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Background: Staphylococcus aureus may invade and persist intracellularly in prosthetic joint infections
(PJIs). Despite optimized treatments with levofloxacin plus rifampin, the intracellular reservoir may lead
to infection relapse. This study assessed the intracellular activity of levofloxacin and rifampin in an in-
vitro model of human osteoblastic infection.
Methods: Ten meticillin-susceptible S. aureus strains were used to infect osteoblastic MG63 cells. Os-
teoblasts were challenged with rifampin and levofloxacin at cortical and cancellous bone concentrations.
Efficacy was measured as the intracellular counts of colony-forming units (log;oCFU) compared with un-
treated controls. The emergence of small colony variants (SCVs) was determined, and the results were
stratified according to the patient’s prognosis (six cured and four with persistence/relapse).
Results: All regimes led to a significant decrease in CFU count compared with controls (1-2 log;oCFU).
Levofloxacin was the most effective treatment at both cortical and cancellous bone concentrations (-2.4
to -1.9 logoCFU, respectively). The addition of rifampin to levofloxacin did not improve performance (-1.9
log10CFU for cortical concentration and -1.8 log;y CFU for cancellous concentration). An increase in SCVs
was observed in the presence of rifampin. The efficacy of antimicrobials was higher and the formation of
SCVs was lower against strains belonging to PJIs with a favourable outcome.
Conclusions: Levofloxacin plus rifampin had good intracellular activity against S. aureus. However, from
the intracellular perspective, the addition of rifampin to levofloxacin showed no benefit but could account
for an increased number of SCVs.

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

form and also as small colony variants (SCVs) [3,4]. These adaptive
mechanisms enable the micro-organisms to persist intracellularly

Prosthetic joint infections (P]Is) are considered to be difficult
to treat due to the presence of bacterial biofilm. Standard an-
timicrobial treatments are usually ineffective, mainly due to sub-
optimal drug concentrations and the development of tolerance to
antibiotics among biofilm-embedded bacteria. In addition, micro-
organisms responsible for the infection may invade the host cells,
thus evading the immune system. Staphylococcus aureus, which
stands as a paradigmatic pathogen responsible for PJIs due to its
ability to colonize bone matrix and evade the immune system [1,2],
may also produce intracellular infection, both in its normal-size
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for long periods, thus evolving from acute infection to chronic and
relapsing disease. In order to overcome these difficulties, treatment
for PJIs needs to be aggressive with a combined surgical and med-
ical approach, including prolonged courses of antimicrobials [5].
While current guidelines stress that these antibiotics must have
good activity against biofilm-embedded bacteria, an emphasis on
their intracellular activity has not always been highlighted [6,7].
Levofloxacin plus rifampin is the treatment of choice for acute
staphylococcal PJI managed with debridement, antibiotics and im-
plant retention (DAIR) [7,8]. This regime is bactericidal and highly
active against biofilm-embedded staphylococci, has good bioavail-
ability and bone diffusion, and has been shown to prevent the
selection of resistant mutants compared with rifampin alone [9].
Some previous studies have reported the intracellular activity of
both drugs against S. aureus, but only a few studies have focused

0924-8579/© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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Table 1

Minimum inhibitory concentrations (MICs) and clinical outcomes.
Strain number Clonal complex Treatment Rifampin MIC (mg/L) Levofloxacin MIC (mg/L) Outcome?

duration (days)
pH 74 pH 5.0 pH 74 pH 5.0

117-1 1021 25 0.016 0.002 0.19 0.50 Success
116-1 5 44 0.012 0.003 0.19 0.50 Success
804-1 10 75 0.008 0.004 0.13 0.50 Success
221-1 30 91 0.008 0.006 0.19 0.50 Success
111-1 30 68 0.008 0.002 0.25 0.75 Success
806-1 45 46 0.012 0.003 0.13 0.38 Success
201-1 22 84 0.008 0.002 0.19 0.50 Failure
401-1 45 25 0.008 0.003 0.13 0.50 Failure
203-1 22 125 0.008 0.003 0.19 0.50 Failure
104-1 15 33 0.012 0.002 0.25 0.38 Failure

MICs of rifampin and levofloxacin on the tested strains were assessed using the E-test method with Mueller-Hinton agar at pH 7.4 and pH

5.00 and outcome of patients.

