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ABSTRACT We developed a rat model of methicillin-resistant Staphylococcus epider-
midis (MRSE) foreign body-associated osteomyelitis and used it to compare tedizolid
alone and in combination with rifampin against rifampin alone, vancomycin plus ri-
fampin, and vancomycin alone. A clinical strain of MRSE was inoculated into the
proximal tibia, and a stainless steel wire with a precolonized MRSE biofilm was im-
planted. Following a 1-week infection period, 92 rats received either no treatment
(n � 17) or 14 days of intraperitoneal tedizolid (n � 15), tedizolid plus rifampin (n �

15), rifampin (n � 15), vancomycin plus rifampin (n � 15), or vancomycin (n � 15).
Quantitative bone and wire cultures were performed after treatment completion and
also 1 week after infection in a separate group of five rats. The median quantity of
staphylococci in bone after the 1-week infection period was 4.89 log10 CFU/g bone
(interquartile range, 3.83 to 5.33 log10 CFU/g bone); staphylococci were recovered
from all associated wires. A median quantity of staphylococci of 3.70 log10 CFU/g
bone was detected in bones of untreated control rats after 3 weeks. Quantities of
staphylococci in bones of all treatment groups except the group receiving vancomy-
cin alone (2.78 log10 CFU/g) were significantly lower than those for untreated con-
trols, with no staphylococci being detected in the groups receiving rifampin mono-
therapy, tedizolid-plus-rifampin combination therapy, and vancomycin-plus-rifampin
combination therapy. Quantities of staphylococci on wires from all treatment groups
that included rifampin were significantly lower than those for untreated controls.
No resistance to rifampin, tedizolid, or vancomycin was detected. Tedizolid com-
bined with rifampin was active in a rat model of MRSE foreign body-associated
osteomyelitis.
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Over one-half of chronic device-associated infections are caused by staphylococci,
with Staphylococcus aureus and Staphylococcus epidermidis being the most com-

mon (1). Delayed-onset infections, usually acquired during implantation, have indolent
presentations and are typically caused by low-virulence organisms. S. epidermidis, an
important commensal bacterium, has emerged as the most significant pathogen in
delayed-onset infections related to implanted foreign materials (2), and such strains are
often drug resistant. In the United States and Europe, over 80% of coagulase-negative
staphylococcal strains causing prosthetic joint infection (PJI) are methicillin resistant (3,
4), and S. epidermidis strains associated with implant infections are often multidrug
resistant (5). These frequently long-lasting infections involve biofilm formation (6).
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Within biofilms, an altered microenvironment compromises antimicrobial action as a
result of the presence of persister cells; decreased activity of growth-dependent (e.g.,
cell wall-active) antibiotics; modification of some antimicrobial agents by inactivating
enzymes; and, to some extent and with certain antimicrobial agents, decreased pene-
tration (7). For these reasons, implant-associated infections due to methicillin-resistant
S. epidermidis (MRSE) can be difficult to treat; their management typically requires the
removal of all prosthetic components or, in selected cases, debridement and implant
retention. In both situations, long-term antimicrobial therapy is necessary. Safe and
effective antimicrobial regimens, especially those that can be used in the outpatient
setting, are therefore needed.

To date, vancomycin has been the treatment of choice for MRSE infections (8), but
several studies have pointed out its potential toxicity, limited bactericidal action, and
low level of activity against staphylococcal biofilms as well as its inability to reach
optimal pharmacodynamic parameters due to the relatively high vancomycin MIC
values of MRSE (9, 10). Rifampin has shown activity in biofilm-related infections (11, 12).
However, selection of resistance is a risk, and for this reason, rifampin is not used as
monotherapy (13). Linezolid is a consideration but may have variable interindividual
pharmacokinetics; furthermore, interactions with monoamine oxidase inhibitors may
occur, as can myelosuppression, lactic acidosis, and/or hepatic dysfunction (14, 15).

Tedizolid is an oxazolidinone with high oral bioavailability approved by the U.S.
Food and Drug Administration for acute bacterial skin and skin structure infections; it
has greater potency against methicillin-resistant staphylococci than does linezolid, and
data from comparative clinical trials suggest that it may have less toxicity than linezolid
(16). Moreover, tedizolid is administered once daily.

