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Abstract

S. aureus has evolved a comprehensive strategy to address the challenges posed by the human
immune system. The emergence of community-associated methicillin-resistant S. aureus (CA-
MRSA) infections in individuals with no predisposing conditions suggests an increased
pathogenicity of the bacterium, which may be related to acquisition of novel genetic elements.
Remarkably, despite an abundance of research, the underlying cause of the epidemic is not known.
Here, | review the various strategies used by S. aureus to evade obstacles laid out by the human
host during colonization and infection. | describe the controversies surrounding MRSA research
and discuss how acquisition of the novel genes could explain the increased incidence and severity
of CA-MRSA diseases.

S. aureus has an extraordinary repertoire of virulence factors that allows it to survive
extreme conditions within the human host. Such an elaborate armamentarium might prompt
one to speculate that human kind would be no match for this pathogen and could be highly
vulnerable to severe S. aureus infection. Surprisingly, S. aureus maintains fine control of
virulence expression, and for the most part rarely causes severe infection in previously
healthy individuals.

The past ten years however have witnessed the emergence of new clones of MRSA that have
rapidly spread across continents, causing rampant skin and soft tissue infections and some
unusually severe diseases. Unlike traditional MRSA clones which are largely confined to
healthcare settings and prey on immunocompromised hosts or hosts with predisposing
factors, these community-associated methicillin-resistant S. aureus (CA-MRSA) clones
infect previously healthy hosts, particularly children, young and middle aged adults.

This review is written with clinician scientists as the target audience. To impart a better
appreciation of MRSA pathogenesis, | will first describe the obstacles S. aureus needs to
overcome to establish an infection, then highlight aspects of pathogenesis that are unique to
healthcare-associated MRSA (HA-MRSA) and CA-MRSA. Readers are referred to many
excellent reviews of S. aureus colonization and pathogenesis (1-6) that describe more fully
the mechanisms of virulence.
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COLONIZATION

S. aureus acquired from an external source could be the cause of an infection when
inoculated into an open wound. More commonly, the human host is infected by bacteria that
colonize her or his skin or mucosal surface(7,8). The mucosal surfaces that harbor S. aureus
include the nose, throat, vaginal wall, and GI tract. Nasal carriage is probably most
important because nose-picking could effectively disseminate the bacterium to other body
surfaces and other hosts (9). Remarkably, 20% of individuals are persistently colonized in
the nose and 30% are transiently colonized. The definition of persistent and transient
carriage varies according to the study, but generally is described as a single positive culture
on a nasal swab (transient) versus at least two consecutive positive cultures one week apart
(persistent). Colonization is also more frequent among younger children, and patients with
HIV and diabetes (4).

Though colonization predisposes an individual to S. aureus infection, one study shows that
following nosocomial infection, colonized individuals have less severe S. aureus disease
compared to non-colonized individuals (7). This begs the question whether colonization
could induce low-level adaptive immunity so that subsequent infections become milder. In
support of this view, a study showed that carriage of S. aureus harboring the Toxic Shock
Syndrome Toxin (TSST) is associated with production and maintenance of antibody to the
toxin (10). Conversely, most individuals who acquire Staphylococcus toxic shock syndrome
do not have antibody to TSST.

For S. aureus, colonization of the human nose presents a significant challenge that requires
not only adherence to nasal epithelial cells, but also an ability to cope with host defense and
competing resident microorganisms. S. aureus adheres and invades host epithelial cells
using a variety of molecules that are collectively termed MSCRAMM (Microbial surface
components recognizing adhesive matrix molecules). A number of bacterial products
(including MSCRAMM) have been suggested to be important for adhesion and attachment
to nasal epithelial cells, but two factors (clumping factor B and wall-associated teichoic
acid) have so far proven roles in nasal colonization of humans and rats (11,12).

Host immune deterrents for bacterial nasal colonization include antimicrobial peptides,
lysozyme, lactoferrin, and IgA (4). However, little is known of the critical host defenses
against S. aureus colonization. A study in mice has identified the cystic fibrosis
transmembrane conductance regulator and toll like receptor 2, but not toll like receptor 4 as
important factors controlling S. aureus carriage(13).

