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Abstract

Purpose The increasing number of implant-associated infections during trauma and orthopedic surgery caused by biofilm-
forming Staphylococcus aureus in combination with an increasing resistance of conventional antibiotics requires new thera-
peutic strategies. One possibility could be testing for different therapeutic strategies with differently coated plates. Therefore,
a clinically realistic model is required. The pig offers the best comparability to the human situation, thus it was chosen for
this model. The present study characterizes a novel model of a standardized low-grade acute osteitis with bone defect in the
femur in mini-pigs, which is stabilized by a titanium locking plate to enable further studies with various coatings.
Methods A bone defect was performed on the femur of 7 Aachen mini-pigs and infected with Methicillin-resistant S. aureus
(MRSA ATCC 33592). The defect zone was stabilized with a titanium plate. After 14 days, a plate change, wound debride-
ment and lavage were performed. Finally, after 42 days, the animals were lavaged and debrided again, followed by euthanasia.
The fracture healing was evaluated radiologically and histologically.

Results A local osteitis with radiologically visible lysis of the bone could be established. The unchanged high Colony-forming
Units (CFU) in lavage, the significant differences in Interleukin (IL)-6 in blood compared to lavage and the lack of increase
in Alkaline Phosphates (ALP) in serum over the entire observation period show the constant local infection.

Conclusion The study shows the successful induction of local osteitis with lysis of the bone and the lack of enzymatic activ-
ity to mineralize the bone. Therefore, this standardized mini-pig model can be used in further clinical studies, to investigate
various coated implants, bone healing, biofilm formation and immune response in implant-associated osteitis.
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Introduction
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work. induced by Staphylococcus aureus (SA) in combination

with growing resistance to conventional antibiotics requires
novel therapeutic strategies. The opportunistic SA can be
found in about 30% of all humans in the nasopharynx,
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a two-stage revision is still 33% [2]. For all orthopedic
subspecialties, the cost per patient with bone infection is
between $61,000 and $150,000 [3]. SA’s ability to form
a biofilm complicates the treatment of implant-associated
infections. This biofilm protects the bacteria by prevent-
ing immune cells from entering, phagocytosis and ROS
killing [2]. Moreover, the biofilm increases SA’s ability
to acquire/disseminate plasmid-based antibiotic resistance
determinants by horizontal gene transfer [4]. According
to recent studies, SA migrates into a network of lacunae
and canaliculi, being inaccessible to an immune response
as well as an antibiotic therapy, thus surviving for several
decades. This explains the high persistence of the disease.
The harmful effects of SA in this network is leading to
cell death of the osteocytes, which influences the entire
bone metabolism and is resulting in chronic osteitis [2, 5].
Therefore, the highest priority is to prevent SA from adher-
ing to implants and, above all, to form a biofilm.

There are numerous studies investigating implant coat-
ings or antibiotic infused calcium sulfate/hydroxyapatite
(CAS/HA) insets to prevent osteitis by SA. Silver coatings
are the basis of many in vitro and in vivo studies [6-9].
However, Argawal showed that silver < 1 ppm is not able to
reduce the infection rate, silver > 1.5 ppm, but can increase
the cytotoxicity in the mammalian cell [10, 11]. Further-
more, gentamicin was enriched with the osteoinductive
growth factor BMP2 in a rat model [12]. Also, in a rat
model the implant was coated with gentamycin in a poly-
lactide carrier matrix [13]. Li investigated vancomycin in a
PEG-PLC matrix on rabbits and Diefenbeck used gentamy-
cin coated implants on a plasma chemical oxidized titanium
alloy pin in rats [14, 15]. In addition, numerous studies
investigated antibiotic-enriched-hydroxyapatite coating
or other surface modifications of orthopedic and dental
[16—-19]. Despite this large spectrum of studies, almost all
were only conducted with Methicillin-sensible SA (MSSA)
in small animal models. Besides the study by Stewart, who
used a plate in sheep as an implant, and Li, who performed
the studies with an MRSA in rabbits [20, 21].

