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Community-acquired methicillin-resistant
Staphylococcus aureus: the role of
Panton—Valentine leukocidin
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Community-acquired (CA) methicillin-resistant Staphylococcus aureus (MRSA) infection among individuals
without healthcare-associated (HA) risk factors was first recognized about a decade ago. It has now emerged as
an epidemic that is responsible for rapidly progressive, fatal diseases including necrotizing pneumonia, severe
sepsis and necrotizing fasciitis. Unlike HA-MRSA, CA-MRSA are usually pan-susceptible to non-g-lactam
antimicrobials. In addition to novel methicillin resistance genetic cassettes, many CA-MRSA harbor a phage
harboring Panton-Valentine Leukocidin (PVL) genes and some data support the idea that PVL is responsible at
least in part for the increased virulence of CA-MRSA. The tight association between the novel methicillin
resistance cassettes and PVL phage cannot be explained, as they integrate into distinct sites on the S. aureus
chromosome. This paper presents the evidence that CA-MRSA isolates are distinct strains emerging de novo
from CA-methicillin susceptible isolates rather than from HA-MRSA isolates that have escaped from the hospital
setting and that these novel CA-MRSA isolates may be more virulent than HA-MRSA. The second aim is to

outline the progress in understanding the role of PVL in CA-MRSA pathogenesis.
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Staphylococcus aureus, the most virulent Staphylo-
coccus species, is also the most prevalent pathogen
isolated from hospitalized patients and the second
most common from patients in outpatient settings.
S. aureus causes a wide range of syndromes, from
minor skin and soft tissue infection to life-threaten-
ing pneumonia and toxinoses such as toxic shock
syndrome.” The high mortality due to S. aureus was
abated by penicillin in the 1940s, but this was short
lived as penicillin-resistant S. aureus (PRSA) pro-
ducing f-lactamase quickly emerged and 90% of
hospital-acquired S. aureus were penicillin-resis-
tant within 10 years.

Methicillin, a p-lactamase-insensitive f-lactam,
provided new treatment options for PRSA infections
in the late 1950s, but methicillin-resistant S. aureus
(MRSA) that are crossresistant to all p-lactams,
including penicillins and cephalosporins, soon
emerged, primarily in healthcare environments.
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MRSA isolates became multiply resistant to other
classes of antimicrobials, pushing the ‘antibiotic of
last resort’, vancomycin, into exponentially increas-
ing use. Rates of methicillin resistance increased
slowly, but progressively, until the late 1990s when
a dramatic surge in MRSA rates began.” This
increase was accompanied by the isolation of MRSA
isolates from community-acquired (CA) infections
among previously healthy individuals with few or
no traditional healthcare-associated (HA) risk fac-
tors for MRSA.? This represented a dramatic change
in the epidemiology of MRSA since CA-S. aureus
infection had been previously caused mainly by
methicillin-susceptible S. aureus (MSSA) strains.
Since these early reports, CA-MRSA isolates have
become globally pervasive;* and reports of serious
and rapidly progressive fatal disease due to virulent
CA-MRSA have alarmed healthcare professionals and
the lay media alike.®® In many locations CA-MRSA
isolates have become more prevalent than MSSA.”

Why CA-MRSA is an Important Clinical Problem?

This CA-MRSA epidemic has made p-lactams,
which were once uniformly effective against CA-S.
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aureus isolates, unreliable as therapeutic agents.
Although CA-MRSA are more often susceptible to
non-f-lactam antibiotics such as clindamycin,
trimethoprim/sulfamethoxazole and doxycycline,
than HA-MRSA,* CA-MRSA also tend to be more
virulent than HA-MRSA. Although most CA-MRSA
disease has been infection of skin or soft tissue,
CA-MRSA also cause highly invasive, rapidly
progressive, life-threatening diseases such as necro-
tizing pneumonia, severe sepsis and necrotizing
fasciitis.>®® Severe sepsis associated with necrotiz-
ing pneumonia has resulted in death occurring
within 24-48h of hospitalization and has some-
times been found in association with purpura
fulminans, disseminated intravascular coagulation
(DIC)>® and bilateral adrenal hemorrhage, features
usually associated with the Waterhouse—Friderich-
sen syndrome and meningococcemia.® Some of
these invasive syndromes were occasionally attrib-
uted to S. aureus before the CA-MRSA epidemic.
However, most investigators believe that they are
more prevalent now and some, like necrotizing
fasciitis and Waterhouse—Friderichsen syndrome,
may be novel.

