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Highlights

¢ In children and adults, PVL toxin could promote hematogenous osteomyelitis (OM)
e Particular lineages as MSSA ST398 and PVL-positive lineages are associated with OM

e The most frequent clones causing OM were the same described in HA or CA infections
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Abstract

Objectives Staphylococcus aureus is the most common causative organism of osteomyelitis (OM). Nevertheless, the
molecular epidemiology of 'S. aureus causing OM remains ill-defined. This study aims to address the global
epidemiology of S. aureus clones from OM patients.

Methods Literature databases were searched for studies reporting the molecular typing of S. aureus involved in OM,
published between January 1, 2000 and July 29, 2020. Data from 32 articles that fulfilled inclusion criteria were
analyzed for year of publication, country of patients, methicillin-susceptibility, and genotypic characteristics of S.
aureus isolates.

Results Pandemic clones CC5, CC8, CC22, CC30 and CC45 were the most common in OM. The distribution of clones
greatly differed among studies due to the local epidemiology of S. aureus and to the MSSA heterogeneity. PVL-positive
MRSA clones belonging to ST80/CC80 and ST8/CC8/USA300 were the most common among paediatric patients in
Europe and USA; greater variability was observed in the adult population. In Europe, MRSA belonged to PVL-negative

CC5, CC8 and CC22 indicating a nosocomial origin of infections; in Asia the PVL-positive ST59/CC59 MRSA was the
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most frequent. PVL-positive clones were often detected in hematogenous OM in children and adults. Although MSSA
were polyclonal, the PVL-negative ST398/CC398 MSSA was the most prevalent clone in diabetic foot OM.
Conclusions All major S. aureus clones circulating in both hospital and community settings appear to be capable of
causing OM. Future studies reporting molecular typing and genomic data will provide more insights into the
epidemiology and pathobiology of S. aureus clones causing OM.

Keywords: Staphylococcus aureus; osteomyelitis; MRSA; molecular typing; clones; molecular epidemiology.

1. Introduction

Osteomyelitis (OM) is an infective and inflammatory process of the bone, which can progress to osteonecrosis and bone
destruction [1]. Several aspects contribute to the complexity of OM, principally the heterogeneity of the clinical
presentation and the pathophysiology of the disease. Based on the source of infection and etiology, Waldvogel [1]
classified OM in three categories: i) haematogenous OM,; ii) contiguous OM, i.e. OM caused by the contiguous spread
of infection from an exogenous source; iii) vascular insufficiency OM. Atypical feature of OM is the bimodal age
distribution with a peak of incidence in children under 5 and aduits over 50 years of age [2]. Haematogenous OM is the
most frequent type of OM in children, accounting for up to 80% of the cases, and affecting mostly long bones, while in
adults haematogenous OM affects most frequently spinal bones [3]. In younger adults, OM is often related to trauma or
surgery. In older adults, contiguous OM is the most common type of OM, being frequently associated with orthopaedic
surgery or infected diabetic ulcers, mainly in the lower extremities [3]. All types of microorganism, including bacteria,
viruses, parasites, and fungi may cause OM, although bacteria, and particularly Gram-positive bacteria, are the most
frequent. Staphylococcus aureus is responsible for up to 60% of all OM cases, followed by coagulase-negative
staphylococci, such as Staphylococcus epidermidis, and Streptococcus species. Among Gram-negative bacteria,
Pseudomonas aeruginosa and a few emerging pathogens, such as the fastidious organism Kingella kingae, predominate
[3, 4]. Many studies indicate a severe prognosis for OM due to S. aureus which may be related to the broad virulence
armamentarium of this organism and the immunopathological reaction in response to the bacterial toxins [5, 6].

S. aureus possesses a large arsenal of virulence factors. In particular, S. aureus expresses several virulence factors that
allow the interaction of the bacterial cells with the extracellular bone matrix, such as adhesins or MSCRAMMSs
(microbial surface components recognizing adhesive matrix molecules) [6]. S. aureus can also produce biofilm, invades
osteoblasts and survives intracellularly by conversion to an intracellular status known as small-colony variant [6]. The
peculiar characteristics of the infection make the management of S. aureus OM quite challenging, since it requires
prolonged antibiotic therapy and is frequently associated with relapses. The choice of an effective antibiotic therapy can

be difficult, especially for methicillin-resistant S. aureus (MRSA) which is frequently multi-drug resistant.



Journal Pre-proof

Consequently, OM due to MRSA is associated with more severe clinical outcome and higher frequency of long-term
sequelae, as compared with OM due to methicillin-sensitive Staphylococcus aureus (MSSA) [7].

MRSA causing infections in humans can be classified into three broad categories on the basis of epidemiologic and
microbiologic criteria: healthcare-associated (HA), community-associated (CA), and livestock-associated (LA) MRSA
[8]. In the present time these distinctions are blurred due to the osmosis of isolates from one setting to the other. Each
clone or even strain is endowed with distinct antibiotic-resistance characteristics and/or virulence traits [8]. Sequence-
based methods as multilocus sequence typing (MLST) and spa typing, extensively used to differentiate S. aureus
clones, were recently replaced by more informative whole genome sequencing (WGS) data [9]. However, information
regarding the molecular types of S. aureus responsible for OM is very limited, since there is a tendency to classify the
strains based on their epidemiology, history of the patients and presence of the Panton—Valentine leucocidin (PVL)
toxin, without molecular typing data. To provide an updated overview of the major clones of S. aureus causing of OM

and OM-related diseases in humans worldwide, the available literature has critically been reviewed.

2. Methods

2.1 Literature review and information sources

A literature review was conducted to identify studies reporting the molecular typing of S. aureus from bone and joint
infections, including osteomyelitis, arthritis, and implant-related infections. The literature was selected by searching in
the title, abstract and controlled terms of four databases: MEDLINE, BIOSIS, EMBASE, and SCISEARCH.