Resident nasal flora present an equally formidable challenge for S. aureus. Studies of S.
aureus carriers and non-carriers have shown that presence of certain bacteria, such as
corynebacterium, S.epidermidis or S. pneumoniae, could preclude carriage of S. aureus (14).
Introduction of the S. pneumoniae vaccine, for example, has been shown in some studies
(15), but not others (16), to lead to a significant increase in S. aureus colonization leading
some to speculate that S. pneumoniae and S. aureus could compete for the same niche . The
general mechanism of niche competition is proposed to be a bacterial competition for
adhesion to the same host receptor. In addition, certain competitors such as S. pneumoniae
secrete hydrogen peroxide which at high concentration suppresses S. aureus growth (17). S.
aureus could counter by secreting catalase and likely other antioxidants which neutralize
hydrogen peroxide(18).

Once colonization is established, S. aureus is positioned in close proximity to the throat,
ears, mouth and sinus; yet, surprisingly nasal carriage rarely leads to overt infection of these
sites. Studies of S. aureus regulation suggest that during colonization, many S. aureus
virulence genes may be downregulated (19). Among the genes that control S. aureus
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colonization and virulence, the best known global regulator is the accessory gene regulator
agr which has been described in details in many excellent reviews (19). Briefly, agr is a
quorum sensing locus, which directly controls expression of a number of virulence and
colonizing factors. Downregulation of agr is associated with colonization and activation of
agr with host invasion. A critical question then is what triggers activation of S. aureus
virulence genes to initiate infection.

PATHOGENESIS

Infections occur frequently as a consequence of S. aureus inoculation into an open wound.

Alternatively, in the upper airway, viral infection damages mucosal linings and predisposes
the host to S. aureus pneumonia, which classically presents a week after onset of influenza
infection.

Initial exposure of S. aureus to host tissues beyond the mucosal surface or skin is thought to
trigger upregulation of virulence genes (19). For the host, resident phagocytes and epithelial
cells in the skin or mucosal tissue respond to either bacterial products or tissue injury by
activation of the immune system. S. aureus peptidoglycan and lipoprotein are sensed by host
pattern recognition molecules (20,21); hyaluronan breakdown products (22) and endogenous
toll like receptor ligands (RNA, DNA, HMGB1) released by necrotic tissues (23,24) during
infection further augment pro-inflammatory signaling leading to local immune cell
activation, and neutrophil and macrophage recruitment.

S. aureus has been generally recognized to survive well both inside and outside of host cells.
In the extracellular milieu, S. aureus must overcome opsonization by complement and
antibodies, which directly or indirectly leads to killing of S. aureus or uptake by phagocytes
through Fc or complement receptors. S. aureus avoids opsonophagocytosis by expressing on
its surface a capsule, clumping factor A, protein A, and a number of complement inhibitors,
all of which inactivate or prevent host opsonins from binding or targeting the bacterium for
destruction (3,6) (Fig. 1).

S. aureus can shelter within epithelial cells, endothelial cells, and even macrophages (25).
By contrast, neutrophils present a more formidable challenge to S. aureus, as is evidenced
by increased incidence of invasive S. aureus infections in patients with neutrophil
dysfunctions (e.g. Chronic Granulomatous Disease and Leucocyte Adhesion Deficiency). S.
aureus deploys a number of strategies to resist neutrophil killing. First, it secretes two
molecules, CHIP (Chemotaxis Inhibitory Protein) and Eap (Extracellular adherence protein),
which respectively block neutrophil recognition of chemotactic factors (26) and neutrophil
binding to endothelial adhesion molecule ICAM-1 (27). Inhibition of ICAM-1 binding
prevents leukocyte adhesion, diapadesis, and extravasation from the bloodstream to the site
of infection.

Upon arriving at the infection site, neutrophils unleash a battery of antimicrobial substances,
including antimicrobial peptides, reactive oxygen species (ROS), reactive nitrogen species
(RNS), proteases, and lysozyme. Defense against ROS is mediated in S. aureus by
deployment of a large number of antioxidant enzymes (e.g. catalase, pigment, superoxide
dismutase) that neutralize ROS and RNS (3). Antimicrobial peptides which rely partly on
targeting of negatively charged bacteria are repelled by S. aureus strategies that alter its
surface charges (28,29). Additionally, antimicrobial peptides are degraded (aureolysin) (30)
and neutralized (staphylokinase) (31).