The Panton—Valentine Leukocidin Associated with
CA-MRSA

Epidemiologic and clinical data*® provide compel-
ling evidence that the high virulence potential of
CA-MRSA is associated with the genes JukS-PV and
IukF-PV (pvl) encoding the subunits of the Panton—
Valentine leukocidin (PVL). CA-MRSA isolates
associated with disease bear pvl with nearly uni-
versal prevalence. PVL is a bicomponent, pore-
forming leukotoxin initially designated ‘substance
leukocidine’ by Van deVelde in 1894 due to its
ability to lyse leukocytes. Panton and Valentine first
associated the leukotoxin with skin and soft tissue
infection in 1932, long before PRSA or MRSA were
of clinical concern. Subsequent identification of the
PVL genes solidified the association of pvl with
severe skin and soft tissue infection and necrotizing
pneumonia among CA-MSSA isolates®'® and subse-
quently among CA-MRSA isolates.* Moreover, the
clinical sequelae of pvi-positive infections tend to be
more severe than pvl-negative S. aureus. For
example, pneumonia associated with pvi-positive
S. aureus is more frequently associated with sepsis,
high fever, leukopenia, hemoptysis, pleural effusion
and death.” Similar to CA-MSSA, pvl has been
associated with epidemic CA-MRSA strains causing
skin and soft tissue infections, necrotizing pneumo-
nia and lethal necrotizing fasciitis.*® Moreover,
despite the large repertoire of transferable toxin
genes among S. aureus strains, including enterotoxi-
genic superantigens, exfoliative toxins and pore-
forming toxins homologous to PVL,"" pvl is the most
consistently present transferable toxin locus among
CA-MRSA strains.**"* Conversely, pvl is less often
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present in CA-MRSA isolates associated with
asymptomatic nasal colonization."

The Unexpected Origins of CA-MRSA

CA-MRSA strains were initially thought to be
nosocomial strains that had spread from hospital
to community settings. However, the paradoxical
susceptibility of CA-MRSA to non-f-lactam antimi-
crobials and the associated clinical syndromes more
typical of MSSA strongly suggested that CA-MRSA
strains were distinct from those prevalent in
healthcare settings.® The further discovery of geno-
typic differences that distinguish CA-MRSA from
HA-MRSA has led to general acceptance of the view
that CA-MRSA evolved from MSSA strains endemic
in the community.

Three major genotypic markers distinguish CA-
MRSA strains from HA-MRSA isolates: their genetic
lineage, the architecture of the methicillin resistance
genetic elements and the presence of pvl.

Methicillin resistance is mediated by an acquired
penicillin binding protein, PBP2a, a peptidoglycan
transpeptidase encoded by the mecA gene that has
low affinity for f-lactams. Thus, when the four
native peptidoglycan synthetases (penicillin-bind-
ing proteins 1, 2, 3 and 4) are bound and inactivated
by f-lactams, PBP2a can still effect cell-wall synth-
esis. mecA 1is harbored on the staphylococcal
chromosomal cassette mec (SCCmec), a genetic
element that integrates site specifically into the S.
aureus chromosome. Horizontal transfer of SCCmec
is implied"* although the means of transfer remains
to be elucidated.