In 2014, our working group was able to show that an
implant coating with lysostaphin prevents MSSA osteomy-
elitis in a mouse model [22]. Unfortunately, due to the small
size of the femur, it was not possible to change the plates of
the mice in an existing infection. Lysostaphin destroys ses-
sile bacteria in a biofilm and can also damage the extracellu-
lar biofilm matrix [23]. Moreover, the antibacterial potency
of lysostaphin is well documented in animals and humans,
even for infections with MRSA [24-26].

The immune system of mice is only 10% identical to the
human immune system, whereas that of pigs is up to 80%
identical. Furthermore, as pigs react similarly to infections
(e.g., SA), they are very suitable for studies on infection and
osteitis [27].
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Therefore, the aim of this study was to establish a mini-
pig model of a low-grade acute implant associated MRSA
osteitis, simulating the clinical situation of a one-stage revi-
sion with plate replacement.

Materials and methods
Animals and ethics statement

For the induction of osteitis in the establishment group (con-
trol group without infection induction not relevant) seven
2-year-old Aachen mini-pigs (5 male, 2 female) with an
average weight of 64 kg were used for the study (animal
facility of the Heinrich-Heine University Diisseldorf; Zen-
trale Einrichtung fiir Tierforschung und wissenschaftliche
Tierschutzaufgaben, ZETT, Germany). All animals were
kept in separate stalls with an 12 h light/dark cycle. All ani-
mal procedures were carried out under local and national
ethical guidelines and were approved by the regional ethical
committee, Regional Office for Nature, Environment and
Consumer Protection Nordrhein-Westfalen, Germany, with
the ethical approval ID 84-02.04.2017.A181.

Bacterial inoculum

The biofilm forming MRSA strain ATCC 33592 was culti-
vated in BactoTryptic Soy Broth overnight and afterwards
diluted 1:10. The average inoculation CFU was 10°.

Low-grade acute osteitis model

All operations were conducted in an aseptic operating room
of our local animal facility. 4 weeks after acclimatization,
the operations were performed. For premedication we used
ketamine 10 mg/kg i.m., azaperone 5 mg/kg i.m., diazepam
10-20 mg i.m., atropine 0.5 mg i.m.. The anesthesia was per-
formed via thiopental 5 mg/kg i.v. and 2% isoflurane/oxy-
gen mixture for the induction of anesthesia. The anesthesia
was maintained with 1.3% isoflurane/oxygen mixture, anal-
gesia with buprenorphin 0.3 mg i.v.. The fascia was opened
after skin incision in sterile. A standardized bone defect of
2.8X5 mm was created in the midshaft of the femur with
an LCP twist drill (DePuy Synthes). A 5-hole LCP tita-
nium plate 3.5 (DePuy Synthes) was then modeled onto the
bone and infected with 5x 5 pl with a total average CFU of
1% 10° (ATCC 33592 MRSA). After the bacteria dried, the
plate was implanted laterally on the femur with four locking
screws (Stardrive®, 3.5 mm, self-tapping, titanium, DePuy
Synthes). The animals received oral analgesic treatment with
meloxicam 0.4 mg/kg once a day and 3 X metamizol 20 mg/
kg. buprenorphin 0.3 mg i.m. was given for the night. Sys-
temic antibiotic therapy with enrofloxacin 2.5 mg/kg was
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performed from the first to the third postoperative day. On day
14, the 5-hole LCP titan plate was removed, a debridement
and a lavage were performed and an uninfected 7-hole LCP
titan plate with six locking screws (Stardrive®, 3.5 mm, self-
tapping, titanium, DePuy Synthes) was implanted. A blood
sample was collected. On day 42, the animals were sacrificed
(thiopental overdose), a blood sample was gained, and a final
sample from the lavage was collected from the surgical field.

Counts of colony-forming units (CFU)

The number of CFU was elevated in the lavage on days
14 and 42. Lavage were collected during debridement as
described above. 200 pl of the lavage fluid were serially
diluted in Phosphate-Buffered Saline (PBS). Four replicates
were made of 10 ul of each dilution planted on Columbia
agar plates with 5% sheep blood. The plates were incubated
for 24 h at 37 °C. Thereafter, the colonies were counted.
The results are expressed in CFU/ml lavage fluid (fourfold
approach).