As a preemptive measure, S. aureus counters by secreting specific toxins, which lyse
neutrophils. S. aureus expresses a large number of two-component toxins (32) many of
which have specificity for human but not mouse cells, therefore many of their functions

Pediatr Res. Author manuscript; available in PMC 2010 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liu

HA-MRSA

Page 4

have not been characterized. The recently identified phenol soluble modulin (PSM) is a
group of bacterial peptides previously described in S. epidermidis, which induce
inflammation and neutrophil cytolysis. The virulence role of PSM peptides has been
confirmed in a CA-MRSA skin infection model (33).

Apart from evasion of host immune defense, bacterial survival within the human host is
dependent on successful acquisition of nutrients, particularly iron (34). During infection,
95% of iron is sequestered within host cells and serum iron is mostly bound to host proteins
that are not easily accessed. S. aureus secretes high affinity iron-binding compounds
(aureochelin and staphyloferrin) during iron starvation (35,36). Additionally, upon sensing
low iron, S. aureus initiates transcription of an iron acquisition program (isd) that allows
capture of heme and haptoglobin on the cell surface, transport of the-iron complex across the
plasma membrane and subsequent oxidative degradation of the heme within the cytoplasm
(34).

A severe bacterial infection normally induces the host to mount an adaptive immune
response within seven to ten days to limit the ongoing infection and prevent future
reinfections. However, one of the hallmarks of S. aureus biology is the ability of the
pathogen to infect the human host repeatedly throughout life. The mechanism underlying
evasion of adaptive immune response is poorly understood, however studies have shown
that staphylococcal enterotoxins, TSST, and Eap (a MHC class Il analog) could all alter T
cell functions by targeting the T cell receptor activation pathway (37,38). This has been
construed as a tactic devised by S. aureus to prevent development of long term memory.
Likewise, protein A has been shown to deplete splenic marginal zone B cells, which are
precursors to B cells (39). The results could be poor generation of specific B cell response.
These mechanisms, coupled with strategies described above to block effective antibody
binding to bacterial surface, could be important underlying reasons why we remain
susceptible to S. aureus infections throughout our lives.

Other virulence mechanisms of clinical significance include biofilm formation which allows
S. aureus to persist on plastics and resist host defenses or antibiotics(3), and small colony
variants which help S. aureus survive in a metabolically inactive state under harsh
conditions. Small colony variants have been implicated in chronic infections such as chronic
osteomyelitis (40).

MRSA PATHOGENESIS

MRSA deserves separate consideration in S. aureus pathogenesis because it is associated
with distinct epidemiology, particularly morbidity and mortality. Remarkably, it is estimated
that the number of invasive diseases and deaths attributable to MRSA in 2005 are 94,360
and 18,650 in the United States, eclipsing mortality attributed to HIV (41). MRSA can be
divided into HA-MRSA and CA-MRSA, two genotypically dissimilar groups of bacteria
that target different but overlapping populations and cause different diseases.

MRSA first emerged in the 1960°s but became increasingly problematic in the 1990°s
especially in intensive care unit settings where it became a major cause of nosocomial
infections (42). HA-MRSA harbors large staphylococcal chromosome cassettes (SCCmec
types I-111), which encode one (SCCmec type I) or multiple antibiotic resistance genes
(SCCmec type Il and I11). Resistance to antibiotics may have allowed the bacterium to
survive an environment where antibiotic use is frequent.
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Interestingly, when removed from the healthcare setting, HA-MRSA rarely causes diseases
in individuals without predisposing conditions. It has therefore been suggested that HA-
MRSA represents less robust strains of S. aureus that could only survive environments
where bacterial competition is limited by antibiotic pressure (43). In support of this
viewpoint, HA-MRSA shows a longer generation time compared to methicillin-sensitive S.
aureus (MSSA) (30 minutes for HA-MRSA versus 23 minutes for MSSA) (44). In a small
study, HA-MRSA strains showed increased susceptibility to killing by neutrophils and were
less pathogenic when administered to mice systemically (45). Furthermore, direct
comparison of CA-MRSA and HA-MRSA strains showed that HA-MRSA expressed lower
levels of PSM peptides(33), thereby pointing to a possible defect in HA-MRSA virulence
regulation. Consistent with the last finding, many clinical HA-MRSA isolates exhibit a agr™
or a mixed agr* and agr™~ genotype(46). Though these genotypes could explain the relative
nonpathogenic nature of HA-MRSA toward immunocompetent hosts, it is possible that an
agr~ or a mixed agr* and agr~ genotype could be beneficial for HA-MRSA survival in the
healthcare setting; agr~ genotype could for example facilitate biofilm formation (47)and
proliferation on plastic tubings.