HA-MRSA usually carry large SCCmec types [, II
or III (34-67kb),"”® but CA-MRSA isolates harbor
newly described smaller SCCmec variants: either
type IV (24 kb),*®"” or less frequently, SCCmec V or a
variant, V3.'®** The greater size of SCCmec II and III
largely represents inclusion of non-f-lactam anti-
biotic resistance genes, which are usually lacking
in SCCmec IV and V. Another important genetic
difference between CA- and HA-MRSA is the
presence of an integrated bacteriophage (phiSLT),
carrying the pvl genes*'® in CA-MRSA. Pvl is widely
associated with the presence of SCCmec IV and
sporadically with SCCmec Vi or V but not SCCmec
types L, IT or III. SCCmec IV was found in commensal
Staphylococcus epidermidis in the 1970s, before its
first documentation in S. aureus in the 1980s,'®
suggesting that that SCCmec IV was transferred from
S. epidermidis sometime in the 1980s.

Multilocus sequence typing (MLST)?*® and pulso-
typing using pulsed-field gel electrophoresis®* have
been used to demonstrate that the genetic back-
grounds of CA-MRSA isolates are distinct from
predominant HA-MRSA clones circulating within
defined geographic regions. Remarkably, the genetic
backgrounds of CA-MRSA isolates are distinct in
different geographic locations*'**° and, conversely,



many different backgrounds can exist within a
narrow geographic area.’” In the US, most CA-MRSA
disease isolates initially carried SCCmec IV in the
genetic backgrounds ST 1/pulsotype USA 400° but
the predominant CA-MRSA strain recently is ST
8/pulsotype USA 300.” These are distinct from
the most prevalent multiresistant HA-MRSA clone
in circulation in the US today, ST 5 that carries
SCCmec I1.7*%*

The current accepted model to explain the origins
of CA-MRSA (Figure 1) states that a small methi-
cillin resistance cassette (eg, SCCmec IV) indepen-
dently integrated into the genomes of many different
MSSA ancestral clones circulating in different
geographic regions. A few lineages endowed with
the best fitness traits have survived. Indeed, the
faster growth rates of CA-MRSA suggest that they are
more fit than HA-MRSA. This model parallels the
emergence and spread of HA-MRSA from MSSA in
the 1960s** except that unlike HA-MRSA isolates,
CA-MRSA isolates have likely emerged from MSSA
carrying pvl. In some locations, the pvl locus is
now more common among CA-MRSA isolates than
CA-MSSA isolates” suggesting that the methicillin
resistance has contributed to the success of pvi-
positive S. aureus strains.

Interestingly, the ST 8 lineage of the predominant
CA-MRSA clone in the US is closely related to
successful HA-MRSA and MSSA clones in Europe
and the first MRSA strain isolated.?” This suggests
that the ST 8 lineage easily accommodates insertion
of an SCCmec element.

The recent worldwide emergence of different
genetic backgrounds carrying both the phiSLT
lysogenic phage carrying pvl and one of the small
methicillin resistance cassettes suggests a common,
global selective pressure. Increased use of antimi-
crobials in the community cannot explain the
presence of pvl. It is unlikely that phiSLT and small
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SCCmec elements share the same vehicle for
horizontal transfer since they integrate into distinct
sites in the S. aureus chromosome.

The fact that PVL can cause dermonecrosis in
rabbits*® supports the idea that PVL itself might
provide a selective advantage for dissemination of
CA-MRSA among healthy individuals due to the
production of open skin lesions in patients, from
which bacteria can readily shed and infect close
contacts. However, the frequent isolation from the
nares of pvl-negative MRSA from asymptomatic
healthy carriers suggests PVL is not required for
dissemination by the respiratory route."

A controversial, hypothesis to explain the in-
crease in CA-MRSA is the decreased nasal coloniza-
tion by competing Streptococcus pneumoniae due
to the pneumococcal Prevnar™ vaccine. This hy-
pothesis is supported by the observation that the
rate of nasopharyngeal colonization by S. aureus is
inversely proportional to that of pneumococcal
serotypes targeted by the vaccine,” suggesting a
competitive interaction in the nasopharynx whereby
elimination of one pathogen opens a niche for
others. However, would not explain the association
of pvl with CA-MRSA.