2.2 Inclusion and exclusion criteria

Single and multicentre studies and case reports were included if they: i) reported the molecular typing as Sequence
Type (ST) or Clonal Complex (CC) of S. aureus isolates from patients diagnosed for OM or bone and joint infection; ii)
were published between January 1, 2000 and July 29 2020. Studies were excluded if they classified S. aureus as
community-associated MRSA/MSSA (CA-MRSA/MSSA) or hospital-associated MRSA/MSSA (HA-MRSA/MSSA)
or livestock-associated MRSA/MSSA (LA-MRSA/MSSA) only based on the clinical history of the patients without
molecular typing. No restriction was made based upon language and articles regarding animals were excluded.

2.3 Search strategy

Literature searches were performed using the search terms: “Staphylococcus aureus” and “osteomyelitis” and/or “bone
and joint infections”, and/or “arthritis”, and/or “implant-related infection” and “typing” or “clone” or “MLST” or “spa
type” or “community-associated MRSA” or “CA-MRSA” or “community-associated MSSA” or “CA-MSSA” or
“hospital-associated MRSA” or “HA-MRSA”or “hospital-associated MSSA” or “HA-MSSA” or “livestock-associated

MRSA” or “LA-MRSA” or “livestock-associated MSSA” or “LA-MSSA”.
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2.4 Data extraction and management
The following data, if available, were extracted from each article: i) year of publication; ii) country of the study; iii)
study design; iv) study size; v) methicillin-resistance (MSSA vs. MRSA); vi) age of patients; vii) genotypic

characteristics of S. aureus isolates (spa type, ST, CC); viii) presence of PVL toxin.

3. Results

3.1 The review process

The literature searches produced 493 articles. Duplicates and articles that did not meet the inclusion criteria were
excluded. A screening of the abstracts was performed to select relevant articles, and 32 fulfilled the inclusion criteria,
comprising the molecular typing of the isolates (Figure 1).

3.2 Selected literature

Out of the 32 selected papers, 11 (34%) were single-centre studies, 6 (19%), multicentre studies and 15 (47%) case
reports (Figure 1). The single-centre (SC) and multicentre (MC) studies reported the characteristics of different isolates
(from 12 to 958), most of which originating from OM or bone and joint infections. Twelve studies (38%) were
conducted in patients under 18 years of age, 12 (37.5%) in adults; for 6 studies (19%) the age of the patients was not
available, and two studies includes patients of all ages (Tables 1 and 2).

3.4 S. aureus clones isolated from OM

3.4.1 Paediatric population

Four studies were conducted among paediatric patients in Greece, Tunisia, USA and Korea, involving children with
OM aged 1-18 years [10-13]. The studies conducted in Greece, Tunisia and Korea included bone and joint infections
caused by both MSSA and MRSA, while only MRSA were included in the study from USA. The peculiarity of the
studies conducted in Greece, Tunisia and USA was that in each country a single clone was prevalent among MRSA and
carried the PVL toxin encoding genes. In the multicentre (MC) study from Greece, MRSA represented 38.2% of the
isolates and the most common MRSA clone was the PVL-positive ST80/CC80 (92.3%) while MSSA isolates showed
polyclonality [10] (Table 1). In the study from Tunisia, MRSA accounted for 41.7% of the isolates, all belonging to the
PVL-positive ST728/CC80 clone [11] while in USA all the MRSA isolates belonged to the PVL-positive
ST8/CC8/USA300 pandemic clone. In the study from Korea, MRSA represented 23.1% of the isolates and ST30/CC30
was the predominant clone (34.6%) in both MRSA and MSSA; no data were provided about the carriage of PVL genes
in Korean isolate [13] (Table 1). Considering the 8 case reports involving children, 5 (62.5%) described mostly
hematogenous OM caused by pandemic PVL-positive strains [14-21] (Table 2).

3.4.2 Adult population
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Five studies were conducted in the adult population, 4 in France and 1 in Germany (Table 1). In the first French MC
study, MSSA and MRSA were isolated from patients suffering from diabetic foot OM [22]. The most common clone
was the PVL-negative ST398/CC398, which accounted for 46.0% of MSSA isolates. MRSA represented only 16.0% of
the isolates and belonged to CC8, CC5, and CC22 (Table 1). Due to the epidemiological importance of these clones in
bone infections, two other French studies screened a large collection of S. aureus isolated from bone and joint infection
(485 and 958 respectively) and observed the CC398 in more than 14% of the MSSA [23,24]. In one of these two papers,
Valour et al. [23] also carried out a parallel SC study including 75 MSSA with the most common clones belonging to
CC30, CC5, CC45 and CC398. In another French study, only one isolate belonging to CC398 was detected, while the
most common clones were CC30, CC5, and CC8 [25]. In the German SC study, isolates were obtained from patients
with haematogenous OM or orthopaedic prosthetic infections [26]. In haematogenous OM, the majority of MSSA
isolates and the single MRSA belonged to CC22 whereas in orthopaedic prosthetic infections MSSA belonged mostly
to CC7 (40.0%) and MRSA to CC8 and CC5 (Table 1). Regarding the 7 case reports of OM in adults, 6 were due to
MRSA [27-33] (Table 2). PVL-positive MRSA were reported from haematogenous OM and arthritis and included the
pandemic clones ST8/CC8/USA300, ST30/CC30 and the “Bengal Bay clone” ST772/CC1, commonly circulating in the
South-East Asia (Table 2). The case described by Nakaminami et al. [33] reported for the first time an invasive
infection caused by ST1232/CC398 MRSA, a single locus variant of ST398, in a patient who had not had previous
animal contact (Table 2).

