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Abstract: This review assessed the molecular characterization of the methicillin-resistant Staphylococcus
aureus (MRSA)-ST80 clone with an emphasis on its proportion of total MRSA strains isolated, PVL
production, spa-typing, antibiotic resistance, and virulence. A systematic review of the literature was
conducted on MRSA-ST80 clone published between 1 January 2000 and 31 August 2019. Citations
were chosen for a review of the full text if we found evidence that MRSA-ST80 clone was reported in
the study. For each isolate, the country of isolation, the sampling period, the source of isolation (the
type of infection, nasal swabs, or extra-human), the total number of MRSA strains isolated, number
of MRSA-ST80 strains, antibiotic resistance patterns, PVL production, virulence genes, and spa type
were recorded. The data from 103 articles were abstracted into an Excel database. Analysis of the
data showed that the overall proportion of MRSA-ST80 has been decreasing in many countries in
recent years. The majority of MRSA-ST80 were PVL positive with spa-type t044. Only six reports of
MRSA-ST80 in extra-human niches were found. This review summarizes the rise of MRSA-ST80 and
the evidence that suggests that it could be in decline in many countries.

Keywords: MRSA; ST80 clone; Panton—Valentine leukocidin; epidemic; worldwide diffusion; human;
extra-human; decline

Key Contribution: MRSA-ST80 clone is one of the most important toxinogenic clones present in
Staphylococcus aureus in different parts of the world. Although if it has been described in extra-human
niches, MRSA-ST80 could be in decline.

1. Introduction

Staphylococcus aureus is an important bacterial pathogen frequently involved in hospital and
community-acquired infections in humans. The most common sites affected are skin and soft
tissue; infections in these sites include purulent (e.g., folliculitis, furuncles, carbuncles, impetigo,
and mastitis) and toxinogenic infections (e.g., staphylococcal scalded skin syndrome and infections
due to Panton—Valentine leukocidin (PVL)). Localized or systemic extensions of the infections are
frequent, including bone and joint infections, bacteremia, pneumonia, and endocarditis. S. aureus has
an extensive host range, including domestic cats and dogs, horses, goats, sheep, cattle, rabbits, pigs,
and poultry [1,2].

Since the first isolation of methicillin-resistant Staphylococcus aureus (MRSA) in the early 1960s,
MRSA strains have spread globally and caused countless nosocomial outbreaks, making MRSA one
of the most common causes of nosocomial infections [3]. In addition to healthcare-associated MRSA
(HA-MRSA), MRSA infections now also occur in the community (community-associated MRSA,
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CA-MRSA) [4]. The US Centers for Disease Control and Prevention (CDC) proposed a widely-adopted
epidemiological definition of CA-MRSA as “any MRSA infection diagnosed in the outpatient setting or
within 48 h of hospitalization, if the patient lacks the following HA-MRSA risk factors: hemodialysis,
surgery, residence in a long-term care facility, or hospitalization during the previous year, the presence
of an indwelling catheter or a percutaneous device at the time of culture.” All other MRSA infections
are considered to be HA-MRSA. However, HA-MRSA could be considered to be community-associated
if reported in hospital outside or within 48 h of admission [5].

Staphylococcal cassette chromosome mec (SCCmec) typing can be used to distinguish between
CA-MRSA and HA-MRSA. CA-MRSA usually carries an SCCmec type IV or V [6]. However, isolates
with a non-typeable SCCmec cassette would be missed, and SCCmeclV carrying HA-MRSA lineages,
such as ST22-IV and ST5-1V, can be misclassified as CA-MRSA [7]. PVL has been proposed as a marker
of CA-MRSA [8], however, some CA-MRSA PVL negative clones have also been reported [9,10].

The epidemiology of MRSA has changed since the late 1990s with the emergence of CA-MRSA. The
CA-MRSA strains were detected worldwide, with different geographically distinct lineages, including
the Southwest Pacific clone (ST30-IV) in East Asia and Oceania, USA400 (ST1-IV) and USA300 (ST8-1V)
in the United States, and the European CA-MRSA clone (ST80-IV) in Europe, North Africa, and the
Middle East.

2. Results

2.1. Clonal Complex 80 (CC80)

The first known isolate of the European CA-MRSA CC80 clone has been traced back to 1993 in
Denmark before becoming established as the main CA-MRSA lineage throughout Europe [11]. It was
assumed that this clone was imported into Europe by individuals having relations with the Middle
East and Africa [12].

