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Summary

Methicillin-resistant Staphylococcus aureus (MRSA) is endemic in hospitals worldwide and a
significant cause of morbidity and mortality. Healthcare-associated MRSA infections occur in
individuals with predisposing risk factors for disease, such as surgery or presence of an indwelling
medical device. By contrast, community-associated MRSA (CA-MRSA) infections often occur in
otherwise healthy individuals who lack such risk factors. In addition, CA-MRSA infections are
epidemic in some countries. These observations suggest that CA-MRSA strains are more virulent
and transmissible than traditional hospital-associated MRSA strains. Relatively limited treatment
options for CA-MRSA infections compound the problem of enhanced virulence and transmission.
Although progress has been made toward understanding emergence of CA-MRSA, virulence, and
treatment of infections, our knowledge in these areas remains incomplete. Here were review the
most current knowledge in these areas and provide perspective on future outlook for prophylaxis
and/or new therapies for CA-MRSA infections.

Introduction

Staphylococcus aureus is a leading cause of human bacterial infections worldwide.! Severity
of these infections is quite varied and can range from minor skin infections to fatal
necrotizing pneumonia. The pathogen is also a human commensal organism and ~30% of
healthy non-institutionalized individuals are colonized asymptomatically with S. aureusin
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the anterior nares.2 These observations are of note because S. aureus nasal carriage has been
associated with subsequent infection.3

S. aureus has a remarkable ability to acquire resistance to antibiotics. Infections caused by
antibiotic resistant S. aureus have occurred in epidemic or pandemic waves over the past 60
years.*® Within 10 years after penicillin was introduced for use in humans, in many cases it
was no longer effective for treatment of S. aureus infections due to acquisition of plasmid-
encoded beta lactamase.® Penicillin-resistant S. aureus became pandemic throughout the late
1950s and early 1960s.” Methicillin-resistant S. aureus (MRSA) was first reported in 1961,
two years after the antibiotic was introduced to treat penicillin-resistant S. aureus. MRSA
spread worldwide over the next several decades and is now endemic in most hospitals and
healthcare facilities of industrialized countries. In the United States, MRSA is among the
leading causes of death by any single infectious agent.*2 A major concern for treatment of
MRSA infections is the increasing prevalence of resistance to multiple antibiotics (multidrug
resistance).

One of the most surprising recent events in the area of infectious diseases is the emergence
of community-associated MRSA (CA-MRSA). In contrast to healthcare-associated MRSA
(HA-MRSA\) infections, for which there is a predisposing risk factor or condition, CA-
MRSA infections can occur in otherwise healthy individuals,10 suggesting that CA-MRSA
strains have enhanced virulence compared with traditional HA-MRSA strains. In addition to
enhanced virulence, some CA-MRSA strains such as USA300 have the ability to spread
readily. These characteristics are perhaps in part the reason CA-MRSA is present in many
countries globally (figure 1).11.12

In this Seminar we review our current understanding of CA-MRSA emergence, the basis for
enhanced transmission and virulence, and provide an update on the most recent strategies for
diagnosis and treatment of CA-MRSA infections.

Epidemiology and disease

Epidemiology

Since its first description in 1961, MRSA has been considered as a nosocomial pathogen and
its presence in the community was uncommon. However, this concept has been reshaped
dramatically over the past 15 years and CA-MRSA infections are now both prevalent and
widespread (figure 1). Although MRSA infections acquired from the community were
reported in the Detroit, Michigan area in 1982, these patients all had predisposing risk
factors for infection, such as previous hospitalization and/or intravenous drug abuse.!® The
first bona fide cases of CA-MRSA infection were reported among individuals from the
Kimberley region of Western Australia in the early 1990s.14 Notably, these patients were
from remote and sparsely populated areas and thus did not have close contact with
individuals who had access to large medical centers. In addition, the patient MRSA isolates
(later known collectively as strain WA-MRSA-1 or WA-1) were non-multidrug resistant and
distinct from other MRSA strains present in Australia.14.15

During 1997-1999, four otherwise healthy children in the upper Midwestern region of the
US died from sepsis and/or necrotizing pneumonia caused by MRSA.16 These infections
were not acquired in a healthcare setting and the children had no risk factors for MRSA
infection. This small outbreak was caused by a CA-MRSA strain later known as MW2,17 a
close relative of WA-MRSA-1.15 An earlier retrospective study by Herold et al. reported an
increasing prevalence of CA-MRSA infections during 1988-1995 among children in the
Chicago area who had no predisposing risk factors.10 Cellulitis and abscesses were the most
frequent syndromes associated with these infections, whereas those from HA-MRSA
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infections were most often (4 of 12 patients) bacteremias.1® In contrast to the majority of
HA-MRSA isolates, most of these CA-MRSA isolates were susceptible to non beta-lactam
antibiotics and therefore not multidrug resistant.10 These early outbreaks were the
beginnings of what is now an epidemic of CA-MRSA in North America, especially in the
US (figurel).