2 Treatment was considered to have failed when the patient needed salvage therapy due to persistent or relapsing staphylococcal infec-

tion.

on their efficacy at clinically realistic concentrations in bone, and
no studies have examined the activity of a combination of lev-
ofloxacin plus rifampin. Therefore, this study aimed to assess the
intracellular activity of levofloxacin and rifampin, alone and in
combination, against a clinical collection of meticillin-susceptible
S. aureus (MSSA) strains with different genetic backgrounds, but
all responsible for PJI managed with DAIR and treated with lev-
ofloxacin plus rifampin. This study also aimed to investigate the
effect of these antimicrobials on the development of intracellular
SCVs in an in-vitro model of human osteoblastic cell infection.

2. Materials and methods
2.1. Bacterial strains and susceptibility testing

Ten clinical MSSA PJI clinical isolates belonging to different
clonal complexes were selected at random from a prospective mul-
ticentre study [10]. All patients had an acute PJI (two haematoge-
nous and eight early post-surgical infections) managed with DAIR
(debridement <21 days after onset of symptoms), and their treat-
ment had included rifampin (600 mg once daily) plus levofloxacin
(750 mg once daily). A reference strain (MSSA ATCC 25923) was
used as the control. Minimum inhibitory concentrations (MICs)
were evaluated by E-test using Mueller-Hinton agar following the
recommendations of the EUCAST guidelines. In addition, MICs were
evaluated at pH 5 by adding hydrochloric acid to mimic the con-
ditions expected within lysosomes. All isolates were susceptible to
rifampin and levofloxacin. The antimicrobial susceptibility profiles
of the isolates used in this study and the clinical outcomes of pa-
tients are summarized in Table 1.

2.2. MG63 osteoblastic cell culture and intracellular infection

The intracellular activity assay was performed as described pre-
viously on MG63 (CRL-1427) human osteoblastic cell line [6]. Cells
were grown in Dubelcco Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal calf serum with 100 pg/mL gentam-
icin. MG63 osteoblasts were seeded at 40,000 cells per well into
24-well tissue culture plates, and incubated until 70-80% conflu-
ence. Prior to assay, confluent cells were washed with phosphate-
buffered saline (PBS) and incubated with DMEM without gentam-
icin. Next, cells were infected with bacterial suspensions in the
stationary phase at a multiplicity of infection of 100. After 2 h
of infection, the cell culture was washed twice with PBS and
incubated for 1 h with DMEM supplemented with 10 pg/mL
lysostaphin to eliminate the extracellular and non-internalized bac-

teria [6]. All supernatants were plated on agar blood plates to en-
sure that all bacteria were intracellular.

2.3. Antimicrobial intracellular activity

Antimicrobial regimes were added to infected cells and incu-
bated for 24 h in DMEM. Lysostaphin was added to the media to
prevent S. aureus released from cells from re-infecting new cells.
After 24 h of incubation at 37°C, osteoblasts were washed three
times with PBS and lysed with sterile water. Cell lysates were
plated on agar blood plates for quantitative counts. After overnight
incubation, the wild-type colonies were counted. The definition of
SCVs was based on the appearance of pinpoint colonies or colonies
with a size less than ~1/10 of the wild-type strain measured at
48 h.

Antimicrobial regimes included rifampin, levofloxacin and their
combination. These antimicrobials were tested in a range of con-
centrations that could be expected in cortical and cancellous bone
of humans with standard dosages of levofloxacin (750 mg) and ri-
fampin (600 mg) [11-16]: in cortical bone, the estimated concen-
trations for rifampin and levofloxacin were 2.5 mg/L and 3 mg/L,
respectively; and in cancellous bone, the estimated concentrations
were 5 mg/L and 6 mg/L, respectively (Table S1, see online supple-
mentary material). Each antimicrobial agent and the combination
were evaluated against each staphylococcal strain in three inde-
pendent experiments.