To the best of our knowledge, there has not been an animal model of tedizolid
activity against MRSE described in the literature. Here, we established a rat model of
foreign body-associated osteomyelitis with a PJI-associated MRSE strain and used it to
compare tedizolid alone and in combination with rifampin to rifampin monotherapy,
vancomycin monotherapy, and vancomycin combined with rifampin.

RESULTS
MICs, MBICs, and MBBCs. The MICs of the MRSE study isolate for each antimicrobial

were as follows: �128 �g/ml for oxacillin, 2 �g/ml for vancomycin, �0.015 �g/ml for
rifampin, and 0.5 �g/ml for tedizolid. The minimum biofilm-inhibitory concentrations
(MBICs) of the isolate were 2 �g/ml for vancomycin, 0.001 �g/ml for rifampin, and 2
�g/ml for tedizolid. The minimum biofilm-bactericidal concentrations (MBBCs) of the
isolate were 128 �g/ml for vancomycin, 2 �g/ml for rifampin, and �32 �g/ml for
tedizolid.

Experimental rat model. The median quantity of methicillin-resistant coagulase-
negative staphylococci recovered from bone after the 1-week infection period was 4.89
log10 CFU/g bone (interquartile range [IQR], 3.83 to 5.33 log10 CFU/g bone), with
methicillin-resistant coagulase-negative staphylococci being detected on all wires.
Results of quantitative cultures of bone after treatment are summarized in Fig. 1A.
Methicillin-resistant coagulase-negative staphylococci were cultured from all harvested
bones in the control group at a median of 3.70 log10 CFU/g of bone (IQR, 0.5 to 4.29
log10 CFU/g of bone) after 3 weeks of infection. After 2 weeks of treatment, the median
counts of methicillin-resistant coagulase-negative staphylococci were 0.50 log10 CFU/g
of bone (IQR, 0.1 to 2.68 log10 CFU/g of bone) in the tedizolid group and 2.78 log10

CFU/g of bone (IQR, 0.50 to 3.64 log10 CFU/g of bone) in the vancomycin group. No
methicillin-resistant coagulase-negative staphylococci were detected in the bones of
animals in the groups receiving rifampin, tedizolid plus rifampin, or vancomycin plus
rifampin. Differences in colony counts compared to those for the control group were
significant for all treatment groups (P � 0.005), except for vancomycin monotherapy.
Also, there was no significant difference between the tedizolid and vancomycin treat-
ment groups (P � 0.11). However, there was a significant difference between the group
receiving tedizolid alone and treatment groups that included rifampin (P � 0.0008) and
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between the group receiving vancomycin and the treatment groups that included
rifampin (P � 0.0003).

Quantitative cultures of stainless steel wires were also obtained (Fig. 1B). Differences
in colony counts compared to those of the control group were significant for the
treatment groups that included rifampin (P � 0.05). Results of qualitative cultures were
as follows (P values shown are with reference to control rats). Methicillin-resistant
coagulase-negative staphylococci were cultured from stainless steel wires in 8/17
control rats. There was growth in 1/15 rats in the rifampin treatment group (P � 0.02),
5/15 rats in the tedizolid treatment group (P � 0.43), 0/15 rats in the tedizolid-plus-
rifampin treatment group (P � 0.003), 0/15 rats in the vancomycin-plus-rifampin
treatment group (P � 0.003), and 10/15 rats in the vancomycin treatment group (P �

0.27).
Histopathology. Histopathologically, there was considerable bony remodeling with

osteoblastic activity in all groups (Fig. 2A), but there was no evidence of acute

FIG 1 In vivo results. (A) Results of quantitative bone culture expressed as log10 CFU per gram of bone. *, P � 0.005.
(B) Results of quantitative wire culture expressed as log10 CFU per square centimeter of wire surface. *, P � 0.005.
Median values and individual results are shown for each study group. Horizontal lines represent median values.
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inflammation in any specimen examined. A wire track was apparent in the medullary
cavity on a cross section of bone from an animal from the vancomycin treatment group
(Fig. 2B).