Whole genome sequencing of MW?2 revealed a unique staphylococcal chromosomal cassette
mec (SCCmec) named SCCmeclV,17:18 which harbors the mecA gene encoding resistance
to methicillin (see below for more details). Unlike SCCmec elements I-I11, which encode
molecules that provide resistance to multiple classes of antibiotics, SCCmedV encodes
resistance only to beta-lactam antibiotics,18 accounting in part for the non-multidrug
resistant phenotype of MW2. The antibiogram and gene composition of MW2 give credence
to the hypothesis that this was a newly emerging MRSA clone, likely the result of
SCCmeclV integrating into a methicillin-susceptible S. aureus (MSSA) strain. MW?2 also
contains genes encoding Panton-Valentine leukocidin (PVL), a prophage-encoded bi-
component toxin that targets phagocytic leukocytes. SCCmeclV and PVL are molecular
markers associated with the emergence of CA-MRSA worldwide,! although more recent
data indicates PVL is not always present among CA-MSA strains (for example, WA-
MRSA-1 strains typically lack PVL).1%-22 Association of PVL with CA-MRSA led to a
renewed interest in this toxin and its potential role in pathogenesis and this topic is discussed
in detail below.

MW2 and closely related strains, collectively known as pulsed-field type USA400
(USA400),23 multilocus sequence type (MLST or ST) 1 strains,24 were the most prominent
community-associated strains in the US prior to 2001.16:25 From the early 2000s to the
present, in both the scientific community and the lay press, numerous outbreaks and
increasing case rates of CA-MRSA were reported. These reports described an inordinate
number of skin and soft tissues infections among healthy and diverse populations including
inmates in correctional facilities, 2% military personnel,28 children in day-care centers,2” men-
who-have-sex-with-men,28 athletes at all levels,2? Native Americans,3° and Pacific
Islanders.3! Surprisingly, a new CA-MRSA clone known as USA300, a ST8 strain unrelated
to the MW?2/ST1 lineage, was identified in the majority of US cases, indicating the rapid
replacement of USA400 in most communities.?®> Although USA400 remains a prominent
cause of disease in some regions of North America, USA300 is currently the leading cause
of community-associated bacterial infections in the US.23:32-34

CA-MRSA is currently a human health problem in nearly all industrialized countries, albeit
to varied extents. For example, PVL-positive CA-MRSA were isolated from 1-3% of all
skin and soft tissue infections in France in 2000-2003,3°:36 whereas the prevalence of these
strains was recently reported as >50% in the US.34 In addition, the most abundant CA-
MRSA strains in Europe are distinct from those in North America, Oceania, or other parts of
the world (figure 1).12 Such distinctions are made in part based upon molecular typing
schemes that include MLST,24 SCCmectyping,18 spa3” and/or agrtyping, and pulsed-field
gel electrophoresis (PFGE).23 These S. aureus typing methods have been reviewed
recently.> The change in epidemiology of MRSA-i.e., its emergence as a community
pathogen—correlates with a change in the genetic organization of SCCmec. Since the late
1960s, five major MLST-defined pandemic clones of MRSA, ST5, ST8, ST22, ST36, and
ST45, spread successfully in different regions of the world and caused significant
nosocomial disease. With the exception of ST22, which has only been reported as
SCCmeclV,38 these multidrug resistant clones originally harbored three genetically distinct
SCCmecelements (1, Il, and I11) that, based on their relatively large size and other
properties, likely have limited movement in nature. As discussed above, CA-MRSA clones
identified in the US, Europe and Australia carry SCCmeclV or a recent variant, and in

Lancet. Author manuscript; available in PMC 2012 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Deleo et al.