Radiographic and histological analysis

The plate position and bone healing were controlled radio-
logically on days 0, 14 and 42 with a standard digital X-ray
machine. After sacrificing the animals, the femora were
harvested and fixed in formalin 4%. Bone fragments were
generated at defined sites with an oscillating saw (Trauma
Recon System, DePuy Synthes) and decalcified with a neu-
tral EDTA solution for 8 weeks. 10 um sections of the bone
were stained with hematoxylin/eosin (HE).

Analysis of local and systemic immune response

The local and systemic immune response was measured
via polymorphonuclear leukocytes (PMN) as percent-
ages of the total number of leucocytes in the lavage and
blood samples using flow cytometry (FACSCalibur™;
BD Pharmingen, Heidelberg, Germany) with an anti-
body (FITC Mouse Anti-Pig Monocyte/Granulocyte, BD
Pharmingen). The samples were tested in duplicate.

Quantification of IL-6 by ELISA

IL-6 levels in the lavage and blood were analyzed using a
commercially available Swine IL-6 ELISA kit according
to the manufacturer’s instructions (Thermo Scientific, Inv-
itrogen, Waltham, USA) in a microplate reader (VICTOR
X3 Plate Reader, PerkinElmer LAS, Rodgau, Germany).
The samples were tested in duplicate. The lower detection
limit for IL-6 was 45 pg/ml.

Alkaline phosphatase level (ALP)

ALP activity, a non-specific marker for bone healing, was
determined in serum. We used an AP Assay Kit measuring
the Alkaline Phosphatase (AP) activity directly without
pretreatment (Abnova, Taipei, Taiwan). This method uti-
lizes p-nitrophenyl phosphate that is hydrolyzed by ALP
into a yellow-colored product. The rate of the reaction
is directly proportional to the enzyme activity and was
measured at wavelengths of 405 nm 0 and 4 min after reac-
tion (Victor X3, Plate Reader, PerkinElmer LAS, Rodgau,
Germany). Samples were tested in duplicates.

Statistical methods

All data are expressed as median and scatter dots. Data
were tested for statistical significance with Mann—Whitney
U test using GraphPad Prism5 (GraphPad Software, San
Diego, CA): p values <0.05 were considered as significant.

Results
Clinical observations
All seven mini pigs tolerated the technique of the standard-

ized bone defect of 2.8 x5 mm (Fig. 1). They all returned
to normal activity inside the cage and ate on their own. All

Fig.1 Bone defect. The blue arrow shows the extended defect zone
on day 14 during plate change
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animals survived throughout the study period without any
plate breakage, fracture or other relevant adverse events
and could be euthanized according to the study protocol.

Low grade acute osteitis model

The bacterial load in the wound was determined by CFU
on days 14 and 42 with an average inoculation CFU of
10° (Fig. 2).

Radiographic and histological analysis

Radiologically detectable lysis around the locking screws
and periosteal reactions in all mini-pigs indicate osteitis on

Q

e

> 10,107+

o * o
5 1.05106 - . .
3

s . e ———
3 104054

9 .
8 1.0x104+ : ‘
[~

Q

§ 1.05103 -

s

& 1.0.02

E

S 1040 r T
& 14 42

Days

Fig. 2 Bacterial load of Staphylococcus aureus in lavages. CFU lev-
els in lavage remained consistently high over the entire observation
period. CFU colony-forming units

Fig. 3 Radiographic lysis
around the locking screws and
periosteal reactions indicate
osteitis on day 42. Arrows in

a demonstrate the bone lysis
around the screws on day 42.
Box b and line ¢ show the bone
section for histology

@ Springer

day 42. (Fig. 3a, b and c). Histologically illustrated osteitis
and lysis of the bone (Fig. 4).