Emergence of resistance. There was no emergence of resistance to tedizolid or
vancomycin in the respective treatment groups. The single isolate recovered from a
wire in the group receiving rifampin monotherapy was rifampin susceptible.

DISCUSSION

In the present study, we established a rat model of foreign body-associated osteo-
myelitis with a PJI-associated MRSE strain. We demonstrated that the combination of
tedizolid plus rifampin or vancomycin plus rifampin was more active than no treatment
in this model, in which the infected foreign body was retained. Although the activity of
tedizolid against methicillin-resistant S. aureus (MRSA) has been analyzed in several
experimental studies, such as in a model of experimental endocarditis in rabbits (17)
and a model of catheter-related biofilm infection in mice (18), the role of tedizolid
against MRSE in experimental osteomyelitis has not been well studied. Successful
animal models of osteomyelitis and foreign body infection have been established in
rabbits, dogs, chicks, guinea pigs, and rats (19, 20). However, animal models can differ
by parameters such as animal species, bacterial load, bacterial strain, implant config-

FIG 2 Histopathology. (A) Bony remodeling with osteoblasts lining the marrow cavity was apparent in all
groups (arrow) (hematoxylin and eosin stain) (original magnification, �200). (B) A wire tract was seen in
the medullary cavity on a cross section of bone from an animal from the vancomycin group (arrows)
(hematoxylin and eosin stain) (original magnification, �20).
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uration, implant location, and whether or not surgical management (i.e., explantation
or debridement) is carried out. While there have been a few studies of experimental
rabbit models of MRSE foreign body osteomyelitis (21, 22), rabbits are more difficult to
handle and are more expensive than rats. For this reason, we developed an experi-
mental foreign body-associated osteomyelitis model in rats and used it to assess
tedizolid activity against MRSE. Previously, we used a similar model with MRSA, where
infection was established over 4 weeks following injection of bacteria into the medul-
lary cavity, with treatment subsequently being administered for 3 weeks (23). However,
MRSE did not establish an adequate infection by using this approach; it appeared that
S. epidermidis was spontaneously cleared over 3 weeks in this model. Therefore, we
made several modifications to our MSRA model to adapt it for use with MRSE, including
increasing the inoculum and precolonizing the wire with MRSE biofilm. We also added
arachidonic acid as a sclerosing agent to facilitate bone infection by occluding the
microvasculature and decreased the infection and treatment intervals to 1 and 2 weeks,
respectively. In the present study, we observed that the quantity of methicillin-resistant
coagulase-negative staphylococci decreased over time (medians of 4.89 log10 CFU/g
bone at 1 week and 3.7 log10 CFU/g bone at 3 weeks). Although there was no evidence
of acute inflammation after 3 weeks of infection, there was bony remodeling and
osteoblastic activity, likely due to the introduction of foreign material into the bone.
Recently, our group observed no acute inflammation after 3 and 6 weeks in a rat model
of Propionibacterium acnes foreign body-associated osteomyelitis (24). Using a rat
femur fracture model that included metal implants, Lovati et al. reported that intraop-
erative low-grade S. epidermidis contamination might prevent bone healing, even in the
absence of overt findings of infection (25). Like P. acnes, S. epidermidis is a low-virulence
organism. The absence of acute inflammation in these animal studies suggests that in
humans, infection with such organisms may not always be associated with acute
inflammation.