Page 4

contrast to the historic SCCmec types, these recent recombinant elements are highly
promiscuous and have moved repeatedly into diverse lineages of MSSA.39 SCCmecV
appears critical to the emergence and success of CA-MRSA because the element is smaller
and much more mobile than SCCmecl-I11 present in HA-MRSA strains, as it is widely
dispersed among numerous MRSA lineages,3 and it imparts little or no fitness cost in
vitro#%41 or in vivo.42 Several other SCCmec variants and types (e.g., types V, VI, VII, and
VI111) have since been identified.#3-45 These SCCmec elements, although they tend to be
within a similar size range, differ in fine structure and thus demonstrate the remarkable
plasticity of the element.#3-45

Colonization and Disease

S. aureus can be considered normal human flora because approximately a third of the
population is colonized by the organism with no associated disease.46:47 Although CA-
MRSA should be similar to other S. aureus strains in this regard, i.e., high prevalence of
CA-MRSA infections should be reflected by correspondingly high levels of nasal
colonization, most individuals in the US that are colonized by S. aureus are colonized by
MSSA strains despite the higher abundance of CA-MRSA infections.? This observation
suggests CA-MRSA strains cause infection in the absence of nasal colonization. In addition
to the anterior nares, the throat, axilla, groin and perirectal area, and non-intact skin are sites
colonized by S. aureus and could be considered as potentially important sites for
colonization by CA-MRSA.

Nasal carriage studies provide a sentinel approach to determine the burden of S. aureusin a
population; historically, as a healthcare associated organism, MRSA was rarely recovered
from healthy populations. In 1998, among 500 nasal swabs cultured from children and
guardians in a New York City vaccination clinic, S. aureus carriage rates ranged from 35%
in children to 28% in adults, but significantly, only 1 subject (0.26%) harbored MRSA.48 By
comparison, a concurrent study at the University of Chicago Children’s Hospital Emergency
Department reported a 2.2% MRSA colonization rate (11/500 children),*® which may reflect
the higher burden of CA-MRSA in the upper Midwest region of the US at that time. MRSA
carriage in Nashville, Tennessee was reported as 0.8% in 2001; however, when the authors
repeated the study in 2005, they found that among 500 swabbed children, 46 or 9.2% of the
population were harboring MRSA.50 These results are consistent with the changing
epidemiology of MRSA and its increasing prevalence in the community. S. aureus carriers
have a higher risk of infection than non-carriers and they are an important source of spread
of S. aureus strains among individuals. Thus, as the proportion of CA-MRSA increases
among carriage isolates so does its transmission within a population of exposed individuals.
Moreover, the rapid dissemination of CA-MRSA strains and the high attack rate in outbreak
settings suggest that they are more easily transmitted than other S. aureus stains.>?

CA-MRSA, like all S. aureus, is transmitted by directly contacting the organism, and this
usually occurs by direct skin-to-skin contact with a colonized or infected individual.52-54
However, fomites contaminated with CA-MRSA may have a role in transmission in some
settings.3%:32 The Centers for Disease Control and Prevention in Atlanta, Georgia have
proposed five factors or “5 C’s” of MRSA transmission. These factors are Crowding,
frequent skin-to-skin Contact, Compromised skin integrity, Contaminated items and
surfaces, and lack of Cleanliness (www.cdc.gov/niosh/topics/mrsa/). The “5 C’s” are
prevalent among the diverse populations with increased numbers of CA-MRSA infections as
described above (e.g., military personnel, children in day-care centers, and etc). S. aureus,
either as a part of normal flora or transmitted by contaminated objects or colonized / infected
individuals, circumvents human host defense to cause infection.
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The burden of staphylococcal disease has increased worldwide since the emergence of CA-
MRSA.55-58 Skin and soft-tissue infections (SSTIs) constitute approximately 90% of CA-
MRSA cases (table 1), and 90% of these are abscesses and/or cellulitis®® with purulent
drainage.34 In essence, CA-MRSA strains can cause the same types of infections as MSSA
strains (table 1). However, some CA-MRSA strains have been associated with particularly
severe, invasive disease or syndromes, suggesting they are more virulent than other S.
aureus strains (see below for details). These syndromes include purpura fulminans with or
without Waterhouse-Friderichsen syndrome,%0:61 pyomyositis and myositis,%2 necrotizing
fasciitis (virtually unheard of before CA-MRSA),53 osteomyelitis,465 and pneumonia
(sometimes necrotizing) (figure 2).10:59.65-69