2.4. Clinical outcomes of patients

Patients were treated with levofloxacin plus rifampin for a me-
dian of 57 days after debridement [interquartile range (IQR) 29-
88]. Six patients were considered to be cured after a median
follow-up of 1.23 years (range 1.16-1.76) and treatment was con-
sidered to have failed in four patients (Table 1). Treatment was
considered to have failed when the patient needed salvage ther-
apy due to persistent or relapsing staphylococcal infection. No sig-
nificant differences regarding the length of treatment, the use of
rifampin or the administration of levofloxacin plus rifampin were
observed between patients with good and bad outcomes.

2.5. Statistical analysis

Intracellular activity of the antimicrobials was assessed by the
decrease in S. aureus intracellular load observed for each treatment
compared with untreated cells. Bacterial counts were expressed
as the log of the number of colony-forming units (log,oCFU) per
100,000 osteoblasts. The median and IQR of the results observed
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Fig. 1. Intracellular effect of antibiotics at cortical and cancellous bone concentrations against meticillin-susceptible Staphylococcus aureus isolates causing prosthetic joint
infections. (A) Median intracellular count reduction and interquartile range (IQR); all antibiotic regimes, alone and in combination, showed a significant reduction in logjo
colony-forming units (CFU) in relation to control (no antibiotic) set to zero (P<0.001). (B) Median percentage of small colony variants (SCVs) and IQR; at both cortical and
cancellous bone concentrations, rifampin alone and in combination showed a significant increase in the percentage of SCVs in comparison with untreated cells (no antibiotic).

for each treatment regime for the 10 clinical strains were used.
Likewise, the amount of intracellular SCVs at the end of the ex-
periment was expressed using the ratio of SCVs in the presence of
antimicrobial agent compared with untreated cells. Finally, the in-
tracellular activity of antimicrobials was analysed according to the
clinical outcome of the patient. Comparisons were made using the
Mann-Whitney U-test. All statistical analyses were two-tailed and
were made using GraphPad Prism Version 6. P<0.05 was consid-
ered to indicate statistical significance.

3. Results
3.1. Antimicrobial intracellular activity

All antibiotic regimes, at both cortical and cancellous concen-
trations, showed a significant decrease in log;oCFU compared with
untreated cells (P<0.01) (Fig. 1A). Results for cortical bone con-
centrations were -2.4 [IQR -2.9 to-1.5] log;oCFU for levofloxacin 3
mg/L, -1.6 (IQR -2.2 to -0.8) log1oCFU for rifampin 2.5 mg/L, and -
1.9 (IQR -2.8 to -0.9) log1oCFU for the combination of levofloxacin 3
mg/L plus rifampin 2.5 mg/L. Levofloxacin 3 mg/L was more active
than rifampin 2.5 mg/L (P=0.004). The combination of levofloxacin
3 mg/L plus rifampin 2.5 mg/L was not significantly better than ei-
ther monotherapy. Results for cancellous bone concentrations were
-1.9 (IQR -2.6 to -1.6) log1oCFU for levofloxacin 6 mg/L, -1.5 (IQR -
2.0 to -1.0) log1oCFU for rifampin 5 mg/L, and -1.8 (IQR -2.2 to -1.2)
log1oCFU for the combination of levofloxacin 6 mg/L plus rifampin
5 mg/L. Levofloxacin 6 mg/L was more active than rifampin 5 mg/L
(P=0.003). The combination of levofloxacin 6 mg/L plus rifampin 5
mg/L did not show higher activity than levofloxacin as monother-
apy (P=0.201), but it did show a trend towards higher activity than
rifampin 5 mg/L (P=0.06). No significant differences were observed

in the intracellular activity of each antimicrobial regimen at the
two tested concentrations of cortical and cancellous bone.

