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Abstract
Background Staphylococcus aureus is the leading path-
ogen in fracture-related infection. Previous in vitro
experiments, in vivo testing in wax moth larvae, and
genomic analysis of clinical S. aureus isolates from
fracture-related infection identified low-virulence (Lo-
SA5464) and high-virulence (Hi-SA5458) strains. These

findings correlated with acute fracture-related infection
induced by Hi-SA5458, whereas Lo-SA5464 caused a
chronic fracture-related infection in its human host.
However, it remains unclear whether and to what extent the
causative pathogen is attributable to these disparities in
fracture-related infections.
Question/purpose Are there differences in the course of
infection when comparing these two different clinical
isolates in a murine fracture-related infection model, as
measured by (1) clinical observations of weight loss, (2)
quantitative bacteriology, (3) immune response, and (4)
radiographic and histopathologic morphology?
Methods Twenty-five (including one replacement animal)
female (no sex-specific influences expected), skeletally
mature C57Bl/6N inbred mice between 20 and 28 weeks
old underwent femoral osteotomy stabilized by titanium
locking plates. Fracture-related infection was established
by inoculation of high-virulence S. aureus EDCC 5458
(Hi-SA5458) or low-virulence S. aureus EDCC 5464 (Lo-
SA5464) in the fracture gap. Each of these groups con-
sisted of 12 randomly assigned animals. Mice were eu-
thanized 4 and 14 days postsurgery, resulting in six animals
per group and timepoint. The severity and progression of
infection were assessed in terms of clinical observation of
weight loss, quantitative bacteriology, quantitative serum
cytokine levels, qualitative analysis of postmortem radio-
graphs, and semiquantitative histopathologic evaluation.
Results For clinical observations of weight change, no
differences were seen at Day 4 between Hi-SA5458- and
Lo-SA5464-infected animals (mean -0.6 6 0.1 grams

Each author certifies that there are no funding or commercial
associations (consultancies, stock ownership, equity interest,
patent/licensing arrangements, etc.) that might pose a conflict of
interest in connection with the submitted article related to the
author or any immediate family members.
All ICMJE Conflict of Interest Forms for authors and Clinical
Orthopaedics and Related Research® editors and board members
are on file with the publication and can be viewed on request.
Ethical approval for this study was obtained from the ethical
committee of the canton of Graubünden in Switzerland (approval
number 23/2020), and the study was conducted in an Association
for Assessment and Accreditation for Laboratory Animal Care
(AAALAC) international accredited facility.
This work was performed at the AO Research Institute Davos,
Davos-Platz, Switzerland.

1Regensburg University Medical Center, Department of Trauma
Surgery, Regensburg, Germany

2AO Research Institute Davos, Davos-Platz, Switzerland

3Harvard Medical School, Department of Microbiology, Boston,
MA, USA

V. Alt ✉, Regensburg University Medical Center, Department of
Trauma Surgery, Regensburg, Germany, Email: Volker.alt@ukr.de

D
ow

nloaded from
 http://journals.lw

w
.com

/clinorthop by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
y

w
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
1y0abggQ

Z
X

dtw
nfK

Z
B

Y
tw

s=
 on 11/17/2023

https://orcid.org/0000-0002-8155-4202
https://orcid.org/0000-0003-0208-4650
mailto:Volker.alt@ukr.de


versus -0.86 0.2 grams, mean difference -0.2 grams [95%
CI -0.8 to 0.5 grams]; p =0.43), while at 14 days, the Hi-
SA5458 group lost more weight than the Lo-SA5464 group
(mean -1.55 6 0.2 grams versus -0.8 6 0.3 grams; mean
difference 0.7 grams [95% CI 0.2 to 1.3 grams]; p = 0.02).
Quantitative bacteriological results 4 days postoperatively
revealed a higher bacterial load in soft tissue samples in Hi-
SA5458-infected animals than in the Lo-SA5464-infected
cohort (median 6.8 x 107 colony-forming units [CFU]/g,
range 2.2 x 107 to 2.1 x 109 CFU/g versus median 6.0 x 106

CFU/g, range 1.8 x 105 to 1.3 x 108 CFU/g; difference of
medians 6.2 x 107 CFU/g; p = 0.03). At both timepoints,
mice infected with the Hi-SA5458 strain also displayed
higher proportions of bacterial dissemination into organs
than Lo-SA5464-infected animals (67% [24 of 36 organs]
versus 14% [five of 36 organs]; OR 12.0 [95% CI 3.7 to
36]; p < 0.001). This was accompanied by a pronounced
proinflammatory response on Day 14, indicated by in-
creased serum cytokine levels of interleukin-1b (mean 9.0
6 2.2 pg/mL versus 5.36 1.5 pg/mL; mean difference 3.6
pg/mL [95% CI 2.0 to 5.2 pg/mL]; p < 0.001), IL-6 (mean
458.6 6 370.7 pg/mL versus 201.0 689.6 pg/mL; mean
difference 257.6 pg/mL [95% CI 68.7 to 446.5 pg/mL]; p =
0.006), IL-10 (mean 15.9 6 3.5 pg/mL versus 9.9 6 1.0
pg/mL; mean difference 6.0 pg/mL [95% CI 3.2 to 8.7
pg/mL]; p < 0.001), and interferon-g (mean 2.7 6 1.9
pg/mL versus 0.86 0.3 pg/mL;mean difference 1.8 pg/mL
[95% CI 0.5 to 3.1 pg/mL]; p = 0.002) in Hi-SA5458-
infected compared with Lo-SA5464-infected animals. The
semiquantitative histopathologic assessment on Day 4
revealed higher grades of granulocyte infiltration in Hi-
SA5458-infected animals (mean grade 2.5 6 1.0) than in
Lo-SA5464-infected animals (mean grade 1.86 1.4; mean
difference 0.7 [95% CI 0.001 to 1.4]; p = 0.0498). On Day
14, bone healing at the fracture site was present to a higher
extent in Lo-SA5464-infected animals than in Hi-SA5458-
infected animals (mean grade 0.2 6 0.4 versus 1.8 6 1.2;
mean difference -1.6 [95% CI -2.8 to -0.5]; p = 0.008).
Conclusion Similar to septic infection in a human host,
infection with Hi-SA5458 in this murine model was char-
acterized by a higher bacterial load, more-pronounced
systemic dissemination, and stronger systemic and local
inflammation. Thus, there is strong support for the idea that
pathogenic virulence plays a crucial role in fracture-related
infections. To confirm our observations, future studies
should focus on characterizing S. aureus virulence at the
genomic and transcriptomic levels in more clinical isolates
and patients. Comparing knockout and wildtype strains
in vitro and in vivo, including the S. aureus strains studied,
could confirm our findings and identify the genomic fea-
tures responsible for S. aureus virulence in fracture-related
infections.
Clinical Relevance For translational use, virulence pro-
files of S. aureus may be useful in guiding treatment

decisions in the future. Once specific virulence targets are
identified, one approach to fracture-related infections with
high-virulence strains might be the development of anti-
virulence agents, particularly to treat or prevent septic
dissemination. For fracture-related infections with low
virulence, prolonged antimicrobial therapy or exchange of
an indwelling implant might be beneficial owing to slower
growth and persistence capacity.