Virulence and pathogenesis

The ability of bacteria to cause disease in humans is due largely to evasion of innate
immunity, which includes resistance to killing by phagocytic leukocytes. S. aureus produces
numerous molecules—some on the cell surface and others freely secreted—that together elicit
a robust inflammatory response. Inasmuch as neutrophils are a key component of the
inflammatory response and the most prominent cellular defense against S. aureus infections,
the pathogen has evolved means to circumvent function of these host cells. For example, S.
aureus synthesizes molecules that block function of serum complement or antimicrobial
peptides, and detoxify reactive oxygen species.’® In addition, S. aureus is notorious for its
ability to produce secreted toxins implicated in pathogenesis, including those that are
cytolytic for host cells.”% Some of the secreted toxins are produced by most S. aureus strains
and are thus not unique to CA-MRSA strains. A comprehensive discussion of S. aureus
virulence molecules is outside the scope of this Seminar and we refer the reader to several
relatively recent reviews on the topic.”%-73 Here we focus our discussion on molecules for
which there is information in the context of CA-MRSA transmission, virulence and
pathogenesis.

CA-MRSA virulence determinants

CA-MRSA strains cause infections in otherwise healthy people!0-16 and have the capacity to
cause unusually severe disease.60:63 Consistent with these observations, CA-MRSA strains
are significantly more virulent than HA-MRSA strains in animal infection models.”47>
Collectively, these observations suggest CA-MRSA strains have increased virulence and
capacity to evade host defenses compared to traditional HA-MRSA strains. Pronounced
virulence may contribute not only to disease severity, but also to more persistent disease,
which could increase chances of pathogen transmission. Despite significant progress over
the past several years, the molecular basis of CA-MRSA pathogenesis remains incompletely
determined.

The bi-component leukotoxin Panton-Valentine leukocidin (PVL) has been intensely
investigated because the two genes encoding PVL (/ukS-PV and lukF-PV) are the only ones
coding for a known virulence determinant that has been epidemiologically linked to CA-
MRSA infections.1 The cytolytic and biochemical properties of the PVL toxin were well
established before the appearance of CA-MRSA.”6:77 Although PVL was associated with
community S. aureus infections caused by phage-type 80/81 in the 1950s and 1960s,’ the
relatively recent epidemiological association of PVL with CA-MRSA prompted examination
of the role of PVL in pathogenesis using isogenic /ukS/F-PV gene deletion mutants in CA-
MRSA strains. Surprisingly, many experimental studies in animal models of skin and soft
tissue infection, sepsis, and pneumonia, largely have shown no effect or only minor and
strain-dependent effects of PVL.”8-84 Although not directly addressing a potential role of
PVL in CA-MRSA virulence, an earlier study using transduced S. aureus laboratory strains
reported that PVL contributed significantly to severe pneumonia in mice.8> These studies
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also found that direct instillation of purified PVL into lungs produced tissue injury. Another
potentially intriguing finding was that PVL altered virulence gene regulation as a basis for
the contribution to virulence.85 However, it was shown later that the effects attributed to
PVL expressed during infection were due to an unintended genetic mutation causing
defective virulence gene regulation, rather than PVL.86

The susceptibility of white blood cells to PVL in vitro can differ considerably among
mammalian species’® and is potentially a caveat for the interpretation of experimental
studies investigating PVL’s effect in animal infection models. For example, mouse
neutrophils are more resistant to the cytolytic activity of purified PVL in vitro compared
with those from rabbits or humans.”6:87 Although, early studies with partially purified PVL
in animal models indicate systemic effects of PVL toward leukocytes are comparable in
mice and rabbits in vivo,88:89 the relative resistance of rodent neutrophils to PVL produced
during an actual infection could account in part for the negative data from rodent infection
models concerning PVL’s role in pathogenesis. To the extent that neutrophils largely
mediate the effects of or are targets for PVL, rabbit neutrophils—which similar to those from
humans are highly susceptible to PVVL-may be a more appropriate model system to study the
effects of PVL. Indeed, more recently PVL has been shown to contribute to severity of
disease in rabbit models of pneumonia and osteomyelitis, albeit when using relatively high
bacterial inocula.2%91 It seems likely that only under very specific growth conditions will
PVL-positive CA-MRSA strains produce sufficient toxin to promote lysis of human
neutrophils to a greater extent than the corresponding PVL-negative isogenic
mutants.”®81.87 Clearly, knowledge of PVL activity in vitro is alone insufficient to resolve
the question about its role in CA-MRSA pathogenesis. Although most currently available
data from experimental studies indicate PVL may not be a major determinant of CA-MRSA
virulence, it is still possible that the activity of PVVL is largely human-specific and/or the
toxin plays a role in pathogenesis under unique conditions, such as those involving host
susceptibility factors, and in certain infections such as necrotizing pneumonia and
osteomyelitis.90-92