3.4.3 Studies with patients of all ages or unknown age

Eight studies involving patients with bone and joint infections were conducted in Europe, South America and Asia [34—
41] (Table 1). Unfortunately, in 6 out of 8 studies the age of patients was unavailable, in the other two studies patients
with different ages were-included. In Germany, CC8, CC45 and CC30 were the most prevalent clones among MSSA
while MRSA accounted for only 5.9% of the isolates mostly belonging to CC5 [34] (Table 1). In the MC study
conducted in Switzerland and France, MRSA accounted for 25.7% of the isolates and CC5 and CC8 were identified.
The MSSA isolates were mostly represented by CC30, CC45, CC59 and CC5. The prevalence of PVL-positive strains
in MSSA and MRSA was low (1.6%). In Italy, the most frequent clone detected among MSSA from orthopaedic
implant-related infections was CC30 and the PVL was detected in one isolate only [36]. Two large MC studies were
performed in South America. In Argentina, high MRSA rate (45.7 %) was reported; the most frequent CC in MSSA and
MRSA isolates were CC5, CC97, CC1, CC8 and CC30, and PVL encoding genes were detected in 25.5% of the isolates
[37] (Table 1). In the second South American study, only MSSA isolates were considered, and the most common clones
were CC5, CC8, CC30 and CC45; no data were available about the carriage of PVL toxin genes [38] (Table 1). In one

SC study carried out in China, MRSA represented 15.0% of the isolates [39]. The most frequent clones among MRSA
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and MSSA belonged to CC1 followed by CC59, the latter being frequent in Asia. The PVL toxin encoding genes were
detected in 28.3% of the isolates (Table 1). A SC study including only MRSA from OM was conducted in Taiwan in
patients aged from 15 to 98 years old (mean 60) [40]. Interestingly, a high rate of PVL positive strains (56%) was
detected and the most representative clones belonged to CC8 and CC59. The Norwegian SC study included patients of
all ages and the most frequent clones belonged to CC45 and CC30 while the single MRSA belonged to CC5; no isolates

carried the PVL toxin encoding genes [41].

4. Discussion

Despite the importance of S. aureus in bone and joint infections, the number of studies that reported the molecular
characteristics of S. aureus in OM isolates is surprisingly low. A substantial number of publications on OM was
excluded from the review due to the lack of molecular characterization (ST, CC, or spa types) which is fundamental for
understanding the epidemiology and circulation of clones. Nowadays, the epidemiological classification in HA and CA
clones has lost its value, as in the last decades there has been a migration of these clones between community and
hospital environments [42]. LA lineages as well have become cause of hospital infections, in patients without previous
contact with farm animals [43]. Therefore, in descriptive studies, molecular typing is vital for understanding the genetic
background and tracing the epidemiology of isolates from both hospital and the community settings.

In this review, the most frequent OM type described in paediatric patients was haematogenous OM. MRSA isolates
were more frequently detected among chiidren than from the adult population. MRSA in paediatric patients ranged from
38.2 to 41.7% of the isolates while in adult patients from 7.7 to 16.7% of the isolates. PVL-positive strains among
paediatric patients were detected in 96.2 to 100% of the MRSA isolates. Indeed, most of the strains isolated from
paediatric patients belonged to CA-MRSA lineages that produce the PVL toxin. In Greece and Tunisia, almost half of
the isolates from paediatric patients belonged to the CC80 lineage which includes the PVL-positive “European clone”
ST80, the most common CA-MRSA in Europe [10,11]. Although limited to a single study, the PVL-positive CA-
MRSA ST8/CC8/USA300 was the only clone found among children with OM in the USA [12]. The PVL toxin is a
two-component toxin acting on cellular targets such as polymorphonuclear leukocytes, monocytes and macrophages
leading to cell destruction [2], and is therefore considered an important virulence factor, especially in necrotizing
infections [44]. PVL-producing strains have been linked with aggressive manifestations, e.g. severe sepsis, septic
arthritis, multifocal OM involving multiple bones, and intraosseous and intramuscular abscesses [2,45]. PVL-positive
strains are considered quite rare in S. aureus musculoskeletal infections [44], although in children with haematogenous

OM PVL-positive strains were frequently detected [10-12, 46, 47]. It is unclear why paediatric patients are so
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frequently affected by PVL-positive strains. One possible explanation is that CA-MRSA carrying PVL genes mostly
affect young and healthy people in the community [48].

Regarding adult patients, OM was mainly due to a contiguous spread from infected or contaminated body site to the
bone tissue as the result of trauma, orthopaedic surgery, implant-related infections, or diabetic foot infections. Different
from studies in paediatric patients, in adults PVL-positive strains were rarely detected, and their frequency ranged from
0 to 2.7% for MSSA and from 0 to 14.3% for MRSA. Only in one study from Taiwan, involving patients from 15 to 98
years, 56% of MRSA isolates carried the PVL genes and belonged to CA-MRSA ST59/CC59 known as the “Taiwan
Clone” [40]. Interestingly, also the adult cases of haematogenous OM described in some case reports were associated
with PVL-positive CA-MRSA suggesting that the PVL toxin could favour infection of the bone through haematogenous
dissemination of S. aureus. In most of the adult studies, the MRSA lineages detected in OM were CC5, CC8 and CC22,
which are frequently isolated in hospital settings, suggesting a link between OM in adults and a nosocomial origin of
the strain.

Different from MRSA, the MSSA isolates from OM were very heterogeneous, belonging to a variety of different
lineages. One exception was represented by the MSSA ST398/CC398 that was the most frequent clone detected among
adult patients affected by OM in studies conducted in France [22-24]. ST398 was first described as a livestock-
associated MRSA, and many studies reported infections with LA-MRSA ST398 worldwide [49]. The human-associated
MSSA ST398 diverged from the livestock lineage approximately 40 years ago [50], and has recently been reported as a
cause of invasive infections with a high risk of mortality in patients without livestock contact, in both community and
hospital settings, in various parts of the world, including Europe, China, and the United States [50-52]. The high
prevalence of this clone in OM in France probably reflects the local epidemiology, since the presence of MSSA
ST398/CC398 in invasive infections was frequently documented in France during the last years [53, 54].