The phylogenetic analysis performed by Stegger et al. suggested that the MRSA CC80 lineage
evolved from a PVL-positive MSSA ancestor that originated from sub-Saharan Africa. In addition, the
authors suggested that the acquisition of both the SCCmecA element and the fusidic acid resistance
determinant was done at the same moment. Furthermore, the diffusion of this clone in the early
1990s into Europe, the Middle East, and North Africa was probably associated with a mutation in the
accessory regulatory gene agrC [10].

The typical molecular features of the European MRSA-ST80 clone isolates have been associated
with SCCmec type IVc, ®Sa2 prophage harbored [ukS-PV and lukF-PV genes (encoding the PVL), and
an agr type III quorum-sensing system [13]. However, some sporadic reports of MRSA-ST80 did not
meet these criteria. Thus, for example, an agr type I has been described in one isolate in Greece [14] and
MRSA-ST80 strains harboring SCCmec type V and type I have been reported in Saudi Arabia [15,16]
and Croatia, respectively [17]. Moreover, our analysis found that about 10% of MRSA-ST80 strains
were PVL negative (Table S1).

Edslev et al. showed that a novel sublineage of CA-MRSA CC80 had been introduced into
Denmark with different characteristics as compared with the typical European CA-MRSA clone (PVL
negative, carriage of SCCmec-IVa element, and susceptibility to fusidic acid and aminoglycosides).
These authors observed that all PVL-negative isolates in their study carried remnants of prophage
dSa2, indicating that they were derived from a PVL-positive ancestor [18].

Diverse spa types (36 types) were identified among the MRSA-ST80 strains, with the dominance
of types t044 (82.7%), t203 (6%), t131 (2.4%), t1028 (1.8%), t1200 (1.4%), and t376 (1%) (Table S1).
This diversity of spa types confirms previous suggestions of the diverse route of acquisition of
MRSA-ST80 [19,20].



Toxins 2020, 12,119 3of 21

2.2. Geographical Distribution of MRSA-ST80 in Humans

Since its first identification in Greece, in 1998 [21], the European clone MRSA-ST80 has been
recognized as a cause of infections both in children and in adults in different parts of the world.
However, there is a trend for a decrease in MRSA-ST80 prevalence observed in many countries.

Epidemiological data showed that MRSA-ST80 was spreading geographically in both hospital and
community settings. It has been identified in at least 38 countries throughout Europe (23 countries),
Middle East (10 countries), North Africa (3 countries), and Asia (2 countries).

In this section, we have used the term “prevalence” to express the proportion of MRSA-ST80 of
total MRSA strains reported.

In an international study, among 3236 PVL+ MRSA isolates reported from 17 countries in the
Americas, Europe, and Australia-Asia between 2009 and 2010, MRSA-ST80 was found to be exclusive
to Europe. This study demonstrated that USA300 and related clones (ST8) have been progressively
replacing the ST80 clone in several European countries [22]. However, El-Mahdy et al. examined 61
MRSA isolates from multinational patients at a hospital in Qatar from 2009 to 2010. The MRSA-ST80
strains were detected in 13.1% (8/61) of the total MRSA strains [23], suggesting the continuous
dissemination of the clone, albeit at a reduced level.

2.2.1. Asia

We identified two reports of MRSA-ST80 in Asian countries (Figure 1). In Malaysia, only one strain
(1/154 MRSA) was identified from the nasal carriage of a dialyzed patient [24]. In Bangladesh, 3.8%
(5/132) of MRSA strains have been assigned to ST80 [25]. Despite the low prevalence of MRSA-ST80 in
Asia, most Asian hospitals are endemic for MRSA, and some Asian countries have among the highest
MRSA prevalence in the world [26]. However, most available data are from high-income countries (e.g.,
Taiwan, Japan, Korea, Hong-Kong, and Singapore), with limited information from other nations [27].
Korea has a particularly high MRSA prevalence, with >70% among all clinical S. aureus isolates on the
basis of regional surveillance data from 2011 [28]. These high MRSA rates are thought to be correlated
to inappropriate therapy use, as well as high population density that facilitates rapid transmission of
multidrug-resistant bacteria [28].
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Figure 1. Prevalence of the methicillin-resistant Staphylococcus aureus (MRSA)-ST80 clone in Asia.
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2.2.2. North Africa