While most efforts to understand CA-MRSA pathogenesis have focused on PVL, some
recent studies have also addressed the possible role of other cytolytic toxins—namely alpha-
toxin and phenol-soluble modulins (PSMs).82:93 Alpha-toxin (or alpha-hemolysin) is a well
described pore-forming toxin that has been reported to lyse many types of host cells,
including most types of leukocytes® (although not neutrophils)®® and it has pro-
inflammatory effects.%498 PSMs are short, amphipathic and alpha-helical peptide toxins,
among which those of the alpha-type stimulate and lyse neutrophils and other host cells.%3
Both alpha-toxin and alpha-type PSMs have a dramatic impact on the severity of
experimental CA-MRSA disease. CA-MRSA strains lacking alpha-type PSMs caused
significantly reduced mortality in a murine sepsis model, and lesion size and area of
dermonecrosis were decreased significantly in a murine skin infection model.93 Alpha-toxin
negative CA-MRSA strains (USA300 and USA400) are essentially avirulent in experimental
murine pneumonia82 and antibodies to alpha-toxin protect mice from experimental CA-
MRSA pneumonia.%” By comparison, in the same models there was no difference in
virulence between wild-type and isogenic /ukS/F-PV-negative (PVL negative) strains81-83
and anti-PVL antibodies were non-protective.%” These studies demonstrate that alpha-toxin
and alpha-type PSMs play a major role of in CA-MRSA disease and pathogenesis, and also
underscore the value of parallel investigation to determine the relative contribution of each
S. aureus virulence determinant to pathogenesis. This information is critical for evaluation
of potential targets for prophylaxis or therapeutic agents directed against CA-MRSA.

In contrast to the PVL genes, which are encoded on a mobile genetic element (the
acquisition of which is proposed to confer virulence), both alpha-toxin and PSMs are
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encoded in the core genome of S. aureus. Thus, observed differences in virulence between
CA-MRSA and HA-MRSA strains that are attributed to these toxins must be due to
differential gene expression. Accordingly, investigation of gene expression within
representative subclones of S. aureus clonal complex 8 (defined by MLST),% which
includes USA300 and other closely related strains, revealed that USA300 expresses alpha-
toxin, alpha-type PSMs, and other putative determinants of virulence such as secreted
proteases to an exceptionally high extent.”# In addition, changes in gene expression may
explain the greater success of USA300 compared to the more distantly-related USA400
strain in the US.%9 These findings indicate that evolution of virulence in CA-MRSA is
based, at least in part, on differential gene expression, which may include yet poorly
understood rearrangements of gene regulatory networks in CA-MRSA strains.

The question then remains what distinguishes the strains of the pandemic USA300 clone
from those of its less successful direct predecessor USAS500, as these strains have
comparable virulence in mouse infection models.” The answer to this question may be
found by examining determinants of colonization and transmissibility rather than virulence.
For example, USA300 strains harbor a mobile genetic element called arginine catabolic
mobile element (ACME), which may contain genes that potentially facilitate survival on
human skin.#2:100 ACME, which is absent from other, less successful CA-MRSA strains,
may contribute to the noted greater success of USA300 by comparison. Animal models of S.
aureus colonization are needed to facilitate a better understanding of current and future
MRSA pandemics.

Given that a traditional opsonophagocytic vaccine is not available for S. aureus, and as there
is an escalating increase in multidrug resistance among CA-MRSA strains in some areas of
the world,28:101.102 nove| approaches targeting virulence as a means of attenuating disease
severity are under development.103 Such endeavors may be aimed for example at passive
immunization using antibodies against S. aureustoxins.1%4 Given that all studies of PVL in
animal infection models, including those that show a contribution of the toxin to virulence,
demonstrate PVL-negative CA-MRSA strains retain considerable virulence, therapeutic
efforts that target this toxin solely may have limited potential efficacy. The significant
contribution of alpha-toxin and alpha-type PSMs to CA-MRSA virulence in animal models
suggests that these molecules could be valuable targets for antitoxin-based therapeutic
approaches. Clearly, any S. aureus antitoxin preparation ideally should be directed against
multiple targets and will have to be designed such that functional redundancy of S. aureus
virulence determinants and the relative contribution of each are taken into account.