3.2. Emergence of SCVs

SCVs in untreated cells after 24 h of incubation in all PJI iso-
lates were 0% (IQR 0). A significant increase was observed at both
rifampin concentrations: 0.4% (IQR 0.02-3.6) and 0.7% (IQR 0.3-1.7)
(P<0.001); and for the combination of rifampin plus levofloxacin
at cortical and cancellous bone concentrations: 0.4% (IQR 0.02-2.1)
and 0.4% (IQR 0.2-1.3), respectively (P<0.001).

3.3. Intracellular activity according to the prognosis

Overall, all regimes showed better intracellular activity against
strains recovered from patients with a favourable outcome com-
pared with those isolated from patients in whom treatment failed
(Fig. 2A). At cortical concentrations, the combination therapy of
levofloxacin plus rifampin showed higher intracellular activity:
-2.5 (IQR -3.2 to-1.8) logoCFU vs -1.0 (IQR -1.6 to-0.7) log;,CFU
(P=0.002). Differences were not significant at cancellous concen-
trations: -2.0 (IQR: -2.2 to -1.5) logoCFU vs -1.7 (IQR -2.2 to -1.0)
logoCFU (P=0.185).

Likewise, in the absence of antimicrobials, the formation of
SCVs was more frequent among patients with an unfavourable out-
come than those considered to be cured: 0% (IQR 0-1.6) vs 0% (IQR
0) (P=0.166) (Fig. 2B). In the presence of antimicrobials, this differ-
ence was more pronounced among strains treated with rifampin
2.5 mg/L [3.2% (IQR 0.8-6.0) vs 0.2% (IQR 0.01-0.6); P=0.038] and
levofloxacin 3 mg/L plus rifampin 2.5 mg/L [2.1% (IQR 0.7-2.9) vs
0.05% (IQR 0.01-0.6); P=0.015].
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Fig. 2. Intracellular activity and emergence of small colony variants (SCVs) in meticillin-susceptible Staphylococcus aureus causing prosthetic joint infection, according to
clinical outcome. (A) Median intracellular count reduction and interquartile range (IQR) (bars). (B) Median percentage of SCVs and IQR. Treatment was considered to have
failed when the patient needed salvage therapy due to persistent or relapsing staphylococcal infection. The squares highlight the actual treatment that the patients received

after surgical debridement. CFU, colony-forming units.

4. Discussion

This study analysed the intracellular effect of levofloxacin and
rifampin in a clinical collection of MSSA responsible for PJIs. The
results show that these antibiotics, alone and in combination, sig-
nificantly reduced the number of intracellular CFU in comparison
with untreated osteoblast cells. The magnitude of the effect (~1-2
log,oCFU) is consistent with previous studies assessing the intra-
cellular activity of both antimicrobials at similar concentrations as
used in this experiment [11,17,18].

Based on observations from animal experiment models and
clinical experience, current guidelines recommend the use of lev-
ofloxacin plus rifampin as the treatment of choice for acute
staphylococcal PJIs managed with DAIR [8]. Although the role of
intracellular staphylococci in the pathogenesis of infection has not
always been taken into account, previous studies have highlighted
the importance of intracellular bacteria and persistent forms such
as SCVs in PJIs and foreign-body-associated infections [3,4]. There-
fore, it could be argued that the intracellular activity of antimi-
crobials could be of importance and add supplementary efficacy in
these difficult-to-treat infections. In this regard, previous studies
have shown that rifampin and third- and fourth-generation fluoro-
quinolones are among the most active intracellular antimicrobials
against staphylococci [6,11]. These results, focusing on concentra-
tions to be expected in bone tissue in the clinical setting, confirm
the good activity of both rifampin and levofloxacin. In contrast to
Barcia-Macay et al. [11], a dose-related effect was not observed
in the present study, but this could be explained by the reduced
range of concentrations used in this study.