Introduction

Fracture-related infection is one of the most devastating
complications in modern trauma surgery [16].
Staphylococcus aureus is the most common pathogen in
fracture-related infections, accounting for more than 30%
of cases [22, 26, 28]. The clinical course of S. aureus
fracture-related infection may be acute and aggressive, or it
might be a more benign but recalcitrant chronic infection.
These disparities could be attributable to the surgical pro-
cedure, adequacy of antimicrobial therapy, host’s immune
response, or virulence of the infectious pathogen [12,16].
Trouillet-Assant et al. [27] found that S. aureus isolates that
were retrieved during chronic and recurrent bone and joint
infections resulted in reduced cytotoxicity, mortality, vir-
ulence, and host immune escape compared with their an-
cestral isolates in a mouse infection model, and they were
associated with increased intraosteoblastic persistence and
biofilm formation. Recently performed in vitro and in vivo
research compared various clinical S. aureus strains iso-
lated from different patients with chronic or acute fracture-
related infections [14]. One patient with acute and septic
infection was selected to provide a high-virulence pheno-
type (Hi-SA5458), and a second patient with a chronic
fracture-related infection with no clinical signs of infection
except for persistent pain because of delayed bone healing
was selected to provide the low-virulence isolate (Lo-
SA5464). In vitro testing of both strains revealed that Hi-
SA5458 possessed a stronger biofilm-forming ability and
increased invasion and proliferation inside osteoblast-like
cells than the Lo-SA5464 strain. Additionally, Hi-SA5458
resulted in increasedmortality of Galleria mellonella larvae
[14]. Finally, the Lo-SA5464 isolate had mutations af-
fecting virulence regulators including AgrC and SarU,
members of the Agr and SarA protein families [14]. The
Agr and SarA systems are important for the formation of
bacterial abscesses and biofilms and for expressing various
toxins that mediate cell lysis, bone resorption, and main-
tenance of a proinflammatory environment [2, 3, 19].

Several factors influencing the course of fracture-related
infections have been described [16]. A time-related clas-
sification in acute and chronic fracture-related infections is
still used to guide surgical and antimicrobial treatment
strategies. However, there is growing controversy about
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this time-related classification because it oversimplifies the
complexity of fracture-related infection [1, 7, 16, 18].
Further, the host’s comorbidities and immune status may
impact the clinical presentation, course, and systemic dis-
semination of infection [1, 17]. Recently, specific virulence
characteristics of S. aureus have been detected in clinical
isolates of acute and chronic bone infections, suggesting
these characteristics may play a key role in infection de-
velopment and persistence [3]. These findings, most of
which were obtained from osteomyelitis models in animals
or in vitro assays comparing knockout strains with wild
types, have provided valuable insights into bacterial viru-
lence in bone infections [11, 13, 29]. However, although
the clinical and investigative findings may be similar, re-
sults derived from osteomyelitis models cannot be auto-
matically extrapolated to fracture-related infections [17]. In
contrast to osteomyelitis, the presence of a fracture and
influence of a frequently inserted implant may differen-
tially affect the regulatory network, so the role of bacterial
virulence in the pathophysiology of fracture-related in-
fection remains unclear. Thus, detailed bacteriologic and
histopathologic analyses of clinical isolates that may differ
in bacterial virulence because of variations in genomic
sequences and their association with the clinical and
pathophysiologic course of fracture-related infections are
still lacking [3, 29].

We therefore asked: Are there differences in the course
of infection when comparing these two different clinical
isolates in a murine fracture-related infection model, as
measured by (1) clinical observations of weight loss, (2)
quantitative bacteriology, (3) immune response, and (4)
radiographic and histopathologic morphology?

Material and Methods

Experimental Overview

A murine bone infection model was used to compara-
tively evaluate the clinical course of fracture-related
infection with two different S. aureus isolates (S. aureus
EDCC 5458 [Hi-SA5458] versus S. aureus EDCC 5464
[Lo-SA5464]) in terms of local and systemic character-
istics (Fig. 1). Mice received osteotomy of the left femur
stabilized by a locking plate. The fracture gap was in-
oculated with Hi-SA5458 (n = 12) or Lo-SA5464 (n =
12). To assess the course of infection, two timepoints for
euthanasia were set, 4 and 14 days postsurgery, resulting
in a final group of six animals per subgroup and time-
point. Outcome parameters were quantitative assessment
of weight change, quantitative bacteriology in the soft
tissue and harvested organs, quantitative assessment of
serum cytokine levels to measure the systemic immune
response, qualitative assessment of present callus

formation on radiographs, and semiquantitative histo-
pathologic grading by a veterinary pathologist (DN). All
analyses were performed in a blinded manner, and group
assignment was not announced until data collection was
completed.

Bacteria

Clinical strains were obtained from two male patients
treated for fracture-related infections (Table 1). The ge-
nome sequences of both strains are available in the public
ENA/NCBI/DNA databases under accession numbers
CP022290 (S. aureus EDCC 5458) and CP022291
(S. aureus EDCC 5464). To facilitate readability, S. aureus
EDCC 5458, which is considered a high-virulence patho-
gen, is referred to as Hi-SA5458, and S. aureus EDCC
5464, which was presumed to be low-virulence, is referred
to as Lo-SA5464.

Animals

Female inbred C57Bl/6N mice (25, including re-
placement mice) were purchased from Charles River
Laboratories. The animals were at least 20 to 28 weeks old
at the time of surgery. Mice were acclimatized to the
facility and cage mates for at least 2 weeks before surgery.
Mice (six animals per subgroup and timepoint) were
inoculated with Hi-SA5458 or Lo-SA5464 and eutha-
nized at Days 4 and 14 postoperatively. Animals were
randomly allocated to their respective groups, with
surgeons and animal caretakers blinded to group assign-
ment. All mice were placed in their respective groups
(three per cage), according to group allocation for the
study and housed in individually ventilated cages (IVC;
Techniplast and Allentown) with a 12-hour light-dark
cycle. Food (KLIBA NAFAG number 3436, Provimi
Kliba AG) and water were available ad libitum.