Despite the limitations of this review, consisting in the small number of eligible studies, and the heterogeneity of the
data analysed, some conclusions can be drawn. In general, the MRSA clones identified in the various studies, both in
children and in adults, reflect the local epidemiology of S. aureus infections: in children the majority of the isolates
causing OM are PVL-positive CA-MRSA. CC80 is prevalent in Europe, while ST8/CC8/USA300 is prevalent in the
USA. In adults, OM are mainly caused by the major pandemic HA-MRSA lineages such as CC5, CC8, and CC22, with
the exception of the PVL-positive CA-MRSA CC59 circulating in Asia. In children, as well as in adults, PVL-positive
strains are frequently detected from cases of hematogenous OM suggesting a role for PVL in promoting hematogenous
OM. Generally, MSSA causing OM in both children and adults belonged to heterogeneous genotypes and, with few

exceptions (e.g. MSSA ST398), no prevalent lineages were identified.
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The most frequent clones causing bone infections were the same pandemic clones described in HA or CA infections
[49, 55-57]. All major S. aureus clones widespread in both hospital and community settings appear to be capable of
causing bone and joint infections. However, it can be hypothesized that particular lineages (e.g. PVL-positive lineages,
MSSA ST398) possess additional virulence factors that facilitate bone infection. Therefore, it is mandatory to define the
genotype of S. aureus causing OM by applying up-to-date genomic approaches, primarily WGS, in order to trace more
precisely the epidemiology of isolates and highlight genetic trait(s) favouring the adhesion and invasion of the bone
tissues (adhesins, immuno-evasion factors and biofilm formation genes), as well as tissue damage (toxins). Improving
the knowledge about OM pathogenesis and gaining more insights into the genetic background of S. aureus causing OM
could contribute to adopt more effective prevention and treatment strategies for patients affected by this serious

infection.

Authors’ contributions

AP, PV, and FPA conceived and designed the study. FPA acquired the data and drafted the manuscript. FPA, AP, PV
and MM analysed and interpreted the data. MM, MP and MDG participate in drafting the manuscript. All authors read
and approved the final version of the manuscript.

Funding information

This work was supported in part by the Italian Ministry of Health-Centro Controllo Malattie (CCM), 2017 project:
“Sviluppo e adozione di metodiche innovative di diagnostica molecolare rapida nella identificazione dell’antibiotico-
resistenza nella sorveglianza delle infezioni ospedaliere, in ambito di sanita’ di base e prima prescrizione e nei centri di
accoglienza dei migranti in Italia” and by the grants “Excellence Departments” from the Italian Ministry of Education,
University and Research- (MIUR-Italy) (Art. 1, comma 314-337 Legge 232/2016) to the Department of Science, Roma
Tre University and “PRIN 2017 grant prot. 20177J5Y3P from MIUR-Italy to PV.

Conflict of interests

The authors declare that they have no conflict of interest.

Ethical approval

Not required

Acknowledgments

We thank Dr. Rosaria Rosanna Cammarano, for her assistance in the electronic literature database search.



Journal Pre-proof

References

[1] Waldvogel FA, Medoff G, Swartz MN. Osteomyelitis: a review of clinical features, therapeutic considerations
and unusual aspects. N Engl J Med 1970; 282:198-206. https://doi.org/10.1056/NEJM197001222820406.

[2] Jaramillo D. Infection: musculoskeletal. Pediatr Radiol 2011; 41 Suppl 1:S127-134.
https://doi.org/10.1007/s00247-011-2001-y.

[3] Kremers HM, Nwojo ME, Ransom JE, Wood-Wentz CM, Melton LJ, Huddleston PM. Trends in the
epidemiology of osteomyelitis: a population-based study, 1969 to 2009. J Bone Joint Surg Am 2015; 97: 837-45.
https://doi.org/10.2106/JBJS.N.01350.

[4] Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG. Staphylococcus aureus infections: epidemiology,
pathophysiology, clinical manifestations, and management. Clin Microbiol Rev 2015; 28: 603-61.
https://doi.org/10.1128/CMR.00134-14.

[5] Bhavan KP, Marschall J, Olsen MA, Fraser VVJ, Wright NM, Warren DK. The epidemiology of hematogenous
vertebral osteomyelitis: a cohort study in a tertiary care hospital. BMC Infect Dis 2010; 10: 158.
https://doi.org/10.1186/1471-2334-10-158.

[6] Kavanagh N, Ryan EJ, Widaa A, Sexton G, Fennell J, O’Rourke S, et al. Staphylococcal osteomyelitis: disease
progression, treatment challenges, and future directions. Clin Microbiol Rev 2018; 31.
https://doi.org/10.1128/CMR.00084-17.

[71 Davis WT, Gilbert SR. Comparison of methicillin-resistant versus susceptible Staphylococcus aureus pediatric
osteomyelitis. J Pediatr Orthop 2018; 38: e285-91. https://doi.org/10.1097/BP0O.0000000000001152.

[8] Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka P, Borg M, et al. A field guide to pandemic, epidemic
and sporadic clones of methicillin-resistant Staphylococcus aureus. PLoS ONE 2011; 6: e17936.
https://doi.org/10.1371/journal.pone.0017936.

[91 Humphreys H, Coleman DC. Contribution of whole-genome sequencing to understanding of the epidemiology
and control of meticillin-resistant Staphylococcus aureus. J Hosp Infect 2019; 102: 189-99.
https://doi.org/10.1016/j.jhin.2019.01.025.

[10] Bouras D, Doudoulakakis A, Tsolia M, Vaki I, Giormezis N, Petropoulou N, et al. Staphylococcus aureus
osteoarticular infections in children: an 8-year review of molecular microbiology, antibiotic resistance and
clinical characteristics. Journal of Medical Microbiology 2018; 67: 1753-60.
https://doi.org/10.1099/jmm.0.000859.

[11] Kechrid A, Pérez-Vazquez M, Smaoui H, Hariga D, Rodriguez-Bafios M, Vindel A, et al. Molecular analysis of

community-acquired methicillin-susceptible and resistant Staphylococcus aureus isolates recovered from



Journal Pre-proof

bacteraemic and osteomyelitis infections in children from Tunisia. Clinical Microbiology and Infection 2011; 17:
1020-6. https://doi.org/10.1111/j.1469-0691.2010.03367.x.

[12] Gaviria-Agudelo C, Aroh C, Tareen N, Wakeland EK, Kim M, Copley LA. Genomic heterogeneity of methicillin
resistant Staphylococcus aureus associated with variation in severity of illness among children with acute
hematogenous osteomyelitis. PLoS ONE 2015; 10:e0130415. https://doi.org/10.1371/journal.pone.0130415.