MRSA-ST80 has been identified in Tunisia, Libya, and Algeria (Figure 2). In the two Tunisian
studies, MRSA-ST80 was the only clone identified and was associated with infections in hospitalized
children [29] and outpatients [30]. In Libya, Ahmed et al. reported that 17 of 95 MRSA strains (18%)
were identified as MRSA-ST80 [31], whereas, in Algeria, different proportions of MRSA-ST80 have
been reported. In Algiers, Antri et al. reported that the MRSA-ST80 was responsible for more than
one-third of both community infections (35.7%) and hospital infections (35.8%) at the Mustapha Pacha
hospital [32]. Djoudi et al. showed that 96% (24/25) of MRSA strains isolated from neonates and
children at the Beni-Messous hospital (Algiers) were assigned to the ST80 clone [33]. In Eastern Algeria
(Annaba), 21% (19/92) of MRSA strains isolated from skin and soft tissue infections (SSTIs) were
characterized as ST80 clone [34]. In the same city, 13.7% (n = 10) of the 73 MRSA strains isolated
from diabetic foot infections were assigned to ST80 clone [35]. In Western Algeria, Bekkhoucha et al.
reported a proportion of 65% (15/23) of ST80 strains isolated from a hospital setting [36]. Finally, Djoudi
et al. reported that 44.5% (4/9) of the total MRSA strains isolated from the nasal carriage of patients
admitted to a general hospital and hemodialysis ward in Bejaia were identified as MRSA-ST80 [37].

100%

33.6%

Morocco

Algeria Q 17.9% 9.5% Q)

Figure 2. Prevalence of the MRSA-ST80 clone in North Africa.

MRSA-ST80 prevalence studies among clinical isolates in North Africa are numerous. However,
most data published in North Africa on MRSA are from single-center studies, and information from
regional surveillance systems is absent. In addition, most studies have relied on phenotypic methods
to identify MRSA, and these tests could be less reliable than genotypic methods, especially as many
studies did not integrate multilocus sequences typing (MLST) typing of MRSA strains.

2.2.3. Middle East

MRSA-ST80 has emerged as an important pathogen of community and hospital infections in
many countries in the Middle East (Figure 3). Of the total MRSA strains, MRSA-ST80 prevalence was
3% (3/102) in Turkey [38], 4% (3/79) in Oman [39], 10% (2/21) in Egypt [40], 19% (10/52) in United Arab
Emirates [41], and 31% (37/121) in Palestine [42]. In Kuwait, the reported proportions of MRSA-ST80
among MRSA strains were 38.4% (10/26) from 2001 to 2003 [43], 51% (69/135) from 2005 to 2006 [20],
and 12% (3/25) from 2005 to 2007 [44]. MRSA-ST80 accounted for 7.5% (30/400) of all MRSA strains
recovered from different clinical samples in 13 government Kuwait hospitals between 1992 and 2010 [19]
and 7.8% (8/103) between 2006 and 2011 [45]. In Jordan, MRSA-ST80 strains were detected in 34.1%
(14/41) of all MRSA strains recovered from infections from 2009 to 2010 [46]. Two studies reported
that MRSA-ST80 strains represented 9.8% (4/41) and 5.4% (2/37) of all MRSA strains recovered from
nasal and fecal carriage, respectively [47,48]. In two Iranian studies, MRSA-ST80 strains were found
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in 7.1% (5/70) of all MRSA strains recovered from patients from 2015 to 2017 [49] and 5.9% (1/17) in
nasal carriage [50]. In Lebanon, MRSA-ST80 was recognized in 44% (41/93) from 2006 to 2007 [51]
and 25.6% (10/39) in 2011 [52]. In Saudi Arabia, two studies reported nearly the same proportions of
MRSA-ST80 in nasal carriage and infections in hospitals, that is, 35% (37/106) [16] and 36% (21/58) [53]

of all MRSA strains.
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Figure 3. Prevalence of the MRSA-ST80 clone in the Middle East.

The studies conducted in the Middle East have shown a spread of MRSA-ST80 in different
countries within the region, with other clonal lineages, with country-based prevalence differences
being detected from one country to another. We noted a high prevalence of MRSA-ST80 strains in
Kuwait and Lebanon from 2005 to 2007 [20,51,54].

2.2.4. Europe

In a multicenter study including 16 of the most populous countries in Europe, between 2000
and 2010, MRSA-ST80 accounted for 40.2% (51/127) of total MRSA strains isolated. These strains
were recorded from Spain, France, Romania, Bulgaria, Poland, Czech Republic, Netherlands, Greece,
Sweden, and Denmark [55].