Inoculum Preparation

Hi-SA5458 and Lo-SA5464 were kept as frozen stocks
and stored at -20°C until use. The day before surgery, an
overnight culture of both strains was prepared in 5-mL
tryptic soy broth (Oxoid) and placed in a shaking in-
cubator at 37°C. On the day of surgery, a fresh subculture
was prepared in tryptic soy broth and incubated for 2
hours under the same conditions. Bacteria were washed
twice with phosphate-buffered saline (Gibco) and resus-
pended in 5 mL of phosphate-buffered saline. This bac-
terial suspension was sonicated in an ultrasound water
bath (Bandelin Sonorex Super 10P, Bandelin) at 40 kHz

2046 Baertl et al. Clinical Orthopaedics and Related Research®

D
ow

nloaded from
 http://journals.lw

w
.com

/clinorthop by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
y

w
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
1y0abggQ

Z
X

dtw
nfK

Z
B

Y
tw

s=
 on 11/17/2023



for 3 minutes. The optical density of the bacterial solution
was measured at 600 nm by spectrophotometry using a
MultiskanTM GO spectrophotometer (ThermoFisher
Scientific).

The resulting suspension was diluted to an OD600 of
0.02 for a total of approximately 1 x 104 colony-forming
units (CFUs) per 1mL. The actual number of bacteria in the
suspension and in the inoculum was quantified by per-
forming six serial 10-fold dilutions and plating of 10 mL of
all dilutions on tryptic soy agar plates in technical tripli-
cates. Plates were incubated for 24 hours at 37°C, and
CFUs were counted.

Surgical Intervention and Postoperative Care

The mice were anesthetized by induction with sevoflurane
(approximately 5% in O2, flow rate 1 L/minute; Sevofluran
Baxter®, Baxter AG, Opfikon) and maintained during
surgery with sevoflurane (approximately 2% to 3% in O2,
flow rate 0.4 to 0.6 L/minute) through a face mask.

The left femur was stabilized by a titanium four-hole
MouseFix locking plate (RISystems AG) and fixed with
four self-cutting, angular stable screws (RISystems). A
0.44-mm osteotomy was subsequently performed using
theMouseFix Drill-&Saw guide (RISystems) and a Gigli

Fig. 1 This figure shows an experimental overview of the study design. In total, 24 mice were subjected to femoral osteotomy,
which was stabilized by a locking plate (Day 0). Either Hi-SA5458 (n = 12) or Lo-SA5464 (n = 12) was inoculated into the fracture
gap. Animals were euthanized onDays 4 and 14, resulting in six animals per subgroup (Hi-SA5458 or Lo-SA5464) and timepoint.
Local infection characteristics were assessed with a semiquantitative histopathologic evaluation of the bone and soft tissue,
quantitative bacteriology in the soft tissue, and qualitative evaluation of callus formation on postmortem radiographs.
Systemically, a quantitative assessment of weight loss, quantitative bacteriology in harvested organs, and quantitative as-
sessment of serum cytokine levels were performed.

Table 1. Patient characteristics with respect to the isolated strains of S. aureus used in this study [16]

Patient characteristic Hi-SA5458 Lo-SA5464

Age in years 54 70

Sex Male Male

Anatomic site Distal femur Distal fibula and tibia

Implant Plate osteosynthesis Plate osteosynthesis (fibula) and
intramedullary nail (tibia)

Typea Acute fracture-related infection Chronic fracture-related infection

CRP level (mg/mL)b 479 14

Clinical symptoms Redness, swelling, purulent drainage,
fever

Delayed bone healing

aAcute (< 6 weeks) and chronic (> 6 weeks) fracture-related infection were distinguished according to the time interval to onset of
infection after fracture fixation.
bCRP levels at the time of admission to the hospital. CRP = C-reactive protein.
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hand saw (RISystems, Gigly wire saw with 0.44-mm
diameter). Afterwards, an inoculum (1 mL) was pipetted
into the fracture gap. Osteotomy and implant positions
were confirmed radiographically in the lateral plane
immediately postoperatively. Thereafter, lateral radio-
graphs were taken on the day of euthanasia (Days 4 and
14 postsurgery).

Postoperative analgesia was provided with tramadol
(25 mg/L; Tramal® 100 mg/mL, Grünenthal GmbH),
which was added to drinking water for at least 5 days.
Animal well-being was monitored twice daily for the
first 5 postoperative days, then assessed daily for up to
7 days and twice weekly thereafter by blinded animal
caretakers (AF, RM, LF, PF, and PE) and veterinarians
(SZ, DA, HM, and LG). Animals were monitored for
their general and eating behavior and the load they
placed on the operated-on leg. External appearance and
wound status were also monitored. The weight was
checked 3 and 7 days after surgery and weekly thereafter.
Animals were euthanized at the defined endpoints
through cervical dislocation after administering sevo-
flurane anesthesia to the animals.

Animal Welfare

In total, 24 of the 25 mice included in this study survived to
the scheduled endpoint without reaching the predefined
abruption criteria. One animal was euthanized because of
an iatrogenic femur fracture intraoperatively and was im-
mediately replaced. In the 4-day group, one animal (in-
oculated with Hi-SA5458) had a distal femur fracture
diagnosed with postmortem radiographs. Three animals in
the 14-day group (all infected with Hi-SA5458) experi-
enced continuing lameness. To prevent these animals from
suffering, analgesics (paracetamol and tramadol) were
prolonged in animals infected with Hi-SA5458. On the
postmortem radiographs, one animal infected with Hi-
SA5458 in the 14-day group exhibited a proximal femur
fracture. Both animals experiencing an additional femur
fracture were excluded from the clinical scoring analysis at
all timepoints. Because these animals received full surgical
treatment and the 14-day course of infection was fulfilled,
their bacteriological and histopathologic results were
included.

Immune Response and Inflammatory Reaction

Preoperative blood samples were taken from the tail vein
after putting the animals under anesthesia. Blood sam-
ples were also taken on the day of euthanasia (Days 4 or
14) after induction of anesthesia by retro-orbital bleed-
ing. Blood samples were taken in serum tubes and briefly

stored at 4°C, before centrifugation at 2500 rpm for 5
minutes.

The supernatant serum was transferred into 1.5-mL
Eppendorf tubes and stored at -20°C until use. Interferon-g,
interleukin-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70,
keratinocyte chemo attractant/human growth-related on-
cogene, and tumor necrosis factor-a were then measured
using a V-PLEX Proinflammatory Panel 1 (mouse) Kit
(Meso Scale Discovery) according to the manufacturer’s
protocol. As recommended by the manufacturer, samples
were incubated overnight at 4°C on the plate to achieve
higher detection sensitivity.

Posteuthanasia and Sample Processing

All samples for bacteriologic examination were har-
vested, with careful attention to the aseptic technique.
After the skin and fur were sprayed with 70% ethanol, fur
and skin were carefully dissected, and the operated-on
left hind leg was separated from the hip. A wedge-shaped
piece of soft tissue adjacent to the plate was dissected
from the lateral side of the femur for quantitative bac-
teriology. The remaining soft tissue was once again su-
tured (6-0 Prolene, Ethicon) to keep the soft tissue in
place and avoid possible shrinking artifacts during the
fixation process for histologic analysis. Samples of the
spleen, kidney, and liver were collected for bacteriologic
analyses.