[13] Park SG, Lee HS, Park JY, Lee H. Molecular epidemiology of Staphylococcus aureus in skin and soft tissue
infections and bone and joint infections in korean children. J Korean Med Sci 2019; 34.
https://doi.org/10.3346/jkms.2019.34.e315.

[14] Isobe H, Miyasaka D, Ito T, Takano T, Nishiyama A, Iwao Y, et al. Recurrence of pelvic abscess from Panton-
Valentine leukocidin-positive community-acquired ST30 methicillin-resistant Staphylococcus aureus: Recurrence
of PVL * ST30 MRSA infection. Pediatr Int 2013; 55: 120-3. https://doi.org/10.1111/j.1442-200X.2012.03612.x.

[15] Rozenbaum R, Sampaio MG, Batista GS, Garibaldi AM, Terra GMF, Souza MJ, et al. The first report in Brazil of
severe infection caused by community-acquired methicillin-resistant Staphylococcus aureus (CA-MRSA). Braz J
Med Biol Res 2009; 42: 756-60. https://doi.org/10.1590/S0100-879X2009005000007.

[16] Yabe S, Takano T, Higuchi W, Yamamoto T, Mimura S, Kurosawa Y. Spread of the community-acquired
methicillin-resistant Staphylococcus aureus USA300 clone among family members in Japan. Journal of Infection
and Chemotherapy 2010; 16: 372—-4. https://doi.org/10.1007/510156-010-0087-z.

[17] Acufa M, Benadof D, Jadue C, Hormazabal JC, Alarcén P, Contreras J, et al. Staphylococcus aureus resistente a
meticilina asociado a la comunidad (SARM-AC): comunicacion de los primeros cuatro casos pediatricos
descritos en Hospital de Nifios Roberto del Rio. Rev chil infectol 2015; 32: 350-6. https://doi.org/10.4067/S0716-
10182015000400016.

[18] Yuan W, Hu Q, Cheng H, Shang W, Liu N, Hua Z, et al. Cell wall thickening is associated with adaptive
resistance to amikacin in methicillin-resistant Staphylococcus aureus clinical isolates. Journal of Antimicrobial
Chemotherapy 2013; 68: 1089-96. https://doi.org/10.1093/jac/dks522.

[19] Sawanobori E, Hung W-C, Takano T, Hachuda K, Horiuchi T, Higuchi W, et al. Emergence of Panton-Valentine
leukocidin-positive ST59 methicillin-susceptible Staphylococcus aureus with high cytolytic peptide expression in
association with community-acquired pediatric osteomyelitis complicated by pulmonary embolism. Journal of
Microbiology, Immunology and Infection 2015; 48: 565-73. https://doi.org/10.1016/j.jmii.2014.04.015.

[20] Damasco PV, Chamon RC, Barbosa ATL, da Cunha S, Aquino JHW, Cavalcante FS, et al. Involvement of

methicillin-susceptible Staphylococcus aureus related to sequence type 25 and harboring pvl genes in a case of



Journal Pre-proof

carotid cavernous fistula after community-associated sepsis. J Clin Microbiol 2012; 50: 196-8.
https://doi.org/10.1128/JCM.00972-11.

[21] Otter JA, Klein JL, Watts TL, Kearns AM, French GL. Identification and control of an outbreak of ciprofloxacin-
susceptible EMRSA-15 on a neonatal unit. Journal of Hospital Infection 2007; 67: 232-9.
https://doi.org/10.1016/j.jhin.2007.07.024.

[22] Senneville E, Briére M, Neut C, Messad N, Lina G, Richard J-L, et al. First report of the predominance of clonal
complex 398 Staphylococcus aureus strains in osteomyelitis complicating diabetic foot ulcers: a national French
study. Clinical Microbiology and Infection 2014; 20: O274-7. https://doi.org/10.1111/1469-0691.12375.

[23] Valour F, Rasigade J-P, Trouillet-Assant S, Gagnaire J, Bouaziz A, Karsenty J, et al. Delta-toxin production
deficiency in Staphylococcus aureus: a diagnostic marker of bone and joint infection chronicity linked with
osteoblast invasion and biofilm formation. Clin Microbiol Infect 2015; 21: 568.e1-11.
https://doi.org/10.1016/j.cmi.2015.01.026.

[24] Bouiller K, Hocquet D, Sauget M, Bertrand X, Chirouze C. Epidemiology and risk factors of Staphylococcus
aureus CC398 bone and joint infections. BMC Infect Dis 2020; 20: 384. https://doi.org/10.1186/s12879-020-
05098-0.

[25] Aubin GG, Lepelletier D, Reynaud A, Lavigne J-P, Corvec S. Methicillin-susceptible Staphylococcus aureus
CC398: First description in prosthetic joint infection and genetic background comparison with nasal carriage
isolates. Journal of Infection and Chemotherapy 2014; 20: 394-6. https://doi.org/10.1016/j.jiac.2014.03.007.

[26] Tuchscherr L, Péllath C, Siegmund A, Deinhardt-Emmer S, Hoerr V, Svensson C-M, et al. Clinical
Staphylococcus aureus-isolates vary in their virulence to promote adaptation to the host. Toxins 2019;11:135.
https://doi.org/10.3390/toxins11030135.

[27] Seybold U, Talati NJ, Kizilbash Q, Shah M, Blumberg HM, Franco-Paredes C. Hematogenous osteomyelitis
mimicking osteosarcoma due to community associated methicillin-resistant Staphylococcus aureus. Infection
2007; 35: 190-3. https://doi.org/10.1007/s15010-007-6058-3.

[28] Kaulkarni G, Pal P, Veena Kumari H, Goyal M, Kovoor JME, Nadig S, et al. Community-acquired methicillin-
resistant Staphylococcus aureus pyomyositis with myelitis: A rare occurrence with diverse presentation. Neurol
India 2009; 57: 653. https://doi.org/10.4103/0028-3886.578009.

[29] Dhanoa A, Singh VA, Mansor A, Yusof MY, Lim K-T, Thong K-L. Acute haematogenous community-acquired
methicillin-resistant Staphylococcus aureus osteomyelitis in an adult: Case report and review of literature. BMC

Infect Dis 2012; 12: 270. https://doi.org/10.1186/1471-2334-12-270.