e North Europe (Figure 4): In Norway, MRSA-ST80 frequency was 24.5% (27/110) from 1991
to 2003 [56], 19.4% (13/67) from 1995 to 2003 [57], and 19% (34/179) in 2011 [58]. In Sweden,
MRSA-ST80 strains were detected in 33.7% (35/104) [59] and 16.7% (36/216) [60] of all MRSA
strains between 2000 and 2005. In Ireland, the reported percentages of MRSA-ST80 among MRSA
strains were 8% (2/25) from 1999 to 2005 [61] and 14.2% (27/190) from 2002 to 2011 [62]. In England
and Wales, Holmes et al. from 2002 to 2003 reported a low prevalence of PVL-positive S. aureus
(1.6%) strains with different genetic backgrounds, although a large number belonged to the ST80
(80% of the PVL+ isolates) that was not geographically related [63]. The emergence of MRSA-ST80
was also noted in London in a collection of MRSA ciprofloxacin-resistant strains between 2000
and 2006 with a prevalence of 2.7% (12/450) [64]. Different percentages of MRSA-ST80 have been
reported among MRSA strains in Denmark by many authors as follows: 100% (118/118) from 1997
to 2003 [65], 46.9% (38/81) in 2001 [11], 13.3% (19/143) from 2003 to 2004 [66] and 3.8% (13/341)
from 2010 to 2013 [67]. MRSA-ST80 was recognized in 39.2% (206/526) among CA-MRSA strains
from 1999 to 2006 [68]. McLaws et al. examined fusidic acid resistance in a collection of 1639
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MRSA isolates collected in Denmark between 2003 and 2005 and found that MRSA-ST80 strains
accounted for 61.2% (178/291) of the fusidic acid resistant isolates [69].

e  South Europe (Figure 4): MRSA-ST80 was reported for the first time in Greece in 2003, which
accounted for 9.3% (11/118) of all MRSA strains isolated [21]. Since then, several studies reporting
different proportions of MRSA-ST80 among all MRSA isolates in Greece have been published
including: 90.0% (18/20) in 2004 [70], 61.7% (428/694) from 2004 to 2005 [71], 100% (27/27) from 2006
t0 2007 [72], 33.9% (61/180) from 2003 to 2009 [73], 13.7% (7/51) in 2009 [74], 61.5% (2838/4614) from
2001 to 2012 [75], 78.9% (45/57) from 2010 to. 2011 [76], and 4.8% (19/398) from 2000 to 2015 [77].
Doudoulakakis et al. reported a proportion of 95% (19/20) of selected MRSA isolates among Greek
children recovering from pneumonia between 2007 and 2014 [14]. In Croatia, of the 248 MRSA
isolates analyzed, 3.2% (8/248) were identified as MRSA-STS80 [17]. In Italy, frequencies of 10%
(1/10) [78] and 22.2% (4/18) of MRSA-5T80 among CA-MRSA were reported [79]. In Slovenia, the
proportion of MRSA-ST80 recorded was 0.5% (2/385) in a collection of CA-MRSA strains between
2006 and 2013 [80]. In Spain, frequencies of 1.9% (1/53) [81] and 2% (5/246) [82] of MRSA-ST80
among the MRSA PVL+ and CA-MRSA isolates were observed, respectively. Nearly the same
percentage of 2.2% (1/45) of MRSA-ST80 among MRSA isolates was reported in Malta [83]. Of the
three CA-MRSA strains isolated by Conceigao et al., in Portugal, one of these strains was assigned
to MRSA-ST80 clone [84].

o  West Europe (Figure 4): In Austria, the percentages of MRSA-ST80 among the MRSA PVL+ strains
analyzed were respectively 14.9% (14/94) from 2001 to 2006 [85] and 9.7% (3/31) from 2005 to 2010,
respectively [86]. In Belgium, data from the reference laboratory for Staphylococci showed that
MRSA-ST80 had been detected in 56.3% (9/16) of the MRSA PVL+ strains from 2002 to 2004 [87]
and 47.8% (76/159) of the CA-MRSA PVL+ strains from 2005 to 2009 [88]. In Switzerland, the
percentage of MRSA-ST80 among MRSA strains was 3.5% (7/200) from 2000 to 2005 [89]. Of the
MRSA PVL+ strains described in the Netherlands, the frequency of MRSA-ST80 represented
60% (12/20) from 2000 to 2001 [90], rising to 79.6% (43/54) from 1998 to 2005 [91]. However, the
proportion of the MRSA-ST80 clone was 1.1% (2/175) in a collection of MRSA collected from
2002 to 2006 [92] and 2.6% in a collection of 117 MRSA strains isolated from 2003 to 2010 [93].
Varying percentages of MRSA-ST80 were recorded in Germany as follows: 44.6% (33/74) of a low
oxacillin-resistant isolates in 2005 [94], 68.4% (80/117) of the MRSA PVL+ isolates from 2005 to
2006 [95], 10.0% (8/80) from 2000 to 2007 [96], 0.3% (10/3207) of MRSA strains between two periods
(1 February 2004 to 31 January 2005 and 1 February 2010 to 31 January 2011) [97], and 6.4% (6/94)
of MRSA strains from 2012 to 2016 [98]. In a prospective multicenter study of MRSA isolates
collected between September 2006 and February 2007 by 23 representative randomly selected
French hospital laboratories, MRSA-ST80 strains were detected in 3.8% (4/105) of the MRSA
strains isolated from invasive blood cultures [99]. In another French multicenter prospective study
conducted in 2008, it was reported that among the 333 MRSA strains isolated, 91 (27.3%) were
MRSA-ST80 [100]. Maugat et al. reported a low proportion of MRSA-ST80 of 0.4% (1/238) from
45 private-sector community-based medical laboratories in 2003 [101]. In a study conducted on
S. aureus strains isolated from clinically relevant CA-SSTIs in 71 hospitals in November 2006, only
one MRSA-ST80 strain (2.9%) was detected from the 34 CA-MRSA strains isolated [102].