Quantitative Bacteriology

The dissected organs and soft tissue samples were placed
in sterile vials containing 4 mL of phosphate-buffered
saline. All tissue samples were weighed and sub-
sequently subjected to homogenization (Omni Tissue
Homogenizer and Hard Tissue Homogenizing tips,
Omni International). To quantify bacteria in the ho-
mogenized suspensions, six serial 10-fold dilutions were
made from the original suspensions, and triplicate ali-
quots of all dilutions, as well as the undiluted sample,
were placed on blood agar (Oxoid AG). All plates were
incubated at 37°C for 24 hours. Bacterial colonies were
counted by a blinded investigator (SB) at the dilution
yielding the densest yet countable colonies, and the
resulting numbers are presented as CFUs per gram of
tissue. Furthermore, agar plates were checked again for
any signs of slow-growing contaminants after an addi-
tional 24 hours at room temperature. To confirm the
presence of S. aureus, a latex agglutination assay
(Staphaurex, Thermo Scientific) was performed for at
least one isolate per mouse.
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Histology

Immediately after harvesting the biopsies for bacteriology, we
placed the infected legs containing the titanium plate and
surrounding soft tissue in 70%methanol. Contact radiographs
were taken using a cabinetX-ray system (ModelNo. 43855A,
FaxitronX-RayCorp) and high-resolution technicalfilms (D4
Structurix DW ETE, Agfa). After fixation, samples were
subjected to a dehydration process through ascending con-
centrations of ethanol and transferred to xylene before being
embedded in methyl methacrylate (Sigma-Aldrich). Once
cured, two approximately 200-mm-thick longitudinal
sections weremade through the plate and femur using a Leica
1600 rotating saw microtome (Leica microsystems). These
sections were fixed with cyanoacrylate onto Plexiglas slides
and ground to a thickness of approximately 100 mm using a
microgrinding system. One section per animal was stained
with Giemsa eosin.

Histopathologic Evaluation

Histopathologic analysis included the bone and bone
marrow, plate interface, and surrounding soft tissue. One
veterinary pathologist (DN) with special focus on bone
healing and localization of inflammatory changes analyzed
Giemsa eosin-stained and methyl methacrylate–embedded
specimens. Scoring was performed in a blinded manner,
and group allocation was revealed after scoring.
Inflammatory changes were rated for polymorphonuclear
cell infiltration, necrotizing inflammation, or mononuclear
cell infiltration. Semiquantitative assessment of Giemsa-
positive stained bacteria was conducted separately for the
soft tissue above the plate, soft tissue below the plate,
fracture gap, and bone marrow. Bone healing was assessed
at the fracture gap and around the implant and screws.
Here, osteolysis and osteonecrosis, as well as callus for-
mation at the osteotomy gap, were investigated. According
to their severity, changes were semiquantitively graded as
follows: absent (0), minimal (1), slight (2), moderate (3),
marked (4), and massive (5).

To differentiate between acute and chronic signs of oste-
omyelitis, the sections were additionally evaluated according
to the Histopathological Osteomyelitis Evaluation Score [25].
This score characterizes three features of acute osteomyelitis
(A) and two features of chronic osteomyelitis (C). Acute os-
teomyelitis was assumed by the presence of the following
criteria: osteonecrosis (A1), soft tissue necrosis (A2), and
neutrophilic granulocyte infiltration (A3). The features in-
dicating chronic osteomyelitis consisted of bone neogenesis
orfibrosis (C1) and lymphocyte,macrophage, and plasma cell
infiltration (C2). The above criteria for acute (A1 to A3) and
chronic (C1 and C2) osteomyelitis were scored from 0 to 5
with respect to their presence in tissue.

Ethical Approval

All animal experiments performed in this study were ap-
proved by the ethical committee of the canton of
Graubünden, Switzerland (approval number 23/2020), and
were conducted in an Association for Assessment and
Accreditation for Laboratory Animal Care international
accredited facility.

Statistical Evaluation

Descriptive and statistical data analysis was performed and
visualized using GraphPad Prism 8 (GraphPad Software).
Numeric values are expressed as the mean 6 SD or, for
values with non-normal distribution, as median values with
range. Means were compared using a t-test or two-way
analysis of variance across multiple groups. Normal dis-
tribution was checked using the Shapiro-Wilk test, and
equality of variances was measured using the Levene test.
We compared non-normally distributed data using the
Mann-Whitney U test. If required, we used the chi-square
test and Fisher exact test for comparing categorical vari-
ables. Proportions are expressed as percentages with ORs
and 95%CI.We used one-way analysis of variance and the
Tukey post hoc test to compare cytokine and chemokine
levels in serum between the two groups per timepoint.
Weight was compared using two-way analysis of variance
with repeated measures. For all tests, a p value < 0.05 was
considered statistically significant.

Results

Clinical Observations of Change in Body Weight

At 4 days, there was no difference in weight loss between
the Hi-SA5458-infected animals and Lo-SA5464-infected
animals (mean -0.6 6 0.1 grams versus -0.8 6 0.2 grams,
mean difference -0.2 grams [95% CI -0.8 to 0.5 grams]; p =
0.43) (Fig. 2A). At 14 days, the Hi-SA5458-infected group
lost more weight than did the Lo-SA5464-infected group
(mean -1.55 6 0.2 grams versus -0.8 6 0.3 grams; mean
difference 0.7 grams [95% CI 0.2 to 1.3 grams]; p = 0.02)
(Fig. 2B).

Quantitative Bacteriology

On Day 4, the bacterial burden in soft tissue was higher in
the Hi-SA5458-infected group (median 6.8 x 107 CFU/g,
range 2.2 x 107 to 2.1 x 109 CFU/g) than in the Lo-SA5464
group (median 6.0 x 106 CFU/g, range 1.8 x 105 to 1.3 x
108 CFU/g; difference of medians 6.2 x 107; p = 0.03)
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Fig. 2 This figure shows the weight loss in grams of Hi-SA5458- and Lo-SA5464-
infected animals at (A) 4 days and (B) 14 days postoperatively. Data are presented as
mean 6 SD (five to six animals per group). A color image accompanies the online
version of this article.

Fig. 3 This figure shows the results of quantitative bacteriology of Hi-SA5458- and Lo-
SA5464-infected animals in (A) soft tissue samples and (B) organ samples (liver, kidney,
and spleen) at euthanasia on Days 4 and 14 postoperatively. Results are presented as
median with range (six per group). A color image accompanies the online version of
this article.
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(Fig. 3A). On Day 14, no difference in CFU counts was
observed between Hi-SA5458-infected and Lo-SA5464-
infected animals (Fig. 3A). Systemic dissemination of
bacteria in the liver on Day 4 was greater for mice in-
oculated with Hi-SA5458 (median 3.3 x 102 CFU/g, range
0 to 2.2 x 106 CFU/g) than for those with Lo-SA5464
(median 0 CFU/g, range 0 to 0 CFU/g; difference of me-
dians 3.3 x 102; p = 0.02) (Fig. 3B). On Day 14, there was
no difference in bacterial load (CFU/g) in the organs of
animals infected with Hi-SA5458 compared with those
infected with Lo-SA5464 (Fig. 3B). Considering both
timepoints, the overall proportion of bacteria-positive or-
gan samples was greater in the Hi-SA5458-infected cohort
(67% [24 of 36 organs]) than in animals infected with the
Lo-SA5464 strain (14% [five of 36 organs]; OR 12.0 [95%
CI 3.7 to 36]; p < 0.001).