Journal Pre-proof

[30] HsulLY, KohTH, TanTY, Ito T, Ma XX, Lin RT, et al. Emergence of community-associated methicillin-
resistant Staphylococcus aureus in Singapore: a further six cases. Singapore Med J 2006; 47: 20-6.

[31] Donate-Correa J, Alcoba-Flérez J. New Staphylococcus aureus genetic cluster associated with infectious
osteomyelitis. International Microbiology 2011:33-40. https://doi.org/10.2436/20.1501.01.133.

[32] Murra M, Mortensen KL, Wang M. Livestock-associated methicillin-resistant Staphylococcus aureus (clonal
complex 398) causing bacteremia and epidural abscess. International Journal of Infectious Diseases 2019; 81.:
107-9. https://doi.org/10.1016/j.ijid.2019.01.012.

[33] Nakaminami H, Hirai Y, Takadama S, Noguchi N. Arthritis Caused by MRSA CC398 in Patient without Animal
Contact, Japan. Emerging Infectious Diseases 2020; 26: 3.

[34] Luedicke C, Slickers P, Ehricht R, Monecke S. Molecular fingerprinting of Staphylococcus aureus from bone and
joint infections. Eur J Clin Microbiol Infect Dis 2010; 29: 457—63. https://doi.org/10.1007/s10096-010-0884-4.

[35] PostV, Wahl P, Uckay I, Ochsner P, Zimmerli W, Corvec S, et al. Phenotypic and genotypic characterisation of
Staphylococcus aureus causing musculoskeletal infections. International Journal of Medical Microbiology 2014;
304: 565-76. https://doi.org/10.1016/j.ijmm.2014.03.003.

[36] Montanaro L, Ravaioli S, Ruppitsch W, Campoccia D, Pietrocola G, Visai L, et al. Molecular characterization of
a prevalent ribocluster of methicillin-sensitive Staphylococcus aureus from orthopedic implant infections.
Correspondence with MLST CC30. Front Cell Infect Microbiol 2016; 6.
https://doi.org/10.3389/fcimb.2016.00008.

[37] Lattar SM, Tuchscherr LPN, Centron D, Becker K, Predari SC, Buzzola FR, et al. Molecular fingerprinting of
Staphylococcus aureus isolated from patients with osteomyelitis in Argentina and clonal distribution of the
cap5(8) genes and of other selected virulence genes. Eur J Clin Microbiol Infect Dis 2012; 31: 2559-66.
https://doi.org/10.1007/s10096-012-1596-8.

[38] Rincon S, Reyes J, Carvajal LP, Rojas N, Cortes F, Panesso D, et al. Cefazolin high-inoculum effect in
methicillin-susceptible Staphylococcus aureus from South American hospitals. Journal of Antimicrobial
Chemotherapy 2013; 68: 2773-8. https://doi.org/10.1093/jac/dkt254.

[39] Jiang B, Wang Y, Feng Z, Xu L, Tan L, Zhao S, et al. Panton-Valentine Leucocidin (PVL) as a potential
indicator for prevalence, duration, and severity of Staphylococcus aureus osteomyelitis. Front Microbiol 2017; 8.
https://doi.org/10.3389/fmich.2017.02355.

[40] Peng K-T, Huang T-Y, Chiang Y-C, Hsu Y-Y, Chuang F-Y, Lee C-W, et al. Comparison of methicillin-resistant
Staphylococcus aureus isolates from cellulitis and from osteomyelitis in a Taiwan hospital, 2016-2018. JCM

2019; 8: 816. https://doi.org/10.3390/jcm8060816.



Journal Pre-proof

[41] Blomfeldt A, Aamot HV, Eskesen AN, Miiller F, Monecke S. Molecular Characterization of Methicillin-
Sensitive Staphylococcus aureus isolates from bacteremic patients in a Norwegian University Hospital. J Clin
Microbiol 2013; 51: 345-7. https://doi.org/10.1128/JCM.02571-12.

[42] Lakhundi S, Zhang K. Methicillin-resistant Staphylococcus aureus: molecular characterization, evolution, and
epidemiology. Clin Microbiol Rev 2018; 31. https://doi.org/10.1128/CMR.00020-18.

[43] Cuny C, Wieler LH, Witte W. Livestock-associated MRSA: the impact on humans. Antibiotics (Basel) 2015; 4:
521-43. https://doi.org/10.3390/antibiotics4040521.

[44] Shallcross LJ, Fragaszy E, Johnson AM, Hayward AC. The role of the Panton-Valentine leucocidin toxin in
staphylococcal disease: a systematic review and meta-analysis. Lancet Infect Dis 2013; 13: 43-54.
https://doi.org/10.1016/S1473-3099 (12)70238-4.

[45] Saeed K, Gould I, Esposito S, Ahmad-Saeed N, Ahmed SS, Alp E, et al. Panton—Valentine leukocidin-positive
Staphylococcus aureus: a position statement from the International Society of Chemotherapy. International
Journal of Antimicrobial Agents 2018; 51: 16-25. https://doi.org/10.1016/j.ijantimicag.2017.11.002.

[46] Martinez-Aguilar G, Avalos-Mishaan A, Hulten K, Hammerman W, Mason EO, Kaplan SL. Community-
acquired, methicillin-resistant and methicillin-susceptible Staphylococcus aureus musculoskeletal infections in
children. Pediatr Infect Dis J 2004; 23: 701-6. https://doi.org/10.1097/01.inf.0000133044.79130.2a.

[47] Bocchini CE, Hulten KG, Mason EO, Gonzalez BE, Hammerman WA, Kaplan SL. Panton-Valentine leukocidin
genes are associated with enhanced inflammatory response and local disease in acute hematogenous
Staphylococcus aureus osteomyelitis in children. Pediatrics 2006; 117: 433-40.
https://doi.org/10.1542/peds.2005-0566.

[48] Chambers HF. The changing epidemiology of Staphylococcus aureus? Emerging Infect Dis 2001; 7: 178-82.
https://doi.org/10.3201/eid0702.010204.