All studies reporting MRSA-ST80 prevalence in European countries have shown the predominance
of MRSA-ST80 clone. A significant proportion of MRSA-ST80 strains has been observed in Greece
followed by Denmark, Belgium, and Germany. In these countries, a very low prevalence of MRSA
strains has been recorded since the mid-1970s. However, since the late 1990s, an increase in new MRSA
cases has been observed, especially involving community-associated infections. In addition, we noted
high rates of MRSA-ST80 strains in these countries between 2004 and 2007, as in the Middle East.
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Figure 4. Prevalence of the MRSA-ST80 clone in Europe.

2.2.5. Other Parts of the World

If MRSA-ST80 strains have emerged and diffused in North Africa, the Middle East, and Europe,
these isolates are absent in the other regions [22]. Only one case report has been published, that is,
an imported strain, from Syria, has been described in USA, in 2015 [103]. Since this study, no other
cases have been published, suggesting the absence of diffusion of this clone in this country. However,
we could be ignoring that investigations of MRSA-ST80 are not fully performed in some parts of the
world and its prevalence in these areas remains to be defined.

2.3. MRSA-ST80 in Extra-Human Niches

Six publications describing MRSA-ST80 in extra-human niches were found. In food items, one
study reported the presence of three MRSA-ST80 PVL negative (spa type t1198) strains in ready-to-eat
food in Singapore, in 2011 [104]. In Bangladesh, Islam et al. detected three MRSA-ST80 strains from
retail foods, in which two were PVL positive (spa type t1198) and one PVL negative (spa type t8731) [105].
Concerning animals, Peeters et al. reported two strains of MRSA-ST80 PVL+ from nasal swabbing of
pigs, in Belgium [106]. In Algeria, Agabou et al. reported two ST80 PVL+ isolates from camels and
four isolates from sheep between 2015 and 2016 [107]. Mairi et al. studied a total of 2130 samples
from different ecological niches (animal farms, companion animals, wild animals, food products, and
aquatic environment) between January and July 2018. Seventeen MRSA-ST80 PVL+ strains were
isolated from pets (1 = 2), farm animals (n = 8), wild animals (1 = 4), and food (n = 3) [108].

2.4. MRSA-ST80 Spread in the Community

Several risk factors for MRSA infection or colonization have been observed including previous
hospitalization, admission to the ICU, residence in a nursing home, antibiotic therapy, foreign travel
(North Africa, Middle East, Asia, and Mediterranean), and the presence of indwelling medical devices
(e.g., surgery, catheter, prosthetic devices, and dialysis therapy). However, several publications have
highlighted that MRSA-ST80 isolates could be recovered from patients without any risk factors for
MRSA acquisition [11,84,103,109].
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The ability of MRSA-ST80 to disseminate in the community has previously been documented.
Transmission could occur by intensive contact sports (skin-to-skin, sharing equipment, and personal
items) or via sports physicians and coaching staff [110]. Transmission of MRSA-ST80 among different
host species in the context of households and veterinary practices has not been described, yet Drougka
et al. demonstrated that dogs and cats can be “vectors” of MRSA-ST80 PVL+ strains causing severe
infections in humans [111].

Urth et al. demonstrated that the MRSA-ST80 clone could spread in the general community in
Denmark. They demonstrated that the clone was introduced from the Middle East on more than one
occasion and that it was contagious within households and families, among children in kindergarten
and school, and among adults at work. Moreover, the transmission was likely to have happened
between an auxiliary nurse and the patient and could have occurred between patients and a practicing
specialist [65].

Epidemiological data showed that MRSA-ST80 is widespread. Moreover, the dominance of
MRSA-ST80, as the most common strain involved in SSTIs, and the overall increase in SSTIs suggested
that there were specific properties of this clone to cause this kind of infections. Kolonitsiou et al.
found that MRSA-ST80 PVL+ clone induces weak immune response of the host linked to a low level
of production of pro-inflammatory cytokines by monocytes as compared with other lineages. This
effect could favor the potential of the clone to evade host immune response and lead to persistent
colonization. This could explain the ability of MRSA ST80 to disseminate successfully in the community
and hospitals [112].