The bacterial inocula administered to each animal were
confirmed within the target range of 5.0 x 103 to 2.0 x 104

CFU per animal by quantitative bacteriologic analysis. No
differences were noted between the mean CFU counts of
inocula containing Hi-SA5458 and Lo-SA5464 (mean 1.5
x 104 CFU/animal 6 3.3 x 103 versus 1.3 x 104

CFU/animal 6 3.3 x 103; mean difference 2.2 x 103

CFU/animal [95% CI -2.1 x 103 to 6.4 x 103 CFU/animal];
p = 0.28).

Through a postmortem bacteriologic evaluation of soft
tissue, all mice were confirmed to be infected. In four an-
imals (three liver and one kidney sample), bacteria other
than S. aureus (based on colony morphology) were iden-
tified at the time of euthanasia. In these cases, CFU counts
were low and exhibited a variety of colony types, sug-
gesting contamination from the overlying skin, fur, or in-
testines during processing, and therefore was not
considered as an invasive infection.

Immune Response and Inflammatory Reaction

The early stage of infection (Day 4) was characterized by
elevated levels of innate immune response cytokines, al-
though no differences were observed between groups
(Fig. 4A to 4F). On Day 14, the proinflammatory immune
response was more pronounced in Hi-SA5458-inoculated
animals than in Lo-SA5464-inoculated animals, as
revealed by higher levels of proinflammatory markers ob-
served for interleukin-1b (mean 9.0 6 2.2 pg/mL versus
5.36 1.5 pg/mL; mean difference 3.6 pg/mL [95% CI 2.0
to 5.2 pg/mL]; p < 0.001) (Fig. 4A), IL-6 (mean 458.6 6
370.7 pg/mL versus 201.0 689.6 pg/mL; mean difference
257.6 pg/mL [95% CI 68.7 to 446.5 pg/mL]; p = 0.006)
(Fig. 4B), IL-10 (mean 15.96 3.5 pg/mL versus 9.96 1.0
pg/mL; mean difference 6.0 pg/mL [95% CI 3.2 to 8.7
pg/mL]; p < 0.001) (Fig. 4C), and interferon-g (mean 2.76
1.9 pg/mL versus 0.8 6 0.3 pg/mL; mean difference 1.8

pg/mL [95% CI 0.5 to 3.1 pg/mL]; p =0.002) (Fig 4D). No
differences were observed in keratinocyte chemoattractant
or human growth-related oncogene (Fig. 4E) and tumor
necrosis factor-a (Fig.4F) between Hi-SA5458- and Lo-
SA5464-inoculated animals.

Radiographic and Histopathologic Evaluation

Radiographic Signs of Bone Healing

On Postoperative Day 4, qualitative assessment of radio-
graphs in both groups did not show any signs of bone
healing or infection-related changes (Fig. 5A and 5B).
After 14 days, no callus formation was seen in animals
infected with Hi-SA5458. Instead, postmortem radio-
graphs in Hi-SA5458-infected animals showed erodent
fracture ends and radiolucent areas adjacent to the screws
and plate, suggesting osteolysis (Fig. 5C). Early signs of
callus formation at the fracture site were visible in the Lo-
SA5464-infected cohort (Fig. 5D).

Histopathologic Signs of Bone Healing

By Day 4, no soft callus or woven bone formation was
present in either group (Fig. 6A to 6F). Hi-SA5458-
infected animals exhibited visible osteonecrosis (Fig. 6E).
By Day 14 (Fig. 7A to 7F), animals inoculated with Hi-
SA5458 exhibited osteonecrosis at the fracture gap and
bone tissue adjacent to the screws (Fig. 7E). In the Hi-
SA5458 cohort, mainly fibrinous tissue was present at the
fracture gap (Fig. 7E), while bony callus formation
(Fig. 7F) was present in animals inoculated with Lo-
SA5464 (mean grade 0.2 6 0.4 versus 1.8 6 1.2; mean
difference -1.6 [95% CI -2.8 to -0.5]; p = 0.008).

Histopathology of Bacterial Microcolonies

Bacterial microcolonies were visible in the soft tissue
above (Fig. 8A) and below the plate (Fig. 8B), at the
fracture gap (Fig. 8C), and in the bone marrow (Fig. 8D).
After 4 days, bacterial microcolonies in Hi-SA5458-
infected animals were found to a higher extent below the
plate than in Lo-SA5464-infected animals (mean grade 2.7
6 0.5 versus 1.36 1.3; mean difference 1.3 [95% CI 0.1 to
2.5]; p =0.03), at the fracture site (mean grade 1.7 6 0.3
versus 0.56 1.3; mean difference 1.3 [95% CI 0.1 to 2.5];
p =0.03), and in the bone marrow (mean grade 1.7 6 1.4
versus 0.26 0.4; mean difference 1.5 [95% CI 0.3 to 2.7];
p = 0.02) (Fig. 9).

By Day 14, the bacterial content below the plate was
increased in Hi-SA5458-infected animals compared with
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their Lo-SA5464-infected counterparts (mean grade 3.36
0.5 versus 2.0 6 0.6; mean difference 1.3 [95% CI 0.2 to
2.6]; p = 0.02) (Fig. 9). In the bone marrow of the Hi-
SA5458-infected cohort, bacteria were detected in similar
amounts (mean grade 3.36 0.5) as in Lo-SA5464-infected
animals (mean grade 2.66 0.8; mean difference 0.7 [95%
CI -0.4 to 1.8]; p = 0.26)

Histopathology of Immune Cells

On Day 4, inflammation with mainly polymorphonuclear
cell infiltration was present in both groups, although
somewhat more prominent in Hi-SA5458-infected animals
(mean grade 2.5 6 1.0) than in Lo-SA5464-infected ani-
mals (mean grade 1.86 1.4; mean difference 0.7 [95% CI
0.001 to 1.4]; p = 0.0498) (Fig. 10A). In the bone marrow,
inflammation consisting of polymorphonuclear cell in-
filtration (mean grade 3.3 6 0.5 versus 2.0 6 0.6; mean
difference 1.3 [95% CI 0.2 to 2.6]; p < 0.001) and necrotic

changes (mean grade 3.0 6 0 versus 1.8 6 1.2; mean
difference 1.2 [95%CI 0.2 to 2.1]; p = 0.016) was increased
in the Hi-SA5458-inoculated group compared with their
Lo-SA5464-inoculated counterparts. After 14 days, nec-
rotizing inflammation was still in progress in Hi-SA5458-
infected animals and more pronounced than in the Lo-
SA5464-infected cohort (mean grade 2.5 6 1.5 versus 1.7
6 1.4; mean difference 0.8 [95% CI 0.2 to 1.4]; p = 0.007)
(Fig. 10A). The histologic inflammatory reaction shifted
toward mixed inflammation with immigration of mono-
nuclear cells in both cohorts up to Day 14 compared with
Day 4 (Fig. 10A).