Increasingly, MRSA strains carrying pvl and
bearing CA-genotypes (SCCmec IV, ST 8) are being
reported in HA infection.?® This may be due to pre-
existing colonization with pvi-positive CA-MRSA
isolates that find a portal of entry during invasive
procedures performed in the hospital. Alternately,
CA-MRSA strains might now be endemic in certain
hospitals.

Evidence that PVL is a Major Virulence Factor
in CA-MRSA

Direct evidence that PVL plays a role in patho-
genesis has been limited. While a role for PVL in

Prophage integrated into
S. aureus chromosome
carrying pvl genes

MRSA produces PVL toxin

—
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Methicillin resistance cassette
(SCCmec IV or V) enters cell and
integrates into chromosome
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Figure 1 Model for emergence of PVL producing CA-MRSA: a methicillin-susceptible S. aureus (MSSA) strain is infected and
lysogenized by a phage (phiSLT) that harbors the 1ukS-PV and lukF-PV genes (pvl) encoding the PVL. Subsequently, a methicillin
resistance cassette (SCCmec 1V, V or V;) carrying the mecA gene is horizontally transferred into the pvi-positive MSSA strain and
integrates into the genome in a location that is distinct from that of the phiSLT integration site.
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dermonecrosis in rabbits has been established,?3:26:27

whether it also plays a role in necrotizing pneumo-
nia, severe sepsis and necrotizing fasciitis is
unknown.

The two components of PVL, LukS-PV and LukF-
PV, are secreted before they assemble into a
pore-forming heptamer on polymorphonuclear
leukocytes (PMN) membranes'* (Figure 2), leading
to PMN lysis. Unlike other S. aureus pore-forming
leukocidins, PVL is not hemolytic.” LukS-PV
initiates binding to an unidentified receptor on
PMNs where it subsequently dimerizes with LukF-
PV followed by alternate serial binding of LukF-PV
and LukS-PV components until the heptamer is
assembled. When LukS-PV binds PMNs, a host
protein kinase (A or C) phosphorylates LukS-PV
followed by induction of Ca™ * ion channels.'* This
suggests induction of signal of transduction events
that may trigger production of interleukins and
inflammatory mediators. Depending on the concen-
tration of PVL, it can cause either PMN lysis or
apoptosis, the latter via a novel pathway that
presumably involves PVL-mediated pore formation
in the mitochondrial membrane®® (Figure 3).

Consistent with the PMN cytolytic activity of PVL,
neutropenia is a frequent clinical finding associated
with pvl-positive S. aureus necrotizing pneu-
monia.>® PVL-mediated PMN lysis and apoptosis *®
may define the first step in pathogenesis by mediat-
ing evasion of this first line of host defense but the
path leading to tissue necrosis and severe sepsis is
unclear. Figure 2 outlines possible steps. The
observation that epithelial cells are not affected by
purified PVL*® suggests that it is not directly

MRSA /\
' Luks-?v ()
- LukF-PV @

\/

[4

PVL-mediated necrosis
of epithelial cells?

0,

MN

responsible for tissue necrosis. Thus, PVL likely
indirectly mediates tissue necrosis and sepsis by
either the release of cytotoxic lysosomal granule
contents from lysed PMNs or by an inflammatory
cascade set in motion by PMN lysis or apoptosis. In
support of this, PVL-mediated lysis induces the
release of reactive oxygen species and a variety of
inflammatory mediators from granulocytes."