Immune response

Immune response was measured by detection of neutrophil
granulocytes (Fig. 5) and IL-6 (Fig. 6) in lavages and serum.

The consistently low ALP values show that no notable
increased mineralization of the bone had occurred (Fig. 7).
This can underpin the establishment of an osteitis.

Discussion

Osteitis caused by an implant-associated infection remains
one of the greatest challenges in musculoskeletal surgery.
This study shows the successful induction of local osteitis
with lysis of the bone and the lack of enzymatic activity to
mineralize the bone. Therefore, this standardized mini-pig
model can be used in further clinical studies.

As we already explain in the introduction, there are
numerous studies that aim to prevent the colonization of
SA in bone from the outset [28—32]. Despite this large
spectrum of studies, almost all were only conducted with
Methicillin-sensible SA (MSSA) in small animal models.
In a standardized osteomyelitis mouse model, our research
group was able to show that lysostaphin is a highly effec-
tive substance against SA [22, 33]. Lysostaphin, can pen-
etrate biofilm and destroy the embedded bacteria even in
a MRSA-caused infection [23, 34, 35].

The further established standardized osteitis mouse
model has some limitations. On the one hand we could
not perform a plate change in an existing infection, which
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Fig.4 Histological representa-
tion of the bony changes in

the presence of osteitis. Two
different areas of the same bone
section in the overview of peri-
ost and cortex (box left images)
with the respective magnifica-
tions (right images)
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Fig. 5 Neutrophil granulocytes in blood and lavage. There were no
significant differences of PMN in blood compared to lavage on days
14 and 42. PMN: polymorphonuclear leukocytes
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Fig.6 IL-6 in blood and lavage. IL-6 in lavage was significantly
increased both on day 14 (p=0.0023) and on day 42 (p=0.0023) in
comparison to IL-6 in blood. /L-6: Interleukin-6
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Fig.7 ALP in blood. ALP shows an overall very low level over the
entire period, which does not change at any time. ALP: Alkaline
Phosphatase

would correspond to the clinical routine, due to the small
size of the mice. On the other hand, pigs are 80% immu-
nologically and constitutionally similar to humans and are,
therefore, much more suitable for clinical models [27, 36].
Therefore, we have now established this osteitis model in
mini-pigs to demonstrate the effectiveness of lysostaphin-
coated plates after plate change in an established MRSA
infection.

During the experiment, the mini-pigs were treated with
systemic antibiotic therapy to avoid a systemic inflamma-
tion. Deliberately late we started an antibiotic therapy on
the 1st post-op day, to give the bacteria time to develop
a biofilm on the implant, which protects them there for
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systemic antibiotic therapy. The overall low local and
systemic immune response with radiological and histo-
logical evidence of osteitis confirms the success of this
standardized model so that we can conduct a study with
lysostaphin-coated plates in the next step.

This study has some limitations. Due to model estab-
lishment no control (negative) group was performed. This
approach was chosen for various reasons. The sole aim of
this model establishment was to test, whether osteitis can
be induced at all in such sensitive animals as pigs. Based
on the model that has now been developed, further stud-
ies are already being planned, which compare osteitis and
bone regeneration in infected as well as in non-infected
mini-pigs with and without lysostaphin-coated plates.

Another limitation is the previous evidence of a local
and systemic infection. Immunohistochemistral detection
of biofilm formation on the orthopedic implants, the detec-
tion of bacteria by means of Giemsa staining in the his-
tological sections as well as the CFU in biofilm on plates
and the bony material additional to the CFU in lavage
would be great approach. Furthermore, a more detailed
analyzes of the bone healing by determination of bone-
specific ALP (bs-ALP), procollagen peptide (PINP) and
computertomography next to the X-ray would be helpful.
We want to include these in future studies.

This study shows the successful induction of osteitis
with lysis of the bone and the lack of enzymatic activ-
ity to mineralize the bone in mini-pigs. Therefore, this
standardized mini-pig model can be used in further clinical
studies, to investigate various coated implants, bone heal-
ing, biofilm formation and immune response in implant-
associated osteitis.
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