Histopathologic Osteomyelitis Evaluation Score

On Day 4, acute patterns of osteomyelitis (osteonecrosis,
granulocyte infiltration, and soft tissue necrosis) were present
in both groups (Fig. 10B). Animals inoculated with Hi-
SA5458 exhibited higher severity scores for granulocyte

Fig. 4 This figure shows the systemic cytokine profiles for (A) interleukin-1b, (B) IL-6, (C) IL-10, (D) interferon-g, (E) keratinocyte
chemoattractant/human growth-related oncogene, and (F) tumor necrosis factor in serum samples of Hi-SA5456- and Lo-
SA5464-infected animals before surgical intervention (Day 0) and at Days 4 and 14 after surgery (six per group). Results of
preoperative serum samples of all animals (22) were pooled across timepoints (striped bar). Results are expressed as means6
SDs. One preoperative specimen was excluded because of severe hemolysis and one was excluded because of low specimen
volume. A color image accompanies the online version of this article.
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infiltration at Day 4 than Lo-SA5464-infected animals (mean
severity score 2.560.3 versus 1.86 0.3;mean difference 0.7
[95% CI 0.1 to 1.4]; p = 0.03) (Fig. 10B). By Day 14 post-
operatively, both groups had chronic signs of osteomyelitis
consisting of infiltration with mononuclear cells (Fig. 10B).
Bone neogenesis was more pronounced in Lo-SA5464-
infected animals than in Hi-SA5458-infected animals (mean
severity score 1.5 6 0.4 versus 2.3 6 0.5; mean difference
-0.8 [95% CI -1.5 to -0.2]; p = 0.01), while Hi-SA5458-
inoculated animals exhibited a higher degree of osteonecrosis
(mean severity score 3.0 6 0.4 versus 2.2 6 0.7; mean dif-
ference 0.8 [95% CI 0.2 to 1.5]; p = 0.01). However, granu-
locytic inflammation in the soft tissue, bone, and bone
marrow were still present on Day 14, indicating persistent
acute infection in both groups.

Discussion

Recently, there has been a growing understanding of the
pathogenesis and virulence of S. aureus in a variety of
diseases such as pneumonia, sepsis, skin and soft tissue
infections, and surgical site infections [6]. A limited

number of osteomyelitis models, most of which compared
knockout strains with respect to individual virulence fac-
tors and used laboratory strains, have already provided
valuable insights into the context of bone infections [3, 6,
29]. In prior in vitro and in vivo studies, clinical S. aureus
strains isolated from acute and chronic cases differed in
cytotoxicity, mortality, virulence, and host immune re-
sponse, and were associated with increased intra-
osteoblastic persistence and biofilm formation [14].
However, the clinical relevance of the causative pathogen
and its virulence characteristics in fracture-related infec-
tions remains to be determined, especially in clinical iso-
lates [3, 6, 14]. The present study was designed to
investigate whether two different clinical courses of in-
fection and the results of the previously performed viru-
lence testing of two clinical strains (Hi-SA5458 and Lo-
SA5464) are reflected in a murine model of fracture-related
infection. Compared with Lo-SA5464-infected animals,
infection with Hi-SA5458 was observed to be more severe
according to some key outcome parameters, such as in-
creased bacterial load in quantitative bacteriology (local
tissues and organs) and semiquantitative histopathologic
grading. Furthermore, infection with Hi-SA5458 was

Fig. 5 This figure shows representative postmortem contact radiographs of Hi-
SA5456- and Lo-SA5464-inoculated animals with a single osteotomy stabilized with a
four-hole MouseFix locking plate (A and B) 4 days and (C and D) 14 days post-
operatively. On Day 4, no signs of bone healing were observed in (A) Hi-SA5456- or (B)
Lo-SA5464-infected animals. Hi-SA5458-infected mice displayed osteolytic lesions
adjacent to the plate and screws and at the fracture site (C), whereas Lo-SA5464-
infected mice showed signs of the beginning of bone healing and callus formation (D)
at Day 14 postoperatively.

Volume 481, Number 10 In Vivo Comparison of Clinical S. aureus Isolates 2053

D
ow

nloaded from
 http://journals.lw

w
.com

/clinorthop by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
y

w
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
1y0abggQ

Z
X

dtw
nfK

Z
B

Y
tw

s=
 on 11/17/2023



characterized by more-pronounced systemic dissemina-
tion, indicating high rates of bacteremia. Regarding bone
remodeling processes, increased osteolysis and osteonec-
rosis were observed in animals infected with Hi-SA5458,
whereas bone healing was evident at Day 14 in animals
infected with Lo-SA5464. For a translational use of these
findings, the virulence profiles of S. aureus could guide our
treatment decisions in the future in a case- and pathogen-
specific manner. Thus, one approach to fracture-related
infections with high-virulence strains might be the de-
velopment of antivirulence compounds, particularly to
treat or prevent septic dissemination.

Limitations

This study was based on a comparative examination of only
two isolates derived from two individual patients, and there-
fore no reliable conclusion can be drawn regarding an overall
relationship between specific virulence properties and the
clinical presentation of fracture-related infection.
Additionally, the study design does not allow for a definitive
link between the exact mechanisms or factors and observed
differences in the severity of infection because multiple mu-
tations were described in the genome of both strains studied
here [14]. However, as a proof-of-principle study, it is