2.5. Antibiotic Susceptibility of MRSA-ST80

MRSA-ST80 isolates are of course resistant to all $-lactams. Concerning non-f3-lactams antibiotics,
MRSA-ST80 isolates differ from other CA-MRSA strains by often being resistant to fusidic acid,
tetracycline, and kanamycin [80,113]. However, isolates susceptible to kanamycin, tetracycline, and
fusidic acid that usually characterize MRSA-ST80 clone have been widely reported (Table S1). Thus,
resistance rates of 91.6%, 86.5%, and 68.2% to kanamycin, fusidic acid, and tetracycline, respectively,
were deduced from the analyzed articles. The resistance to these antibiotics is mediated by the tetK
(tetracycline), far1 (fusidic acid), and aph(3’)-III (kanamycin) genes (Table S1). In addition, several
isolates expressed additional resistance to one or more antibiotics including erythromycin, clindamycin,
ciprofloxacin, gentamicin, trimethoprim, mupirocin, and chloramphenicol. Classically, MRSA-ST80
isolates must be considered to be multidrug resistant bacteria because of resistance to more than three
antibiotics families (Table S1).

2.6. Virulence of MRSA-ST80

Epidemiological studies of MRSA-ST80 PVL+ have revealed that these strains are primarily
associated with recurrent, chronic, or particularly severe SSTIs, such as furuncles and abscesses [114].
This clone was also reported from other types of infections including fatal pneumonia and bloodstream
infections [14,61,77,79]. In the study by Doudoulakakis et al., the authors reported that MRSA-S5T80
PVL+ strains accounted for 95% of CA-MRSA pneumonia cases [14]. Nikolaras et al. showed that
8% of MRSA strains isolated from bloodstream infections were assigned to MRSA-ST80 clone [77].
In a collection of 94 MRSA-ST80 strains isolated in Lebanon and Jordan, 56% of these isolates were
associated with SSTIs, 15% with respiratory tract infections, and 9% with bacteremia [115]. Djahmi et
al. reported MRSA-ST80 PVL+ from inpatients with infected diabetic foot ulcers, requiring amputation
(even if the link between these amputations and the presence of the clone was not determined) [35].

S. aureus expresses a large range of virulence factors among which secreted toxins play an
important role in the ability to establish and maintain infection in humans. Among the toxins, the
first group is constituted by hemolysins «, 3, v, 5, and the bicomponent leukotoxins (such as PVL).
These toxins act on cell membranes forming lytic pores leading to the efflux of vital molecules, ions,
and metabolites which destroy cells. The & toxin is a sphingomyelinase that selectively activates
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and destroys human monocytes. A second group is composed of the superantigens (SAg) including
TSST-1 and different enterotoxins. They act against hepatocytes by inhibiting the purifying activity of
endotoxins, triggering more sensitivity to endotoxin shock. Moreover, this group of toxins involves a
polyclonal activation of T lymphocytes, a massive release of cytokines, and the onset of toxic shock. A
third group of toxins is formed by exfoliative toxins (EtA, EtB, and EtD) and serine proteases. They are
responsible for the clinical manifestation of the staphylococcal scaled-skin syndrome (SSSS). These
toxins create an intraepidermal cleavage by a proteolysis mechanism. Finally, the last group of toxins
is called epidermal differentiation inhibitor (EDIN). These toxins target host Rho GTPases, favoring
bacterial dissemination in tissues [116].

Among these virulence factors, the exfoliative toxin D (encoded by etD gene) has frequently been
associated with MRSA-ST80 clone (Table S1). This toxin can contribute to a variety of infections by
destroying epithelial barriers, helping bacteria to invade tissues for the exacerbation of infection. This
can explain the success of the MRSA-ST80 clone, which carried the gene etD in combination with the
pvl genes [63]. The edinB gene, which is on the same operon as etD, was also frequently observed in
MRSA-ST80 strains (Table S1). Courjon et al. demonstrated that the chromosomally encoded EdinB in
MRSA-ST80 contributes to the onset of bacteremia during the course of pneumonia [117]. Microarray
analysis performed on MRSA-ST80 strains revealed these isolates harbored several types of virulence
factors, in addition to pvl, etD and edinB (Table S1).