To the best of the authors’ knowledge, this is the first study
to assess the intracellular effect of the combination of levofloxacin
plus rifampin. Overall, levofloxacin showed the highest activity,
and the addition of rifampin was mostly indifferent or showed a
non-significant decrease in the activity of levofloxacin. However, in
some cases, it led to a significant increase in the number of SCVs.

It remains uncertain whether the magnitude of this increase (~1-
2%) is clinically significant, but it is believed that this observation
could be of importance as chronic and recurrent infections are as-
sociated with the presence of the SCV phenotype, and its develop-
ment can be induced by the intracellular medium or by selective
antibiotic pressure [19].

This study found an indifferent effect of the combination of
levofloxacin plus rifampin compared with monotherapies. The an-
tagonistic effect of rifampin on the activity of other drugs against
planktonic bacteria was described many years ago [20], and it has
also been shown against biofilm-embedded bacteria in an experi-
mental animal model [21]. Although the development of resistance
for rifampin cannot be excluded, the present data in the cellular
model could partially support the results observed in these studies,
and would also suggest that monotherapy with last-generation flu-
oroquinolones (i.e. levofloxacin, moxifloxacin), with higher intrinsic
antistaphylococcal activity compared with ciprofloxacin, could have
a potential role in the setting of PJI. In this regard, the recently
released fluorquinolone, delafloxacin, with a weak acid charac-
ter, showed enhanced activity in acidic environments, which could
be an advantage over other fluoroquinolones in the treatment of
these PJIs [22]. However, caution is required as the model used
in this study only regarded the intracellular activity of antimicro-
bials, with no reference to other relevant aspects of PJI, such as
the role of biofilm-embedded bacteria, planktonic bacteria released
from biofilm, or the inflammatory response to infection.

Stratification of the results according to clinical outcome shows
higher intracellular activity on strains responsible for infection
with a favourable evolution, compared with strains associated
with treatment failure. From an overall perspective, these pa-
tients had similar surgical and antimicrobial treatment, and, in
all cases, the infection was caused by staphylococci susceptible to
both levofloxacin and rifampin. Bearing this in mind, the study
observations highlight the importance of the bacteria’s genotypic
background and phenotypic behaviour beyond the species and the
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antibiogram, and therefore the need for deepening out understand-
ing of the intimate genomic and proteomic pathways of micro-
organisms.

Some limitations of this study must be taken into account. First,
actual intracellular concentrations of antimicrobials were not as-
sessed. However, this is predictable [11], and the study aimed to
examine intracellular activity of antimicrobials at reproducible ex-
tracellular concentrations. Second, intracellular activity of tested
antibiotics was only measured at 24 h. In this regard, Barcia-Macay
et al. reported that an important aspect in the intracellular ac-
tivity of rifampin is its pronounced activity at 3-6 h, which not
only does not progress afterwards, but may decrease [11]. Thus,
it would be interesting to study the intracellular role of the com-
bination for longer periods and at time points other than 24 h.
Third, the difficulties in identifying SCVs and their clinical meaning
must be interpreted with caution. In this regard, the differences
in the emergence of SCVs may reflect particular molecular path-
ways in some staphylococcal strains, which may help explain the
pathogenesis and prognosis of these infections; however, the clin-
ical implications remain unknown. Finally, the study observations
were based on the aggregated efficacy of the entire strain collec-
tion, without focusing on any of them. While the results may be
variable for each specific staphylococci, the use of 10 strains with
different phenotypic and genotypic characteristics may provide an
overall idea of the performance of the antibiotics studied, and in-
crease the external validity of the results.

To conclude, both levofloxacin and rifampin show significant in-
tracellular activity against S. aureus. From the intracellular perspec-
tive, the addition of rifampin to levofloxacin did not ameliorate its
activity, but could increase the emergence of SCVs. Further studies
are necessary to explore the role of this combination against the
intracellular component of PJIs which may lead to a better thera-
peutic approach for patients.