As physicians attempt to grapple with the antibiotic resistance problem posed by HA-
MRSA, increasingly there are reports of the more virulent CA-MRSA infiltrating the
healthcare setting (41,48). The impact of this migration bears more careful monitoring as it
may demand more aggressive and different control and treatment strategies.

Until the late 1990°s MRSA infections were largely confined to immunocompromised
individuals or individuals with healthcare exposure. In 1997, death of four healthy children
from MRSA pneumonia and sepsis heralded the arrival of a new type of MRSA (49). Soon
thereafter, MRSA cases burgeoned across continents; the majority of cases were confined to
few clonal lineages that were markedly different from HA-MRSA, shared a small sized
Type IV SCCmec cassette, and encoded the genes for the Panton-Valentine Leukocidin
(PVL) (50).

CA-MRSA strains were responsible for a dramatic increase in the incidence of infections,
particularly of the skin and soft tissue (51,52) and were the cause of many unusually severe
infections such as necrotizing pneumonia, necrotizing fasciitis, and myositis (53-55). The
change in the clinical manifestations of S. aureus prompted speculation that CA-MRSA
infections reflected infection by more virulent strains. Few comparative study of CA-MRSA
versus MSSA virulence have been performed, and it is not clear whether all CA-MRSA
clones are more virulent (56,57). However, one CA-MRSA clone, USA300 has proven to be
particularly successful (58), spreading rapidly to become the dominant clone in most regions
of the United States, and appearing in Canada and Europe. Many reports have linked
USA300 to more severe infections of the bone, skin and soft tissue (55,57). Therefore,
studies of USA300 could provide important information on pathogenesis of CA-MRSA.

The epidemiologic findings, though suggestive of a more virulent phenotype, need to be
interpreted with caution. Specifically, increased CA-MRSA disease incidence could be
attributed to 1) enhanced environmental survival (fomites, pets), 2) increased transmission,
3) more robust colonization, 4) lowered bacterial threshold to activate virulence genes, and
5) increased pathogenicity during infection. Multiple analyses of USA300 outbreaks suggest
that the CA-MRSA clone may have enhanced transmission through skin-skin contact or
skin-fomite contact (58,59). In a study of men who had sex with men, high rate of perineal,
buttock, and genital infections with USA300 suggests this clone has higher transmission
efficacy (59). Further, a comparison of skin colonization rate among HA-MRSA, CA-
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MRSA, and MSSA infected patients demonstrated that CA-MRSA infected individuals had
significantly higher rate of skin colonization (58). Epidemiologic evidence to support greater
pathogenicity of CA-MRSA compared to MSSA is available from a prospective review of
osteomyelitis in children (57). In that study, children identified to have PVL" CA-MRSA
infections had higher levels of inflammation markers (C reactive protein and sedimentation
rate) on admission thereby excluding possible confounding effect of antibiotic treatment on
disease outcome (57). Together, these studies suggest that clones such as USA300 are
particularly successful because they are transmitted more easily, colonize better, and are
more pathogenic.