S. aureus infection is diagnosed readily by isolating the organism from cultures of blood,
tissue, or pus. Such material is typically loaded with S. aureus and as organism is not
fastidious it will grow in virtually any non-selective bacterial culture medium. Unless a
patient has been previously treated with an effective anti-staphylococcal agent (and several
days of effective therapy generally are required to render a site culture-negative), failure to
culture S. aureus is strong evidence against staphylococcal infection. If S. aureus is isolated
from blood or other sterile body site, specificity is essentially 100%. Isolation of S. aureus
from a respiratory specimen is less specific because nasopharyngeal colonization of normal
individuals is so prevalent (also the reason isolation of S. aureus from a nasal swab or throat
culture is not useful for determining whether an infection at some other site is caused by S.
aureus). However, in the clinical setting of pneumonia, if staphylococci are the predominant
organisms that stain as Gram-positive and numerous PMNSs and few or no epithelial cells are
present, S. aureus infection is likely.
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Standard antimicrobial susceptibility test methods such as disk diffusion, broth dilution, or
automated methods accurately identify MRSA strains. A latex agglutination test that detects
PBP2a, the penicillin-binding protein that mediates methicillin resistance, and nucleic acid
amplification methods to detect /mecA, the gene encoding PBP2a, are also available,105-107
A detailed discussion of the advantages and disadvantages of these various methods is
beyond the scope of this article, except to note that sensitivity and specificity of any single
test is about 95%, no test is perfect, and most clinical laboratories perform confirmatory
testing. Presently, the only way to determine susceptibility to non-beta-lactam antibiotics is
by standard susceptibility testing.

Susceptibility tests cannot discriminate between CA-MRSA isolates and other MRSA
strains. For example, the characteristic USA300 phenotype is susceptibility to trimethoprim-
sulfamethoxazole (TMP-SMX), tetracyclines, and clindamycin, but this pattern is not
uniform and the organism can acquire other resistance genes.28 Moreover, each CA-MRSA
lineage has a typical antibiotic resistance pattern.1112 Although the current epidemic CA-
MRSA clones are now a significant cause of healthcare-associated infections, these clones
can be distinguished from traditional HA-MRSA strains by genotyping by PFGE,23 spa
typing,3” or MLST,24 SCCmec typing,1® and presence of PVL genes.1t However, these
typing methods have no proven value in the clinic, as selecting the appropriate treatment for
infection requires careful evaluation of patient history and testing antibiotic susceptibility
patterns of any recovered S. aureus isolates.

Prevention and treatment

Emergence of CA-MRSA has profoundly impacted the choice of empirical therapy for
suspected staphylococcal infection, particularly common skin and soft tissue infections.
Beta-lactams, which are relatively inexpensive, non-toxic, and highly effective, have been
the drug of choice for treating such infections, but like HA-MRSA, CA-MRSA are broadly
resistant to almost all beta-lactam antibiotics, making these an undesirable option when the
prevalence of CA-MRSA strains is high. Clinical evidence supporting the efficacy of
alternative agents for treatment of CA-MRSA infections is limited. The treatment of choice
for cutaneous abscesses caused by S. aureus, regardless of antibiotic susceptibility, is
incision and drainage.34108-112 Antibiotic therapy provides little or no marginal benefit in
most cases and is not routinely recommended unless the patient has conditions such as those
listed in table 2.113

Antimicrobial therapy

Inexpensive oral agents commonly recommended for treatment of CA-MRSA infections
include clindamycin, long-acting tetracyclines (doxycycline and minocycline), TMP-SMX,
rifampin, and fusidic acid (table 3).114-116 Clindamycin is active in vitro against 80% or
more of CA-MRSA strains and has been used with success in the treatment of CA-MRSA
infections, primarily SSTI1.51.117.118 |t js active against group A Streptococcus, a common
cause of SSTI, which makes it an attractive choice for treatment of skin and soft infections,
especially those not accompanied by abscess. Clindamycin resistance, however, may be
increasing.119.120

The long-acting tetracyclines, doxycycline and minocycline, are commonly used in the
treatment of CA-MRSA disease. They have enhanced anti-staphylococcal activity compared
to tetracycline, 121 but activity against group A Streptococcus is not well defined.
Doxycycline and minocycline appear to be effective in the treatment of MRSA SST|.122.123
Tetracyclines are not recommended for pregnant women or children under the age of eight
years.
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TMP-SMX is active against 90-100% of CA-MRSA isolates.1059.124 Efficacy data of TMP-
SMX for the treatment of MRSA infections are limited,125-128 but suggest that TMP-SMX
is an appropriate for oral therapy of suspected CA-MRSA SSTI. Activity of TMP-SMX
against group A Streptococcus is unknown and if infection with this organism is suspected,
some other agent, such as clindamycin or a beta-lactam, should be used instead. TMP-SMX
in not recommended for treatment of women during the third trimester of pregnancy.