[49] Monaco M, Pimentel de Araujo F, Cruciani M, Coccia EM, Pantosti A. Worldwide epidemiology and antibiotic
resistance of Staphylococcus aureus. In: Bagnoli F, Rappuoli R, Grandi G, editors. Staphylococcus aureus:
microbiology, pathology, immunology, therapy and prophylaxis, Cham: Springer International Publishing; 2017,
p. 21-56. https://doi.org/10.1007/82_2016_3.

[50] Uhlemann A-C, Porcella SF, Trivedi S, Sullivan SB, Hafer C, Kennedy AD, et al. Identification of a highly
transmissible animal-independent Staphylococcus aureus ST398 clone with distinct genomic and cell adhesion

properties. MBio 2012; 3. https://doi.org/10.1128/mBi0.00027-12.



Journal Pre-proof

[51] Vandendriessche S, Kadlec K, Schwarz S, Denis O. Methicillin-susceptible Staphylococcus aureus ST398-t571
harbouring the macrolide-lincosamide-streptogramin B resistance gene erm(T) in Belgian hospitals. J Antimicrob
Chemother 2011; 66: 2455-9. https://doi.org/10.1093/jac/dkr348.

[52] YuF, Chen Z, Liu C, Zhang X, Lin X, Chi S, et al. Prevalence of Staphylococcus aureus carrying Panton-
Valentine leukocidin genes among isolates from hospitalised patients in China. Clin Microbiol Infect 2008; 14:
381-4. https://doi.org/10.1111/j.1469-0691.2007.01927 ..

[53] Sauget M, Bouiller K, Richard M, Chagrot J, Cholley P, Hocquet D, et al. Increasing incidence of bloodstream
infections due to Staphylococcus aureus clonal complex 398 in a French hospital between 2010 and 2017. Eur J
Clin Microbiol Infect Dis 2019; 38: 2127-32. https://doi.org/10.1007/s10096-019-03653-5.

[54] Brunel A-S, Bafiuls A-L, Marchandin H, Bouzinbi N, Morquin D, Jumas-Bilak E, et al. Methicillin-sensitive
Staphylococcus aureus CC398 in intensive care unit, France. Emerg Infect Dis 2014; 20: 1511-5.
https://doi.org/10.3201/eid2009.130225.

[55] Sangvik M, Olsen RS, Olsen K, Simonsen GS, Furberg A-S, Sollid JUE. Age- and gender-associated
Staphylococcus aureus spa types found among nasal carriers in‘a general population: the Tromsg staph and skin
study. Journal of Clinical Microbiology 2011; 49: 4213-8. https://doi.org/10.1128/JCM.05290-11.

[56] Sakwinska O, Kuhn G, Balmelli C, Francioli P, Giddey M, Perreten V, et al. Genetic diversity and ecological
success of Staphylococcus aureus strains colonizing humans. Appl Environ Microbiol 2009; 75: 175-83.
https://doi.org/10.1128/AEM.01860-08.

[57] Chambers HF, DeLeo FR. Waves of resistance: Staphylococcus aureus in the antibiotic era. Nature Reviews

Microbiology 2009; 7:629-41. https://doi.org/10.1038/nrmicro2200.



Journal Pre-proof

Figure caption

c
Re)
E Records identified through
= database searching: 493
g
o
= » | Duplicates excluded: 259
z
2
A P | Did not meet the inclusion criteria: 181
\ 4
Eligible for full text review: 53
2
o
@
L Did not meet the inclusion criteria: 21
Articles included in the review: 32
S
(%]
| R
[
<
CR: 15 MC: 6 SC: 11

Fig. 1. Literature search and selection. CR, case reports; MC, multicentre studies; SC, single-centre studies.
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Table 1. Characteristics of Staphylococcus aureus strains isolated from patients with osteomyelitis in clinical studies