Acknowledgements

The authors wish to thank Fatima Lasala and Paula Aranguren
(Department of Clinical Microbiology, Hospital Universitario 12 de
Octubre, Madrid, Spain) for their kind help in management of the
MG63 osteoblast cell line. The authors are also indebted to Dr. Os-
car Murillo for his critical review of the manuscript.

Funding

This work was supported by the Health Research Fund Depart-
ment of Health, Spain; Agency for Health Technology Assessment
and Research (PI15/02013) and Instituto de Salud Carlos III, Subdi-
reccion General de Redes y Centros de Investigacion Cooperativa,
Ministerio de Economia y Competitividad, Spanish Network for Re-
search in Infectious Diseases (REIPI RD 16/0016) and cofounded by
the European Regional Development Fund.

Competing interests
None declared.
Ethical approval
This study was approved by the Research Ethics Committee of

the Health Research Institute, Hospital Universitario 12 de Octubre,
Madrid, Spain (Ref. TP16/0092).

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jjantimicag.2019.06.
018.

References

[1] Post V, Wahl P, Ucgkay I, Ochsner P, Zimmerli W, Corvec S, et al. Phenotypic
and genotypic characterisation of Staphylococcus aureus causing musculoskele-
tal infections. Int ] Med Microbiol 2014;304:565-76.

[2] Lowy FD. Staphylococcus aureus infections. N Engl ] Med 1998;339:520-32.

[3] Sendi P, Rohrbach M, Graber P, Frei R, Ochsner PE, Zimmerli W. Staphylococ-
cus aureus small colony variants in prosthetic joint infection. Clin Infect Dis
2006;43:961-7.

[4] Murillo O, Pachén ME, Euba G, Verdaguer R, Carreras M, Cabellos C, et al. In-
tracellular antimicrobial activity appearing as a relevant factor in antibiotic ef-
ficacy against an experimental foreign-body infection caused by Staphylococcus
aureus. ] Antimicrob Chemother 2009;64:1062-6.

[5] Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Engl ] Med
2004;351:1645-54.

[6] Valour F, Trouillet-Assant S, Riffard N, Tasse ], Flammier S, Rasigade ]P,

et al. Antimicrobial activity against intraosteoblastic Staphylococcus aureus. An-

timicrob Agents Chemother 2015;59:2029-36.

Ariza ], Cobo ], Baraia-Etxaburu ], Benito N, Bori G, Cabo ], et al. Executive

summary of management of prosthetic joint infections. Clinical practice guide-

lines by the Spanish Society of Infectious Diseases and Clinical Microbiology

(SEIMC). Enferm Infecc Microbiol Clin 2017;35:189-95.

Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W, Steckelberg ]JM,

et al. Diagnosis and management of prosthetic joint infection: clinical prac-

tice guidelines by the Infectious Diseases Society of America. Clin Infect Dis
2013;56:e1-25.

Muller-Serieys C, Saleh Mghir A, Massias L, Fantin B. Bactericidal activity of

the combination of levofloxacin with rifampin in experimental prosthetic knee

infection in rabbits due to methicillin-susceptible Staphylococcus aureus. An-
timicrob Agents Chemother 2009;53:2145-8.

[10] Mufioz-Gallego I, Viedma E, Manchefio M, Pérez-Montarelo D, Esteban ],
Rico A, et al. Caracterizacién microbioldgica, fenotipica y genotipica, de la in-
feccion protésica articular por Staphylococcus aureus: Estudio multicéntrico en
la Comunidad de Madrid. In: XXII Congreso de la Sociedad Espafiola de En-
fermedades Infecciosas y Microbiologia Clinica, Bilbao, Espafia, 2018. Abstract
0112. Enferm Infecc Microbiol Clin 2018;36(Suppl. C1):65.