Fig. 6 This figure shows representative microscopic images of Giemsa eosin-stained
methyl methacrylate–embedded mouse femoral sections of Hi-SA5458-infected ani-
mals and Lo-SA5464-infected animals 4 days postoperatively (bone is stained pink,
connective and soft tissue are stained rose, and cell nuclei are dark blue; the fracture
site is either complete or only its cis or trans part is shown). Marked tissue necrosis was
visible in (A, black arrow heads) Hi-SA5458-infected and (B, black arrow heads) Lo-
SA5464-infected animals. Giemsa-positive coccoid bacteria were visible in (C, red
square, inset) Hi-SA5458-infected animals. The straight cutting lines show the absence
of new bone formation at the bone stumps in (C) Hi-SA5458-infected and (D) Lo-
SA5464-infected animals. In (E) Hi-SA5458-infected animals (red circles), empty lacu-
nae indicating osteonecrosis, the presence of a mainly polymorphonuclear or gran-
ulocytic inflammation accompanied by (E, red square, inset) Giemsa-positive coccoid
bacteria were observed. Osteonecrosis was less pronounced in (F) animals infected
with Lo-SA5464 and the inflammation was more mononuclear (no Giemsa-positive
coccoid bacteria in this field of view). Artefacts: (D) There was black debris from the
Gigli saw used to create the osteotomy at the initial surgery. (A, B) Cyan blue–stained,
round structures in the soft tissue were monofilament sutures placed postmortem to
fix the soft tissue to avoid shrinkage artefacts. Images were taken at 2 x (A and B: scale
bar 1 mm), 7.5 x (C and D: scale bar 200 mm), 40 x (E and F: scale bar 50mm), and 100 x
oil (insets: scale bar 20 mm). A color image accompanies the online version of this
article.
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encouraging that mutations in virulence factors may lead to
different clinical courses that may remain stable even when
transferred to a different host. Two animals infected with Hi-
SA5458 experienced implant loosening and an additional
femur fracture that was expected to substantially influence the
clinical evaluation, and therefore these animalswere excluded
from these analyses. Because these animals were included in
the bacteriologic and histologic analysis, theremay have been
more severe bone and soft tissue destruction and increased

local and systemic inflammation [8]. Conversely, bone re-
sorption, implant loosening, and ultimately implant failure
could have been because of a more-aggressive infection,
leading to additional fractures of the affected bone [8].
Because this could not be conclusively clarified, we refrained
from excluding and replacing these animals to avoid un-
necessary harm to further animals. Finally, no chronic in-
fection could be established by Day 14, as evidenced by
persistent granulocytic infiltration. Although osteoneogenesis

Fig. 7 This figure shows representative microscopic images of Giemsa eosin-stained
methyl methacrylate–embedded mouse femoral sections of Hi-SA5458-infected ani-
mals and Lo-SA5464-infected animals 14 days postoperatively (bone is stained pink,
connective and soft tissue are rose, and cell nuclei are dark blue; the fracture site is
either complete or only its trans part is shown). Marked tissue necrosis above the plate
was visible in (A, black arrowheads) Hi-SA5458-infected animals and (B, black arrow-
heads) Lo-SA5464-infected animals. In Hi-SA5458 (C, black arrowheads), necrosis in-
side the bonemarrowwas present. Giemsa-positive coccoid bacteria were visible in (C,
red square, see inset) Hi-SA5458-infected animals and less present in (D) Lo-SA5464-
infected animals. (E) In animals infected with Hi-SA5458, mainly polymorphonuclear
cell infiltration was observed, accompanied by (E, red square, inset) Giemsa-positive
coccoid bacteria. In (E) Hi-SA5458-infected animals, the straight cutting lines on the
bone stumps indicate no new bone formation, while (E, red circles) the presence of
empty lacunae indicates osteonecrosis. In contrast, osteonecrosis in (F) Lo-SA5464-
infected animals was less pronounced (F, black circles; lacunae are occupied by os-
teocytes), and the cutting lines were not completely straight but (F, black dashed
polygon) limited new bone formation was recorded. Additionally, inflammation in (F)
Lo-SA5464-infected animals was characterized by mixed infiltration mainly with
mononuclear cells (no Giemsa-positive coccoid bacteria were found in this field of
view). Artefacts: Cyan blue–stained, round structures in the soft tissue (A, B) were
monofilament sutures placed postmortem to fix the soft tissue to avoid shrinkage
artefacts. Images were taken at 2 x (A and B: scale bar 1 mm), 7.5 x (C and D: scale bar
200mm), 40 x (E and F: scale bar 50mm), and 100 x oil (insets: scale bar 20mm). A color
image accompanies the online version of this article.
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as a chronic osteomyelitis sign was increased in the Lo-
SA5464-infected cohort, a longer observation period might
have revealed more distinct differences. However, a longer
observation period would likely have resulted in high exclu-
sion rates for animal welfare reasons, because animals
infected with Hi-SA5458 already required additional pain
medication throughout the 14-day period to prevent them
from suffering. Additionally, because we focused on the

histomorphologic pathogenesis of bone infection, no quanti-
tative bacteriology of bone was performed. However, semi-
quantitative histologic grading of bacterial microcolonies
suggests the bacterial load in bone may have been elevated,
which has also been observed in soft tissue samples from Hi-
SA5458-infected animals. Finally, these histomorphologic
analyses can always be subjective to some degree, even if the
pathologist is experienced. To keep these analyses as

Fig. 8 Representative images of Giemsa eosin-stained and methyl
methacrylate–embedded sections are shown, displaying microscopically detected
bacterial microcolonies (A) in the soft tissue above and (B) below the plate, (C) at the
fracture gap, and (D) in the bonemarrow. Images were taken at 100 x (scale bar 20mm).

Fig. 9 This figure shows the histopathologic semiquantitative grading of bacterial microcolonies in each group (means6 SDs;
six per group). aGrade 0 = absent; 1 = minimal; 2 = slight; 3 = moderate; 4 = marked; 5 = massive or complete.
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objective as possible, the pathologist was blinded to group
assignment.

Discussion of Key Findings

Differences in the Pathophysiology and Severity of Infection

The bacterial burden was lower in animals infected with Lo-
SA5464, while the Hi-SA5458-infected cohort exhibited a
more-pronounced systemic dissemination of infection. These
findings shared parallels with the infection of the patient who
experienced a septic course of acute fracture-related infection,
in which Hi-SA5458 infection was associated with high
C-reactive protein levels, increased pain, and fever [14]. In

orthopaedics, detailed data regarding the number of patients
who experience a septic course with S. aureus bacteremia after
fracture-related infection are lacking; however, sepsis is one of
the most feared complications [1, 7, 20]. Recent research has
focused on developing antivirulence compounds to combat
S. aureus infections [6, 10]. For high-virulence strains, such as
the one studied here, targeting the virulence factors of the
pathogen may be a promising approach to reduce the severity
of infection, especially in septic courses. This approach could
be particularly useful in cases where traditional antibiotics are
not effective because of antibiotic resistance or toxicity [5].
Conversely, reduced pathogenicity and toxicity may result in
slower progression of infection but provide better survival and
persistence in the host, whichmay require prolonged antibiotic
treatment or a more radical surgical approach because of