Patient No. of MSSA/MRSA: MSSA/MRSA:
. age Study S. . : . orb c . no. of PVL-
Infection type Country no. of isolates MSSA/MRSA: ST°/CC* (% of isolates) . Ref.
(years type aureus (%) positive
range) isolates® \7° isolates (%)
Children
. MSSA42 MssA: polyclonal CCs MSSA: 2 (4.8)
Osteoarticular (61.8)
infection <1-16 MC  Greece 68 MRSA: 26 MRSA: 25 [10]
(36.) MRSA: ST80/CC80 (92.3), ST217, ST377 (96.2)
MSSA: 7 MSSA: ST772/CC1 (42.8), ST30/CC30, ,
. . (58.3) ST728/CC80, ST1468, ST1469 MSSA: 5 (71.4)
Osteomyelitis  <1-14 SC Tunisia 12 MRSA: 5 [11]
417 MRSA: ST728/CC80 (100) MRSA: 5 (100)
.. United MRSA: 12 . MRSA: 12
Osteomyelitis ~ 1-13 SC States 12 (100) MRSA: ST8/CC8/USA300 (100) (100) [12]
MSSA: 20 MSSA/MRSA®: ST30/CC30 (34.6), ST72/CC8
Bone and joint (77.0) (26.9), ST5/CC5 (7.7), ST6/CCS (7.7),
infection <118 SC  Korea 26 MRSA: 6 ST188/CC1 (7.7), ST1/CCL, ST121, NA [13]
(23.1) ST398/CC398, ST7
Adults
MSSA: 68 MSSA: CC398 (46.0); CC59 (8.8), CC30 (5.4), 1ssn. o
iabeti 1. . 7 (5.9), others (26. :
c'?s'taeg%“cgﬁgg 3885 MC  France 81 I(\jRg)A' s CC5 (5.9), CCT (5.9), others (26.5) [22]
4 (16.0) MRSA: CC8 (69.2), CC5 (23.1), CC22 MRSA: 0°
_NA MC ag5  MSSAUABS  issa: ¢C308 (14.0); others (86.0) NA
Bone and joint France (100) 23]
infection 57 sC - MSSA: 75 MSSA: CC30 (16.0), CC5 (13.3), CC45 NA
: (100) (12.0%), CC398 (10.7); others (48.0)
Bone and foint ?ggse)A: 821 \issA: CC398 (14.6); others (85.4)
; n‘;g:ti"(‘)”nslo'” 6229 SC  France 958 Y CTYRE NA [24]
(14.3) MRSA: CC398 (2.9); others (97.1)
Prosthetic joint . | MSSA/MRSA:  MSSA/MRSA®: CC30 (20.0), CC5 (20.0), CC8
infection 21-96  SC  France 56 NA (15.0), CC45 (12.0), CC15 (7.0), others (26.0) A [25]
MSSA: 12 MSSA: CC22 (25.0), CC15 (16.7), CC1, CC8, ,
Haematogenous 47,96 13 (92.3) CC8, CC25, CC45, CC101, CC121 MSSA: 0
y MRSA: 1 (7.7) MRSA: CC22° MRSA: 0
SC  German MSSA: 10 MSSA: CC7 (40.0), CC5 (20.0), CC8 (20.0), 26
Orthopaedic y (40.0) (20.0) (20.0) MSSA: 3 (2.7) [26]
. (83.3) CC6, CC30
prosthetic 33-85 12 MRSA: 2 MRSA 1
infection : : :
infecti (16.) MRSA: ST239/CC8, CC5 (14.3)
Age
unavailable
MSSA: 112 MSSA: CC8 (20.5), CC45 (17.9), CC30 (13.4),
5 diaint (94.1) CC101 (8.0), CC25 (7.1), CC15 (6.3), CC12 ~ MSSA: 3 (2.7)
incfigft%nnslom NA ~ SC  Germany 119 (5.4), others (21.4) [34]
MRSA: 7 (5.9) MRSA: CC5 (57.1), CC22, CC45, CC80 ?ﬁff: 1
MSSA: 81 MSSA: CC30 (24.7), CC45 (16.0), CC59
. (74.3) (12.3), CC5 (12.3), CC1 (7.4), ST398/CC398 .
Musculosieletal e Switzerland, (7.4), STL954 (74),ST217 (62),CC8 (62)  }eSAMRSA™ (35
MRSA: 28 , '
(25.) MRSA: CC5 (71.4), CC8 (28.6)
Orthopaedic MSSA: 27
implantrelated NA  SC ltaly 27 (100) MSSA: CC30 (100) MSSA: 1 (3.7) [36]
infections
MSSA: 51
. . (54.3) MSSA/MRSA®: CC5 (28.7), CC97 (19.1), CC1 MSSA/MRSA™:
Osteomyelitis ~ NA ~ MC  Argentina 94 MRSA: 43 (14.9), CC8 (12.8), CC30 (8.5), others (16.0) 24 (25.5) [37]
(45.7)
Colombia, )
- Ecuador, MSSA: 68 MSSA': ST5/CC5, ST8/CC8, ST30/CC30,
Osteomyelitis ~ NA MC Peru, 68 (100) ST45/CCA5 NA [38]
Venezuela
MSSA: 51
- . (85.0) MSSA/MRSA®: ST188/CC1 (18.3), MSSA/MRSA:
Osteomyeliis ~ NA SC  China 60 MRSA: 9 ST59/CC59 (15.0), others (66.7) 17 (28.3) [39]

(15.0)
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Children and
adults
_ MRSA: ST50/CC59 (32.0), ST239/CC8 (24.0) _
Osteomyelitis ~ 15-98 SC  Taiwan 115  MRSAYLS  org008 (21.0), STAS/CCAS (6.0); others MRSA64 g
(100) 70 (56.0)
N MSSA: 11 MSSA: CC45 (36.4), CC30 (18.2), others
Oucomyelllsl 095 sc Noway 12 (9L7) (455) NA [41]

MRSA: 1 (8.3) MRSA: CC5°

MC, multicentre; NA, not available; ST, sequence type; CC, clonal complex; PVL, Panton-Valentine leucocidin; SC, single-centre.
®Number of characterized isolates for the type of infection, reported in the publication.

°ST is reported where available

CC percentage is not indicated when only one strain is present.

dClones were not separated for MSSA and MRSA.

*PVL was tested only for CC398.

*Mean of age reported in the study.

9Mean of age of the patients with CC398 (62.2); mean age of patients with other CCs different from CC398 (64.3).
"Musculoskeletal infections include orthopaedic implant related infections and non-implant related infections.
iPercentage not available for reported clones.

IStrains obtained from patients with clinical parameters attributable to osteomyelitis or arthritis.
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Table 2. Characteristics of Staphylococcus aureus strains isolated from patients with osteomyelitis (case reports)
Patient(s) age Methicillin

Infection type (years) Country susceptibility ST/CC PVL Ref.
Children

Osteomyelitis 17 Japan MRSA ST30/CC30 + [14]
Haematogenous osteomyelitis 10 Brazil MRSA ST30/CC30 + [15]
Haematogenous osteomyelitis <1 Japan MRSA ST8/CC8/USA300 + [16]
oHsﬁmﬁiT:ﬂus and trauma-related 9,10 Chile MRSA ST8/CCB (2) ; [17]
Haematogenous osteomyelitis 12 China MRSA ST59/CC59 + [18]
Osteomyelitis 15 Taiwan MSSA ST59/CC59 - [19]
Haematogenous osteomyelitis 12 Brazil MSSA ST2104/CC25 + [20]

- United

Haematogenous osteomyelitis <1 Kingdom MRSA ST22/CC22 - [21]
Adults

Haematogenous osteomyelitis ® 27,37 Germany MRSA ST8/CC8/USA300 (2) + [27]
Haematogenous osteomyelitis 19 India MRSA ST772/CC1 + [28]
Haematogenous osteomyelitis 28 Malaysia MRSA ST30/CC30 + [29]
Osteomyelitis 57 Singapore MRSA ST571/CC8 - [30]
Osteomyelitis 48 Spain MSSA ST120/CC121° - [31]
Haematogenous osteomyelitis 61 Denmark MRSA ST398/CC398 - [32]
Arthritis 74 Japan MRSA ST1232/CC398 + [33]

ST, sequence type; CC, clonal complex; PVL, Panton-Valentine leucocidin; +, positive; -, negative.
*Two different cases.
PIsolates with different ST included in CC121 were also reported.