[11] Barcia-Macay M, Seral C, Mingeot-Leclercq MP, Tulkens PM, Van Bam-
beke F. Pharmacodynamic evaluation of the intracellular activities of antibi-
otics against Staphylococcus aureus in a model of THP-1 macrophages. Antimi-
crob Agents Chemother 2006;50:841-51.

[12] Landersdorfer CB, Bulitta JB, Kinzig M, Holzqrabe U, Sorgel F. Penetration of
antibacterials into bone: pharmacokinetic, pharmacodynamic and bioanalytical
considerations. Clin Pharmacokinet 2009;48:89-124.

[13] Cluzel RA, Lopitaux R, Sirot ], Rampon S. Rifampicin in the treatment
of osteoarticular infections due to staphylococci. J Antimicrob Chemother
1984;13(Suppl. C):23-9.

[14] Van Bambeke F, Barcia-Macay M, Lemaire S, Tulkens PM. Cellular pharmaco-
dynamics and pharmacokinetics of antibiotics: current views and perspectives.
Curr Opin Drug Discov Devel 2006;9:218-30.

[15] Rimmelé T, Boselli E, Breilh D, Djabarouti S, Bel JC, Guyot R, et al. Diffu-
sion of levofloxacin into bone and synovial tissues. ] Antimicrob Chemother
2004;53:533-5.

[16] Sendi P, Zimmerli W. The use of rifampin in staphylococcal orthopaedic-de-
vice-related infections. Clin Microbiol Infect 2017;23:349-50.

[17] Rigaill J, Morgene MF, Gavid M, Lelonge Y, He Z, Carricajo A, et al. Intracel-
lular activity of antimicrobial compounds used for Staphylococcus aureus nasal
decolonization. ] Antimicrob Chemother 2018;73:3044-8.

[18] Nguyen HA, Grellet ], Paillard D, Dubois V, Quentin C, Saux M-C. Factors influ-
encing the intracellular activity of fluoroquinolones: a study using levofloxacin
in a Staphylococcus aureus THP-1 monocyte model]. Antimicrob Chemother
2006;57:883-90.

[19] Tuchscherr L, Kreis CA, Hoerr V, Flint L, Hachmeister M, Geraci ], et al. Staphy-
lococcus aureus develops increased resistance to antibiotics by forming dy-
namic small colony variants during chronic osteomyelitis. J Antimicrob
Chemother 2016;71:438-48.

[20] Hackbarth CJ, Chambers HF, Sande MA. Serum bactericidal activity of rifampin
in combination with other antimicrobial agents against Staphylococcus aureus.
Antimicrob Agents Chemother 1986;29:611-13.

[21] Murillo O, Pachén ME, Euba G, Verdaguer R, Tubau F, Cabellos C, et al. Antago-
nistic effect of rifampin on the efficacy of high-dose levofloxacin in staphy-
lococcal experimental foreign-body infection. Antimicrob Agents Chemother
2008;52:3681-6.

[22] Saravolatz LD, Stein GE. Delafloxacin: a new anti-methicillin-resistant Staphy-
lococcus aureus fluorquinolone. Clin Infect Dis 2019;68:1058-62.

[7

[8

(9


https://doi.org/10.1016/j.ijantimicag.2019.06.018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0021
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0022
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0022
http://refhub.elsevier.com/S0924-8579(19)30171-2/sbref0022

	Intraosteoblastic activity of levofloxacin and rifampin alone and in combination against clinical isolates of meticillin-susceptible Staphylococcus aureus causing prosthetic joint infection
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and susceptibility testing
	2.2 MG63 osteoblastic cell culture and intracellular infection
	2.3 Antimicrobial intracellular activity
	2.4 Clinical outcomes of patients
	2.5 Statistical analysis

	3 Results
	3.1 Antimicrobial intracellular activity
	3.2 Emergence of SCVs
	3.3 Intracellular activity according to the prognosis

	4 Discussion
	Acknowledgements
	Funding
	Competing interests
	Ethical approval
	Supplementary material
	References