Rifampin or fusidic acid may be considered for use as an adjunctive agent in combination
with another active agent or used in combination with one another;114.115 neither agent
should be used alone because resistance is likely to emerge during single drug therapy.129

Linezolid, an oxazolidinone, is FDA approved for the treatment of complicated SSTI and
MRSA pneumonia. Clinically it is comparable to vancomycin in efficacy,130-133 and
resistance so far is rare. Because linezolid is expensive and has the potential for significant
toxicity, including myelosuppresion, peripheral neuropathy, optic neuritis, and lactic
acidosis,134-136 it should be reserved for treatment of more serious infections when other
oral agents are not an option.

Parenteral therapy

Vancomycin, for the moment, remains the first-line intravenous agent for severe MRSA
infections, both CA-MRSA and HA-MRSA. Daptomycin, tigecycline, and linezolid are
FDA approved for the treatment of MRSA infections, but to date no clinical trial has
demonstrated superiority of any of these agents over vancomycin. Although vancomycin
remains a first-line agent for treatment of MRSA infections, it is far from ideal therapy.
Persistent or recurrent bacteremia during therapy,37:138 relatively high treatment failure
rates,139 nephrotoxicity associated with higher doses needed to attain the recommended
trough concentrations of 15-20 pg/ml,249 and emergence of non-susceptible strains41.142
are all too commonly encountered. Unfortunately, in the absence of demonstrated
superiority of any single agent or combination of agents over vancomycin alone, which
alternative agent(s) should be used to treat severe MRSA infections, or used for those not
responding to vancomycin, is completely unknown.

Experimental agents and adjunctive therapy

Investigational agents that are under development for treatment of MRSA infections include
glycopeptides derivatives, such as telavancin, dalbavancin, and oritavancin,143-145 and anti-
MRSA beta-lactams, such as ceftaroline and ceftobiprole.143-145 Telavancin, dalbavancin,
and oritavancin are vancomycin derivatives; all exhibit rapid, concentration-dependent
killing in vitro and have good activity in vivo in animal infection models. Randomized
clinical trials of these new agents for treatment of skin and soft tissue infections indicate that
they are comparable, but not superior to standard therapy.

Anti-MRSA beta-lactams are active because they have high binding affinity for PBP2a. Two
cephalosporin compounds, ceftobiprole and ceftaroline, are highly active against MRSA in
rabbit endocarditis models46:147 and have been shown to be as effective as vancomycin for
treatment of MRSA skin and soft infections.148.149 Ceftobiprole has been approved for
clinical use in Canada and Switzerland. Further studies are needed to define the role of anti-
MRSA beta-lactams in the therapy of MRSA infections.

The glycopeptide-derivatives and beta-lactams can only be administered parenterally and
thus there is still a need for oral agents that are active against MRSA. Oxazolidinone
compounds, which have good activity against MRSA and are orally bioavailable are in early
stages of development.150
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The facility with which S. aureus can acquire or develop resistant to antimicrobials has
prompted an interest in non-traditional approaches and agents for treatment and prevention
of MRSA. Among these are lysostaphin1®1, antimicrobial peptides,152 natural products (e.g.,
tea tree oil),153 and active and passive immunization against S. aureus.®”-154155 Assuming
that a development program is even successful, these agents are years away from the clinic.
Barriers to development are expensive cost of goods, hypersensitivity that can occur upon
repeated administration of protein products, unfavorable pharmacological properties (e.g.,
short half-life, toxicity), and a notable lack of success in previous efforts at active and
passive immunization. With regard to the latter point, there remains a significant need for a
vaccine that protects against or controls S. aureus infection and this is an active area of
research. A vaccine approach directed to prevent or control all S. aureus infections is
perhaps unrealistic, since all humans have naturally occurring anti-staphylococcal antibodies
and are protected already. This natural immunity, coupled with the ability of S. aureusto
survive after uptake by phagocytosis leukocytes, 156 is presumably one of the key reasons a
vaccine approach directed at enhancing opsonophagocytosis has been largely unsuccessful.
Factors such as environment, host innate immune status and genetics likely play a
significant role in determining susceptibility to severe infection and research is ongoing in
these areas. For the foreseeable future physicians will have to rely principally on currently
available agents, which must be used judiciously and wisely in order to avoid their further
loss from the antimicrobial armamentarium.