Studies reporting the MRSA-ST80 virulence genes in non-human sources are rare. Aung et
al. reported MRSA-ST80 strains in retail food, detected enterotoxin encoding genes (seb, sek) and
exfoliative-encoding gene (etd). No other toxin genes were detected [104]. Agabou et al. reported
colonization of livestock animals (camels and sheep) with MRSA-ST80 in Algeria which harbored
hemolysins (hla, hld, and hIgA), numerous microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) (bbp, ebpS, cIfA, clfB, fib, fubA, and fnbB), and biofilm production (icaA, icaC,
and icaD) genes [107]. Mairi et al. reported 20 MRSA-ST80 isolates in different niches [108], identifying
the same genes as previously noted by Agabou et al. [107]. Finally, Peeters et al. reported two
MRSA-ST80 isolates from nasal swabs of pig farms that carried the following genes: fnbB, edinB, sasG,
sak, scn, hla, hld, hIll, lukDEJF/S, seg, sei, selm, selo, selu, etD, and cap8 [106].

The management of infections due to the MRSA-ST80 clone follows recommendations mainly
based on expert opinions [118]. The main points are the following: (i) the abscesses must be irrigated
and drained; (ii) antibiotic choices must promote parenteral or oral antibiotics with an anti-toxin effect
(e.g., linezolide, clindamycin, rifampicin); and (iii) the adjunction of intravenous immunoglobulin
could be needed in severe cases to neutralize the exotoxins and superantigens. In association, the
measures and procedures of infection prevention and control must be applied with the use of standard
(hand hygiene) contact and respiratory precautions [119]. This includes isolation in a single room, use
of personal protective equipment, meticulous hand hygiene, and environmental cleaning.

2.7. MRSA Typing Methods and Techniques

Molecular typing methods constitute invaluable tools for tracing the spread of particular strains,
discovering the route of dissemination and the potential reservoirs. Furthermore, molecular typing
contributes to the comprehensive understanding of the epidemiology of infection and facilitates
infection control measures, as well as management [120]. From the analyzed articles included in this
review, several methods were used for MRSA typing.

The SCCmec-typing method is a PCR-based method and detects the SCCrmec cassette type but
not its structure, and therefore is less discriminative [121]. This characterization method has become
an important technique for distinguishing between HA-MRSA and CA-MRSA [122]. However, this
technique cannot be applied to the detection of novel SCCmec types [123].

Staphylococcal protein A (spa) typing is a sequence-based tool based on the sequencing of the highly
variable X fragment of the spa gene region encoding protein A. In addition to its simplicity and relative
low cost, the integration of the spa types into an international database and its unified nomenclature
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provides another important advantage. The use of these typing tools contributes to understanding
clonal diversity and transmission of MRSA in the hospital and community settings [124]. Infrequently,
when misclassification or non-typeability is a concern, sophisticated typing tools, such as PFGE and
MLST, are informative supplementary additions [125,126].

The multilocus sequences typing (MLST) approach was established to analyze the allelic sequence
of short internal DNA fragments (450 to 500 bp) of seven constitutively S. aureus housekeeping
genes [127]. This method is an interesting tool for screening and studying the molecular evolution
of MRSA and the results are comparable between laboratories around the world via a web-based
database [128]. However, the major drawback to MLST is its cost, and therefore it is not suitable for
diagnostic purposes [129].

The pulsed-field gel electrophoresis (PFGE) approach was once considered the gold standard
for MRSA typing in outbreak investigations and has been widely used for the understanding of
the epidemiology of both endemic and epidemic MRSA strains [9]. This method is extremely
helpful in short-term investigations and successful at the national levels in some countries but not
internationally [130].

A DNA microarray analysis, also known as biochip or DNA chip analysis, is a very useful
technique employed for MRSA typing which uses a collection of DNA probes attached to a solid surface
in an ordered manner. It is an efficient tool for the detection of antibiotic resistance and virulence genes
simultaneously, and therefore has the potential to detect new epidemiological markers for clones [131].
Whereas DNA microarray analysis is adequate, discriminatory power, high reproducibility, and low
cost within and between different laboratories needs to be established. The limitation to this technique
is that the detection is limited only to sequences that are included in the array [95,132].

Whole genome sequencing (WGS) is considered to be a very attractive tool for epidemiological
purposes, and, in the near future, it is expected that this technology could take over from routine tools
for the identification and characterization of MRSA strains. Currently, this approach permits the genetic
relatedness between bacteria and manages the outbreak investigations based on sequence analysis
of the whole genome [133,134]. Subsequently, the WGS determines the virulence genes contained
on the MRSA strains, as well as locally and globally determines the emerging infectious strains.
However, the most important challenge for this technology is the interpretation and computation
of the huge set of data. In addition, WGS requires significant computer resources and well-trained
bioinformaticians [135].