Among putative virulence factors proposed to be the major determinant of the CA-MRSA
epidemic, PVL has been most extensively studied (1,2,60). PVL was found in the phage
type 80/81 epidemic S. aureus strain that caused high incidence of infections in the 1950’s
(61), and is found in most clones of CA-MRSA (50). It has been linked in many case series
to severe necrotizing pneumonia (62), furunculosis (63), and severe osteomyelitis (57). The
two component toxin, when injected into rabbits or mice, produced significant inflammation
and necrosis (64,65), and has shown an ability to induce neutrophil cytolysis (66), apoptosis
(67), or secretion of pro-inflammatory molecules depending on culture conditions (68).
However, direct demonstration of a virulence role has been conflicting (69-71). Labandeira-
Rey and coworkers showed PVL is a major virulence determinant in a mouse necrotizing
pneumonia model using laboratory strains into which a PVL expressing vector is introduced
(65). By contrast, Voyich, and Bubeck Wardenburg used PVL mutants in the background of
USA300 and USA400 and found either no difference (71) or a protective effect conferred by
PVL (69). It is possible that mice represent a less sensitive model compared to the human
host since mouse leukocytes, the target of PVL activity, show reduced sensitivity to PVL
lysis compared to human leukocytes (66). We have recently tested this hypothesis by
generating PVL mutants in the background of two USA300 necrotizing fasciitis isolates. In
a model of severe soft tissue infection, we showed that PVL* necrotizing fasciitis USA300
strains caused more significant muscle injury compared to the PVL— isogenic mutant strains
(Tseng and Liu unpublished data). We speculate that use of higher inocula or more sensitive
animal models could be the key for uncovering a PVL threshold effect.

The type | arginine catabolic mobile element (ACME) has many properties that make it an
equally attractive candidate to explain the success of USA300 (72). ACME is believed to be
horizontally transferred from ubiquitous skin commensal S. epidermidis (reviewed in 1). It
encodes multiple genes, but two gene clusters, arc (arginine deiminase system) and opp-3
(ABC-transporter), are of particular interest. The arginine deiminase system has been shown
in certain bacteria to catabolize L-arginine to provide a source of ATP and could raise the
pH of acidic human skin to one more suitable for bacterial colonization (1). Opp-3is a
member of the ABC transporter family implicated in multiple functions that could benefit
bacterial survival on the skin surface, including peptide nutrient uptake, eukaryotic cell
adhesion, and resistance to antimicrobial peptides. Thus, acquisition of ACME by S. aureus,
a transient colonizer of the skin, may allow CA-MRSA to colonize the skin on a permanent
basis, thereby enhancing the likelihood of a skin infection occurring upon any disruption of
the skin barrier. Evidence that CA-MRSA colonizes the skin better compared to MSSA and
HA-MRSA has been provided by Miller and coworkers (58). So far, there has been no direct
evidence that ACME contributes to skin colonization.

PSM peptides have been described previously to contribute to CA-MRSA skin infection in
mice (33). Though not unique to CA-MRSA, PSM peptides are expressed at higher level in
CA-MRSA compared to HA-MRSA, which prompts suggestion that differences in global
virulence regulation could be an important factor in CA-MRSA virulence. Montgomery and
coworkers showed that among CA-MRSA, USA300 strains are more pathogenic than
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USAA400 strains (73). The difference in virulence correlated with higher expression of
multiple virulence genes by USA300 strains compared to USA400 strains.

Many other putative virulence factors uniquely expressed by CA-MRSA strains remain to be
explored (50,72). How each product could add to the pathogenicity of the specific strain is
not known. However, if Occam’s razor, the principle of diagnostic parsimony frequently
used in clinical decision making, is to guide the assessment of CA-MRSA pathogenesis, it is
likely that one or very few factors are ultimately responsible for the simultaneous emergence
of several CA-MRSA epidemic clones.

FUTURE DIRECTION

The emergence of CA-MRSA heralded an era of uncertainty in public health and patient
care as antibiotic resistance and virulence converged to create a major health crisis. As the
epidemic evolved and expanded, research has strived to achieve the following goals: 1)
identify the cause and mechanism underlying the epidemic; 2) develop antibiotics that do
not promptly become obsolete; 3) develop an effective vaccine. So far, the goals have met
with varying degrees of success.