Concluding remarks and future outlook

S. aureus has been a cause of human disease throughout recorded history. Alexander
Fleming’s discovery of penicillin in 1928 and the ensuing modern antibiotic era was perhaps
largely expected to eliminate S. aureus (and other bacterial pathogens) as a leading cause of
human infections. However, S. aureus has extraordinary capacity to develop resistance to
antibiotics and these agents have been the impetus for waves of antibiotic resistance in the
pathogen over the past 60 years.? This problem is perplexing, because antibiotics are
absolutely critical for treatment of many types of bacterial infections. One alternative
approach is to develop a better understanding of the factors involved in human disease, both
host- and pathogen-related, and target those. Undetermined host genetic factors are likely to
be important—if not the major—determinants of susceptibility to severe staphylococcal
infections. Such factors must be considered in order to have a full understanding the success
of CA-MRSA. There are also bacterial factors, some related directly to virulence, that
distinguish CA-MRSA strains from hospital relatives in the context of promaoting
pathogenesis, and such factors should be considered as targets for new therapeutics. In
addition, new technologies such as high-throughput whole genome sequencing make it
possible to fully understanding the evolution of strains that cause epidemics. In aggregate,
this information will ultimately be important in our efforts to limit the impact of antibiotic
resistant S. aureus infections in the community.
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Figure 1. Global distribution of CA-MRSA asindicated by multilocus sequence type (ST)
Dotted lines indicated possible route of dissemination for the indicated clones. Major CA-
MRSA clones are indicated by larger font and color. Colored regions are an estimate of the
area in which infections have been reported for the indicated clone (not all are shown). ST1,
green; ST8, red; ST30, blue; ST80, gray hatched. +, PVL-positive; —, PVL-negative; =,
combination of PVL-positive and PVL-negative strains isolated from the region.
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SITTING

Figure 2. Rapid progression of radiographic findingsin a fatal case of CA-MRSA pneumonia
complicating novel HIN1 influenza A infection

(A) Chest radiograph at initial presentation of a patient with symptoms of fevers, headache,
myalgias, and non-productive cough. (B) Chest radiograph taken 24 hours later with
presence of new infiltrates and signs of consolidation in the right upper lobe, right middle
lobe and left lower lobe.
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Distribution of infections caused by CA-MRSA in four observational studies.

Table 1

Author (Year of Study)

1K aplanss (2005) | Fridkin®®(2008) | Liu?(2008) | 1 pyrcel|S8 (2005)
Patients (N) 2659 1647 2270 826
SSTI (%) 95.6 87 88 94.1
Bone, joint (%) 2.4 3 <1 <1
Respiratory (%) <1 2 4 <1
Bacteremia (%) <1 3 4 <1
Urinary (%) 0 4 2 <1
Other (%) 1 4 2 45
'ZChiIdren
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Table 2

Situations in which to consider use of antimicrobial therapy following incision and debridement of a CA-
MRSA SSTI.

Severe or extensive disease and/or rapid progression in presence of associated cellulitis

Signs and symptoms of systemic illness

Associated comorbidities or immune suppression (DM, HIV/AIDS, neoplastic disease)

Extremes of age

Abscess in area difficult to drain

Associated septic phlebitis

Lack of response of treatment with incision and drainage alone
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Table 3

Page 24

Rates of resistance and dosing of oral agents for treatment of CA-MRSA infections.

Antimicrobial agent Resistancerates | Typical adult oral dosing | Comments
Clindamycin 3-24% 300 TID D-test should be performed.
Excellent activity against strep.
Increasing resistance a concern.
Doxycycline 19_249 100 mg BID Doxycycline and minocycline probably active against
Minocycline 100 mg BID tetracycline resistant strains.
Trimethoprim-sulfamethoxazole 0-10% 1-2 DS (160/800 mg) BID | Low resistance rates in community, reasonable option
for empiric therapy.
Rifampin <1% 600 mg QD Should not be used alone; potential for significant drug
interactions
Fusidic acid <5% 500 mg TID Should not be used alone; limited experience in children
Linezolid <1% 600 mg PO BID Expensive.

1 . . . . .
Rates shown are for tetracycline and are likely to be < 5% or less for doxycycline and minocycline
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