3. Discussion

MRSA-ST80 infection is still a major public health problem in many countries in different parts
the world. Some signs indicate that MRSA-ST80 could have a declining prevalence in several countries,
especially in Europe and the Middle East. It is likely that its decline is due to the introduction of new
epidemic clones (clonal replacement) which have succeeded in several geographical areas.

While MRSA-ST80 is still a major problem in many countries, there are hints that it could be
decreasing in prevalence or, at least, not continuing its expansion. The majority of studies reporting
MRSA-ST80 clone were conducted during the period from 2000 to 2013. As of mid-2015, few articles
reporting MRSA have been published. Over the last three years, to the best of our knowledge, only
three studies reporting MRSA-ST80 clone have been published. These three articles were published
only from North Africa [107,108] and Iran [50]. In general, MRSA infections are declining in certain
geographic areas, especially in hospital-associated infections [136,137]. MRSA has decreased in
European countries, Australia, Taiwan, and South Africa. However, data from the rest of Africa, Greece,
and many parts of Asia suggest stable or increasing MRSA prevalence [138]. The reasons for this
MRSA-specific decline are not fully understood. It is possible that the MRSA decreased due to control
measures which included bundled measures such as identification and isolation of MRSA carriers,
hand hygiene, and antibiotic policy [139].
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Epidemiological studies using molecular typing methods have indicated the dissemination of a
few highly epidemic clones worldwide. The introduced epidemic clones belong to a predominant
sequence type ST239 (SCCmeclll/IIIA-Brazilian) and ST22 (SCCmecIV-EMRSA-15) followed by
ST5 (SCCmecll-New York/Japan, and SCCmecIV-Pediatric), ST45 (SCCmecIV-Berlin), and ST247
(SCCmeclA-Iberian).

In addition to changes in MRSA infection rates, the molecular epidemiology of these organisms
has undergone alterations over time. Several MRSA lineages have been successful in a particular
geographic area, have peaked and, then, declined before disappearing with the emergence of other
epidemic clones. This phenomenon of clonal replacement has been observed worldwide and the reasons
for the decline of some lineages are mysterious. For example, the Hungarian clone (MRSA-ST239-III)
was the most predominant clone between 1994 and 1998 in Hungary [140,141]. This clone disappeared
and was replaced by the southern German clone (MRSA-5T228-I) and the New York/Japan epidemic
clone (MRSA-ST5-II) between 2001 and 2004 [142]. Recent studies reported the local predominance of
this clone in many countries including European countries [143,144], the Middle East, Asia, and South
America [145]. Another epidemic clone, MRSA-S5T22, has been predominately identified in recent
years throughout the Middle East [44,45,146-154], Europe [155-160], and Asia [161-163]. For North
Africa, the lower number of studies on MRSA means that MRSA lineages remained unclear.

Efforts to understand the main factors contributing to the reduced prevalence of MRSA ST80,
as well as host and environmental factors associated with its decline, could help us manage future
outbreaks of MRSA. It would be interesting to consider whole genome analysis in future studies, which
could give a particular vision of the expansion of this clone and its decline. In addition, surveillance
programs to detect new and expanding MRSA clones would help us better understand how lineages
develop to occupy different niches.

4. Materials and Methods

4.1. Literature Review

We systematically reviewed the literature to identify all peer-reviewed publications, including
genotyping information on MRSA isolates.

A PubMed search was conducted for citations related to MRSA ST80 clone published from
2003 to 2019 using the following search criteria: (“2003/01/01” (date—publication): “2019/08/31”
(date—publication)) and “methicillin-resistant Staphylococcus aureus ST80”, “oxacillin-resistant
Staphylococcus aureus ST80”, “MRSA ST80”, “ORSA ST80”, “methicillin-resistant Staphylococcus aureus
CC80”, “oxacillin-resistant Staphylococcus aureus CC80”, “MRSA CC80”, and “ORSA CC80”. Citations
were chosen for a review of the full text if ST80 clone was reported in the study or genotyping of MLST
was performed for the study. Studies were then sorted by the country of sampling.

4.2. Data Abstraction

The search criteria identified isolates from 103 articles for inclusion. Data on 18,510 isolates (5571
MRSA-ST80/18, 510 MRSA) were, then, abstracted into an Excel database. For each isolate, the country
of collection, dates of isolation, source of the isolation (animal species, human or other niches), types of
specimens (infection or carriage), number of MRSA strains, number of MRSA ST80, and antibiotic
resistance pattern were recorded.

For each isolate, the following genotyping information was recorded if it was provided in the
article: SCCmec type; spa type; agr type; the presence or absence of PVL; virulence genes, and antibiotic
resistance genes (Table S1).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/2/119/s1,
Table S1: Characteristics of MRSA-ST80 isolates published and studied in this review.
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