Our understanding of CA-MRSA epidemic is still limited despite an abundance of
epidemiologic and basic studies. Most fundamentally, we do not know what makes the
bacterium more pathogenic. Study of S. aureus will require the development of animal
models that more closely approximate human infections. S. aureus is not a natural colonizer
of mice; therefore, many of the virulence factors elaborated by S. aureus to evade the human
immune system may prove more difficult to study in mice, with PVL being a prime
example. Though there continues to be an important place for traditional mouse research
which allows manipulation of the host immune factors using already generated knockout
mice, a model that simulates human disease could be achieved by use of other animals or by
development of partially humanized mouse models, in which the mouse innate or adaptive
immune system is replaced by its human counterpart (74).

As discussed above, mechanisms other than virulence could explain the increased CA-
MRSA disease incidence and severity. Therefore, study of bacterial factors must be
expanded to assays beyond traditional virulence testing, including colonization, resistance to
environmental stimuli, as guided by epidemiologic findings. These studies would optimally
involve collaboration between epidemiologists and basic researchers.

In recent years, the threat posed by antibiotic resistant S. aureus has refueled research effort
to discover novel classes of antibiotics. Because traditional drug library screens have been
slow to identify new antibiotics, an alternative strategy has been the targeting of important
virulence factors. As an example, we have demonstrated that the S. aureus golden pigment
is a virulence factor because it shields the bacterium from host oxidant killing (75). Because
S. aureus pigment and human cholesterol share synthesis of a common precursor, we have
been able to identify a human cholesterol inhibitor that blocked S. aureus pigmentation and
reduced S. aureus virulence in mice (76). Likewise, alpha toxin, which is elaborated by
many but not all clinical S. aureus strains, has demonstrated virulence function in a CA-
MRSA model of lung infection, and application of specific antibodies against alpha toxin
has been shown to significantly ameliorate lung injury (77). These virulence-based strategies
could prove to be useful adjuncts to traditional therapeutics.

Ultimately, an effective vaccine is needed to solve the MRSA health crisis. At the height of
the penicillin resistant S. pneumoniae problem eight years ago, introduction of an effective
vaccine promptly decreased the incidence of invasive diseases and averted a major health
crisis. A similar antibiotic resistance problem was solved by introduction of an effective
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vaccine against H. influenzae. However, the MRSA epidemic presents a different and more
formidable challenge. For one, S. aureus is a more complex organism that is not dependent
on a single major virulence factor to cause disease. Its selective upregulation of virulence
factors during different phases of infection could render vaccine against a single factor
relatively ineffective. The recent failure of active or passive immunization trials against
capsular polysaccharide (StaphVAX®), CIfA and SdrG (Veronate®) (78) may be evidence
of that principle. Therefore, experts have proposed that S. aureus vaccine would be more
effective if multiple select factors are targeted (reviewed in 78).

A more fundamental issue, with direct implication on vaccine development, is why the
human host is persistently susceptible to S. aureus infection throughout life. Research has
indicated that bacterial products such as protein A and staphylococcal enterotoxins may
have roles in modulation of T and B cell functions (38,39); however, adaptive immune
evasion mechanisms after S. aureus infection remain largely unknown. Understanding of
these mechanisms may hold the ultimate key to a successful vaccine.

In summary, S. aureus pathogenesis will remain an intensely important area of research for
years to come. Most published studies estimate current CA-MRSA nasal colonization rate at
less than 5% (79,80); therefore, if the rate of colonization continues to rise, the epidemic
will likely expand. It is not clear whether over time the human host could develop an
adaptive immune response to novel virulence factors expressed by CA-MRSA strains. If
those virulence factors contribute significantly to the epidemic, neutralization of those
factors may cause the epidemic to subside. If the human immune system is unable to adapt,
human kind will need to address the problem through research, and success will depend on
the concentration of research effort, funding, and well coordinated multi-disciplinary
approaches directed at addressing select key questions.
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Figure 1. S. aureus survival strategies during infection

MSCRAMM, Microbial surface components recognizing adhesive matrix molecules; CHIP,
chemotaxis inhibitory protein; Eap, extracellular adherence protein; SOD, superoxide
dismutase; PSM, phenol soluble modulin; Isd, iron-regulated surface determinant; TCR, T
cell receptor; TSST, toxic shock syndrome toxin.
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