Fig. 10 This figure shows the (A) histopathologic semiquantitative grading of local inflammatory reactions, consisting of
polymorphonuclear cell infiltration, necrotizing inflammation, and mononuclear cell infiltration. Values are presented as means
6 SDs (six per group). aGrade 0 = absent; 1 = minimal; 2 = slight; 3 = moderate; 4 = marked; 5 = massive or complete. (B) This
image shows the histopathologic osteomyelitis evaluation severity scores of animals infected with Hi-SA5458 or Lo-SA5464
assessed at 4 and 14 days postoperatively. Acute features from left to right were osteonecrosis (gray), granulocyte infiltration
(green), and soft tissue necrosis (blue). Chronic signs consisted of osteoneogenesis or fibrosis (orange) and mononuclear cell
infiltration (white). The severity score is presented as means 6 SDs (six per group).
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increased biofilm formation and sessile pathogens in a quasi-
dormant state [3, 21, 29]. Trouillet-Assant et al. [27] yielded
results similar to those presented here. They demonstrated that
isolates from recurrent and chronic bone and joint infections
were less virulent, asmeasured by the number of bacteria in the
harvested organs and the overall mortality rate, but were
stronger producers of mature biofilms. In contrast to the exis-
tence of genomic differences between the strains studied here,
the authors did not observe genomic-level changes in those
recurrent isolates and concluded that conversion to chronic
S. aureusbone and joint infection ismore likely associatedwith
in vivo phenotypic adaptation of the bacterium [27]. The rea-
sons for more systemic spread of infection in all animals
infected with Hi-SA5458 may be due to its ability to survive
and replicate intracellularly, as shown in osteoblast-like cells
[14]. Findings derived from sepsis models suggest that in-
tracellular survival and proliferation in neutrophils are key to
the transmission of infection from primary to secondary sites.
Via the bloodstream, S. aureus reaches the liver, where it can
formmicrolesions. Subsequently, it is presumably released into
the bloodstream, penetrates neutrophils, and is carried to other
organs, where further abscesses can develop [5]. Likewise, on
Day 4, the liver was primarily affected in animals infectedwith
Hi-SA5458, but bacteria spread to the kidneys and spleen as
the infection progressed. Yet, how bacterial virulence con-
tributes to fracture-related infections and their complications
has not been fully elucidated, which would be crucial knowl-
edge for the development of new treatment strategies such as
antivirulence agents and immunomodulatory approaches.
Future studies should focus on characterizing virulence in a
broad range of clinical S. aureus isolates in relation to human
clinical courses. By using a stepwise knockout model of vir-
ulence genes in Hi-SA5458 isolates and comparative studies
in vitro and in vivo, it would be interesting to determine
whether the severity of infection becomes more similar to that
induced by Lo-SA5464, providing potential targets for anti-
virulent or immunomodulatory approaches.

Influence of Genomic Mutations in Virulence Regulatory
Systems on the Course of Fracture-related Infection

Infection with Lo-SA5464, which contained mutations in
virulence-regulating genes (agrC and sarU), was charac-
terized by less local inflammation, lower bacterial burden,
and systemic dissemination, as well as less pronounced
osteolysis and osteonecrosis. Further, bone healing was
enhanced in animals infected with Lo-SA5464. The Lo-
SA5464 strain harbors several mutations, resulting in
truncated genes encoding bacterial toxins and virulence
regulators, among themmutations of the agrC and the sarU
gene, which are intact in Hi-SA5458 [14]. As key media-
tors, their expression leads to increased production of cy-
totoxic substances such as phenol-soluble modulins,

hemolysins, leucocidins, and MHC Class II analog protein
[2, 11]. These exoproteins are believed to substantially
contribute to increased cell death and bone destruction,
systemic spread of infection, and maintenance of a proin-
flammatory environment while evading host immune de-
fenses [3, 11, 19, 29]. Conversely, attenuation of the Agr
system in osteomyelitis models decreases infection sever-
ity, including the number of abscesses, tissue and bone
destruction, and histologic inflammation [2, 4, 21, 27].
Consistent with the results presented here, studies com-
paring recurrent Agr-deficient strains with initial isolates
with intact Agr systems in chronic osteomyelitis also found
decreased cytokine release [3, 27]. Interestingly, loss of
function in the Agr system is commonly detected in chronic
infections [9, 24, 29]. Nevertheless, future studies are
needed to determine whether the mechanisms described
here are driven at the genomic level or whether they more
closely reflect in vivo adaptive strategies expressed at
transcriptional and translational levels [3, 27]. Analysis of
bacterial genome expression in clinical samples could
provide comprehensive insight into the upregulation or
downregulation of virulence factors during acute and
chronic fracture-related infections.

Parallels of In Vivo Data FromAnimalModels to Clinical Use
in Humans

To the best of our knowledge, this is the first study to
investigate whether different clinical courses of fracture-
related infections in humans associated with mutations in
virulence regulator systems are reflected in a standardized
murine fracture-related infection model and nonvertebral
animal models. Overall, our findings in animals infected
with Hi-SA5458 correlated well with the clinical pre-
sentation of the patient, who suffered from acute fracture-
related infection accompanied by high C-reactive protein
levels, increased pain, and fever because of Hi-SA5458
infection [14]. Conversely, infection with Lo-SA5464
resulted in a less-invasive infection in both the human host
and the animals investigated here. In previous work, larvae
of Galleria mellonella were infected with various clinical
S. aureus isolates, and survival of larvae was observed for
5 days after infection in terms of differential lethality [16].
The high lethality of Hi-SA5458 infection in the Galleria
mellonella model is consistent with the increased severity
observed in the human host and the more aggressive in-
fection detected in the present mouse model. In accordance
with the 3R principles (replacement, reduction, and re-
finement) for animal welfare introduced by Russell and
Burch [23], the Galleria mellonella model can serve as an
intermediate step between in vitro assays and in vivo ver-
tebrate models to study implant-associated infections, re-
ducing the need for vertebrate models in the future [15].
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Conclusion

Similar to septic infection in the human host, we found more-
severe systemic and local infection caused by Hi-SA5458
compared with a milder course of infection induced by Lo-
SA5464. Thus, there is strong support that the course of in-
fection is not only influenced by host factors or the duration of
infection (acute versus chronic), but that pathogenic virulence
also plays a crucial role in fracture-related infections. By
identifying specific pathogen-related factors that influence the
clinical severity of fracture-related infection, this could guide
future treatment decisions regarding the extent of surgical
treatment and antimicrobial therapy. Following sepsis mod-
els, the efficacy of compounds that target virulence factors
and thereby attenuate the virulence of S. aureus should be
investigated in fracture-related infections. If promising, this
could introduce a new and additional pharmacologic therapy
for bone and joint infections in the long term, which could be
particularly important in preventing septic infection. Future
studies should focus on characterizing S. aureus virulence at
the genomic and transcriptomic levels in a broader cohort of
clinical isolates and patients and how this relates to the clinical
presentation of fracture-related infections in humans.
Furthermore, in vitro and in vivo comparisons of knockout
versus wildtype strains for specific virulence systems, in-
cluding the S. aureus strains studied here, may reveal whether
our observations are reproducible and what genomic char-
acteristics are attributable to increased or attenuated virulence
of S. aureus in fracture-related infections.

This is an open access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from
the journal.
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