In this study, we observed that vancomycin monotherapy did not reduce bacterial
counts, whereas tedizolid monotherapy reduced bacterial counts compared to those
with no treatment. The median quantities of methicillin-resistant coagulase-negative
staphylococci in bones and on wires in the tedizolid monotherapy group were lower
than those in the vancomycin monotherapy group, although there was no statistically
significant difference. The quantity of methicillin-resistant coagulase-negative staphy-
lococci was significantly reduced in the tedizolid-plus-rifampin combination therapy
group compared to that with no treatment, and the combination of tedizolid plus
rifampin was as effective as vancomycin-plus-rifampin combination therapy. While
vancomycin is considered the therapy of choice, its activity against staphylococci is
debated due to tolerance and heteroresistance, compounded by the occasional pres-
ence of vancomycin-intermediate staphylococci (26). Outpatient oral treatment of
indolent infections, such as osteomyelitis, caused by low-virulence organisms, such as
MRSE, would provide convenience in clinical practice. Recently, Bayer et al. reported
that tedizolid had better efficacy in reducing MRSA densities than did linezolid and
vancomycin in a murine model of subcutaneous catheter-related biofilm infection (18).
We recently performed a study of tedizolid activity in MRSA experimental foreign
body-associated osteomyelitis in which tedizolid monotherapy as well as tedizolid-plus-
rifampin combination therapy were active (27). The in vitro potency of tedizolid is 2- to
8-fold higher than that of vancomycin against staphylococci, and its prolonged subin-
hibitory MIC and postantibiotic effect against staphylococci are greater than those of
linezolid (28). The study by Bayer et al. reported that in in vitro time-kill studies,
tedizolid prevented regrowth at between 6 and 24 h of incubation and that, as
determined by bioluminescent in vivo imaging, tedizolid was not associated with
relapse after discontinuation of therapy (18). Our present study suggests that combi-
nation treatment with tedizolid plus rifampin may be a treatment option for MRSE
foreign body-associated osteomyelitis.

There are several limitations of our study. First, we used a single bacterial strain.
Second, because the duration of infection was short, the model may not reflect chronic
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osteomyelitis. Third, we were unable to thoroughly address the emergence of rifampin
resistance. Fourth, confirmation of the species and strain of recovered bacteria was not
performed.

In conclusion, the present study describes a new rat model of foreign body-
associated MRSE osteomyelitis that can be used for comparison of antimicrobial
treatment regimens. Tedizolid-plus-rifampin combination therapy was active against
MRSE in the model described here.

MATERIALS AND METHODS
Microorganism and antimicrobial agents. MRSE IDRL-8883, originally recovered from a patient

with PJI, was studied. Vancomycin was obtained from Hospira Inc. (Lake Forest, IL). Tedizolid was
obtained from Merck & Co. Inc. (Whitehouse Station, NJ). Rifampin was obtained from Akorn Inc. (Lake
Forest, IL). The MIC of each antimicrobial agent was determined by broth microdilution using an
inoculum of 5 � 105 CFU/ml according to Clinical and Laboratory Standards Institute (CLSI) guidelines
(29). For biofilm assays, the minimum biofilm inhibitory concentration (MBIC) and the minimum biofilm
bactericidal concentration (MBBC) were determined as previously described (30). S. aureus ATCC 29213
was used for quality control.

Animal model. This study was approved by the Institutional Animal Care and Use Committee
(IACUC) of the Mayo Clinic. Experimental foreign body-associated osteomyelitis was established in male
Wistar rats weighing 250 to 350 g, as previously described, with some modifications (23). Briefly, general
anesthesia was induced by intraperitoneal administration of ketamine (60 mg/kg of body weight) and
xylazine (6 mg/kg), after which the left legs of the rats were shaved, the proximal one-third of the left
tibia was surgically exposed, and a 1.5-mm hole was drilled into the medullary cavity. Ten microliters of
the sclerosing agent, arachidonic acid sodium salt (99%; Sigma-Aldrich Company, St. Louis, MO), in
normal saline at a final concentration of 50 �g/ml was injected into the medullary cavity (31). One
hundred microliters of a 108-CFU/ml suspension of the MRSE isolate was injected into the bone. Before
wire implantation, each 5-mm by 1-mm stainless steel wire (Zimmer, Warsaw, IN) was incubated in a 1-ml
suspension of MRSE at a 4 McFarland standard in Trypticase soy broth at 37°C with shaking for 2 h. The
wire with preformed biofilm was implanted into the bone. The hole was covered with dental gypsum.
The fascia and skin were closed with sutures, and the wound was sprayed with antiseptic. Extended-
release buprenorphine (0.05 mg/kg) was administered subcutaneously for analgesia.