Studies of PVL Pathogenesis in Animal Models

One challenge has been to identify an animal model
that closely mimics the severe disease manifested in
humans. Several studies have demonstrated a role
for PVL in dermonecrosis.?***?” In the only study to
investigate invasive CA-MRSA infection, pvi-posi-
tive, CA-MRSA and MSSA clinical isolates were
significantly more virulent by indices of morbidity,
mortality, dissemination to various organs and
histopathology compared with HA-MRSA lacking
pvl.?® The fact that the CA strains were pvi-positive
but from different genetic backgrounds suggests that
PVL might be the common factor responsible for the
observed increased virulence. Pvi-positive strains
also were associated with a greater lysis of and
survival in human PMNs.?° Although both HA- and
CA-MRSA responded to PMNs by increasing tran-
scription of the genes encoding gamma hemolysin,*°
a bicomponent leukocidin structurally related to
PVL,"™ an assessment of the level of pvi expression
in the presence of PMNs was notably missing. Thus,
it is unclear whether pvl expression is correlated
with PMN lysis or virulence. In a separate study,
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Figure 2 Model for how PVL might mediate tissue necrosis. The two components of PVL, LukS-PV and LukF-PV are secreted from S.
aureus before they assemble into a pore-forming heptamer on PMN membranes. High PVL concentrations cause PMN lysis whereas low
concentrations mediate a novel pathway of PMN apoptosis by directly binding to mitochondrial membranes.?® Tissue necrosis could
result from release of reactive oxygen species (ROS) from lysed PMNs. Alternately, release of granule contents from lysed PMNs could set
in motion an inflammatory response, eventually resulting in tissue necrosis. It is unlikely that PVL has a direct necrotic effect on

epithelial cells.
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DNA fragmentation

Figure 3 Unique mechanism of PVL-induced PMN apoptosis. Low PVL concentrations can induce apoptosis via a novel pathway that
presumably involves PVL-mediated pore formation on the mitochondrial membrane leading to release of cytochrome ¢ and induction of

caspases 9 and 3.*%

Said-Salim et al*' failed to identify a difference
between pvi-positive and pvi-negative clinical iso-
lates in their ability to lyse human PMNs; however,
the pvi-positive isolates tested appeared to express
pvl at low levels. Strains expressing higher levels
might have demonstrated a greater difference com-
pared with pvl-negative strains. Nevertheless, even
low PVL concentrations can lead to destruction of
PMNs by mediating apoptosis.”® To determine the
relative roles of apoptosis vs PMN lysis in patho-
genesis, it will be important to determine the amount
of PVL produced in situ during infection.

Is a PVL Vaccine Justified?

There is currently no vaccine licensed for S. aureus.
Owing to the increasing spread of highly virulent
pvl-positive strains it is perhaps time to consider
whether a vaccine against PVL could eliminate
pvl-positive invasive disease. Human intravenous
polyclonal immunoglobulin (IVIG) therapy has
been included in successful therapy regimens in
the treatment of MRSA/MSSA severe sepsis at our
institution® as well as elsewhere. Although the
rationale for IVIG use cannot be directly attributed
to the presence of anti-PVL antibodies, IVIG has
been shown to bind to recombinant LukS-PV and

LukF-PV components.** Furthermore, a commercial
IVIG preparation neutralized pore formation in
PMNs and the cytopathic effect of recombinant
PVL. Immunization with purified PVL components
conferred some protection against PVL-induced
dermonecrosis.?*?® These data suggest that further
studies are warranted to determine the usefulness of
anti-PVL antibody in therapy or perhaps a PVL-
based vaccine in disease prevention.

In conclusion, virulent, pvl-positive, CA-MRSA
isolates have been emerging around the world in
different S. aureus genetic lineages and are begin-
ning to encroach on healthcare environments where
they could become endemic. Multiple resistance to
non-f-lactams has been reported in a few CA-MRSA
isolates®®'® and this could become more common.
Even resistance against mupirocin, often used for
decolonization of patients with MRSA, has been
reported among CA-MRSA isolates.”® The strong
epidemiologic link between PVL and CA-MRSA
disease leaves little doubt that PVL must play an
important role in the pathogenesis and course of
disease; however, the precise role of PVL in
pathogenesis remains to be elucidated. Recent
evidence suggests that in addition to the destruction
of PMNs and/or monocytes and induction of
inflammation, PVL might also enhance virulence
indirectly by inducing expression of other virulence
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factors. Further understanding will be gained by
continued monitoring of the molecular epidemio-
logy and by the use of isogenic pvl-positive and
pvl-negative bacterial strains in animal models of
infection.
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