836–42.
127 Anon. Daptomycin (Cubicin) for skin and soft tissue infections.
Med Lett Drugs Ther 2004; 46: 11–12.
128 Rao GG. Should clindamycin be used in treatment of patients
with infections caused by erythromycin-resistant staphylococci?
J Antimicrob Chemother 2000; 45: 715.
129 Siberry GK, Tekle T, Carroll K, Dick J. Failure of clindamycin
treatment of methicillin-resistant Staphylococcus aureus expressing
inducible clindamycin resistance in vitro. Clin Infect Dis 2003; 37:
1257–60.
130 Drinkovic D, Fuller ER, Shore KP, Holland DJ, Ellis-Pegler R.
Clindamycin treatment of Staphylococcus aureus expressing
inducible clindamycin resistance. J Antimicrob Chemother 2001;
48: 315–16.
131 Lee MC, Rios AM, Aten MF, et al. Management and outcome of
children with skin and soft tissue abscesses caused by
community-acquired methicillin-resistant Staphylococcus aureus.
Pediatr Infect Dis J 2004; 23: 123–27.
132 Farrington M, Redpath C, Trundle C, Coomber S, Brown NM.
Winning the battle but losing the war: methicillin-resistant
Staphylococcus aureus (MRSA) infection at a teaching hospital.
Q J Med 1998; 91: 539–48.
133 British Society for Antimicrobial Chemetherapy. Revised
guidelines for the control of methicillin-resistant Staphylococcus
aureus infection in hospitals. British Society for Antimicrobial
Chemotherapy, Hospital Infection Society and the Infection
Control Nurses Association. J Hosp Infect 1998; 39: 253–90.
134 Laupland KB, Conly JM. Treatment of Staphylococcus aureus
colonization and prophylaxis for infection with topical intranasal
mupirocin: an evidence-based review. Clin Infect Dis 2003; 37:
933–38.
135 Tacconelli E, Carmeli Y, Aizer A, Ferreira G, Foreman MG,
D’Agata EM. Mupirocin prophylaxis to prevent Staphylococcus
aureus infection in patients undergoing dialysis: a meta-analysis.
Clin Infect Dis 2003; 37: 1629–38.

http://infection.thelancet.com Vol 5 May 2005