To confirm the establishment of infection, quantitative bone and wire cultures were performed after
1 week of infection in five rats. One week after infection was established, treatment was initiated in 98
animals. Animals were randomly assigned to one of six study arms: no treatment (n � 18), tedizolid alone
(n � 16), tedizolid plus rifampin (n � 16), rifampin alone (n � 16), vancomycin alone (n � 16), or
vancomycin plus rifampin (n � 16). Rifampin dosing was selected to simulate the concentration above
the MIC observed in humans. Vancomycin dosing was selected to simulate the time above the MIC
observed in humans. Tedizolid dosing was selected to simulate the free area under the concentration-
time curve (AUC) observed in humans after the administration of 200 mg. Tedizolid was administered at
30 mg/kg intraperitoneally once daily, rifampin was administered at 25 mg/kg intraperitoneally twice
daily, and vancomycin was administered at 50 mg/kg intraperitoneally twice daily. Treatment was
administered for 14 days.

Twenty-four hours after the completion of tedizolid therapy and 12 h after the completion of
nontedizolid antimicrobial therapy, rats were sacrificed by using CO2. Times of sacrifice were selected
based on the half-lives of the individual antimicrobial agents. The left tibia was aseptically removed and,
if being submitted for culture, frozen at �80°C. One rat tibia from each group was used for histopatho-
logic evaluation and therefore was not cultured. For those bones being cultured, after being frozen for
at least 4 h at �80°C, bone within 5 mm of the implanted stainless steel was cut and pulverized by using
a custom instrument developed by the Mayo Clinic Department of Physiology and Biomedical Engineer-
ing. During the pulverization process, the stainless steel wire was aseptically removed. The pulverized
bone was weighed. The pulverized bone and wire were each suspended in 2 ml of Trypticase soy broth,
vortexed for 30 s, and sonicated at 40 kHz for 5 min. Quantitative bone or wire cultures were performed
as previously described, with results being expressed as log10 CFU per gram of bone or log10 CFU per
square centimeter of wire surface, respectively (23). If there was no growth in quantitative cultures,
qualitative cultures were performed by adding 8 ml of sterile Trypticase soy broth to the remaining 2 ml
of broth and incubating the culture for 48 h at 37°C. Recovered colonies were identified as methicillin-
resistant coagulase-negative Staphylococcus species by using a Staphaurex test (Thermo Scientific,
Waltham, MA) combined with a cefoxitin or oxacillin disc test (Thermo Scientific). For broth with evidence
of growth, subculturing was performed to confirm the presence of methicillin-resistant coagulase-
negative Staphylococcus species.

Assessment of antimicrobial resistance. For methicillin-resistant coagulase-negative staphylococci
recovered from bone or wire after treatment, the MIC of tedizolid, rifampin, or vancomycin, as appro-
priate, was determined by using three colonies from the quantitative culture plates (unless fewer than
three colonies were detected).

Histopathology. One randomly chosen removed tibia from each group was fixed for 2 days in 10%
formaldehyde and decalcified in a 5% nitric acid solution. The tibia was cut in half longitudinally,
embedded in paraffin with the medullary cavity surface on top, sectioned longitudinally, and stained
with hematoxylin and eosin.
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Statistical methods. Descriptive statistics for staphylococcal log10 CFU per gram of bone or log10

CFU per square centimeter of wire surface were summarized as medians and IQRs. For statistical
purposes, the absence of growth was assigned a value of 0.1 log10 CFU per g of bone or cm2 of wire, and
growth in qualitative broth culture only (but not on quantitative culture plates) was assigned a value of
0.5 log10 CFU per g of bone or cm2 of wire. Differences in median log10 CFU per gram of bone or log10

CFU per square centimeter of wire among the groups were compared by using the Kruskal-Wallis test.
Further pairwise comparisons of median log10 numbers of CFU of methicillin-resistant coagulase-
negative staphylococci per gram of bone or log10 numbers of CFU of methicillin-resistant coagulase-
negative staphylococci per square centimeter of wire among the six groups (i.e., the control group and
the five treatment groups) were made by using the Wilcoxon rank sum test.

The false discovery rate (FDR) approach was used for adjustment of multiple comparisons (32). Data
for qualitative broth cultures of wires in untreated and treated groups were compared by using Fisher’s
exact test. All tests were two sided; P values of �0.05 were considered statistically significant. Analysis
was performed by using SAS software, version 9.4 (SAS Institute Inc., Cary, NC).
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