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Abstract in Danish

Osteomyelitis er en hyppig infektigs sygdom, som er karakteriseret ved
progressiv inflammation samt knogleresorption. P4 trods af de relativt mange
tilfeelde af osteomyelitis (112.000 arlige tilfeelde i USA og 240 i Danmark), har
infektionsraterne for ledproteser og eksterne frakturfixatorer veeret lave, sdledes at
henholdsvis 0.3-11% og 5-15% af indgrebene kompliceredes med infektion, hvilket
har resulteret i lav interesse for ekstensiv Kklinisk prospektiv forskning.
Osteomyelitis inducerer osteolyse omkring implantatet, hvilket kan medfgre
frakturer som komplicerer revisionskirurgi. Dette har fgrt til enkelte tilfeelde hvor
ortopaedkirurger har brugt bisphosphonater for at forhindre knogleresorptionen og
sdledes bevare knogledensiteten, uden at kende til disses effekt pa kronisk infektion.
Endvidere har der i de senere ar, veret en alarmerende stigning i antal af
rapporterede tilfzelde af keebeknoglenekrose (ONJ) - en patologisk proces som er
associeret til brug af bisphosphonater. Disse problemstillinger kraever sdledes en
dybere forstdelse for interaktionen mellem antiresorptive terapier og osteomyelitis.
Pa trods af, at osteomyelitis er og forbliver et alvorligt problem i ortopzedkirurgien,
har yderligere forskningsfremgang varet sparsom. Dette kan til dels skyldes at der
ikke findes en eksperimentel in vivo dyremodel, som kan kvantificere det bakterielle
load, male bakteriernes metabolske aktivitet over tid, samt evaluere

immunresponset og osteolysen.

For at overkomme disse hindringer, har vi udviklet en eksperimentel murin
model som simulerer implantatassocieret osteomyelitis. I denne model bliver
infektionen induceret via en stdlnadl, som er coated med varierende mengder af S.
Aureus og indsat transkortikalt gennem tibias metafyse. Vi har analyseret dyrene
ved hjeelp af rgntgenoptagelser, histologiske og serologiske analyser. Det bakterielle
load og aktiviteten blev malt ved hjaelp af Real-Time PCR og in vivo bioluminiscence
malinger. Disse forsgg demonstrerer den fgrste kvantitative model af
implantatassocieret osteomyelitis, som definerer mikrobiologisk vaekst, osteolyse

samt det humorale immunrespons efter infektionen (artikel I).
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For at bedre kunne forstd den effekt som bisphosphonat behandlingen
potentielt kan have pa osteomyelitis, og samtidigt kaste noget lys over
kaebeknoglenekrosens patogenese, undersggte vi interaktionerne af terapi i vores
dyremodel. Vi har undersggt to forskellige typer af anti-resorptive stoffer: den
hyppigst brugte bisphosphonat Alendronat og biologisk antagonist Osteoprotegrin.
Begge typer stoffer fgrte til ggning af sveere infektionstilfeelde. Dette fund var
ledsaget af signifikant haemning af osteolysen samt nedszettelse af volumen i de
draenerende lymfeknuder, hvilket kunne insinuere at den anti-resorptive
behandling nedszetter effluxen af lymfe fra knoglemarven under etableringen af
infektionen, og saledes fgrer til gget intraossgst tryk, infektion og knoglesmerter

(artikel II).

Til sidst, har vi evalueret den effekt som colistin polymethyl methacrylate-
kugler har pa behandlingen af osteomyelitis induceret af A. Baumannii. Dette blev
undersggt via vores tidligere beskrevne model, hvor dyr blev inficeret med kliniske
isolater af multiresistente A. Baumannii. For at vurdere effekten af
colistinprofylaksen, blev mus enten behandlet med parenteral colostin eller lokal
colistin ved hjaelp af colistin PMMA-kugler. Mens parenteral colistinprofylakse ingen
effekt havde pa infektionen sammenlignet med placebo, nedsatte lokal

colistinprofylakse infektionsraten signifikant (artikel III).
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Abstract

Osteomyelitis is a common infectious disease characterized by progressive
inflammation and bone destruction. Although the total number of osteomyelitis cases is
high in that approximately 112,000 and 240 orthopedic device-related infections occur
per year in the US and Denmark respectively, at an approximate hospital cost of $15,000-
70,000 per incident [1] the infection rates for joint prosthesis and fracture-fixation
devices have been only 0.3-11% and 5-15% of cases respectively over the last decade,
which resulted in a low interest in rigorous prospective clinical studies. Since
osteomyelitis induces osteolysis around the implant, which can lead to fractures and
complicate revision surgery, orthopedists have anecdotally used anti-resorptive
bisphosphonates in these patients to preserve bone stock without knowledge of their
effects on chronic infection. Furthermore, in the recent years there has been an alarming
increase in reports of osteonecrosis of the jaw, a condition that has been associated with
bisphosphonate usage. Although osteomyelitis remains a serious problem in orthopedics,
progress has been limited by the absence of an in vivo model that can quantify the

bacterial load, metabolic activity of the bacteria over time, immunity and osteolysis.

To overcome these obstacles, we developed a murine model of implant-associated
osteomyelitis in which a stainless steel pin is coated with S. aureus and implanted
transcortically through the tibial metaphysis. We analyzed the animals using radiology,
histology as well as serology. Bacterial load and activity was determined by Real-time
quantitative PCR (RTQ-PCR) and in vivo bioluminescence imaging (BLI) of luxA-E
transformed S. aureus (Xen29). Collectively, these studies demonstrate the first
quantitative model of implant-associated osteomyelitis that defines the kinetics of

microbial growth, osteolysis and humoral immunity following infection (paper I).

To better understand the effects of bisphosphonates on osteomyelitis, and shed
light on the mechanism of osteonecrosis of the jaw, we investigated the interaction of
anti-resorptive agents in our established murine model of implant-associated
osteomyelitis. We investigated two distinct classes of anti-resorptive drugs: the most
widely prescribed bisphosphonate alendronate and the biologic antagonist

osteoprotegerin (OPG). Both agents caused an increase in severe infections. This finding
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coincided with a significant decrease in osteolysis and draining lymph node volume,
suggesting that anti-resorptive agents decrease efflux of marrow lymph during the
establishment of osteomyelitis that could lead to a dramatic increase in intraosseous

pressure, infarction and bone pain (paper II).

Finally, we evaluated the use of colistin polymethyl methacrylate (PMMA) beads in
treating A. baumannii induced osteomyelitis. This was done by using our established
murine OM model and infecting animals with clinical isolates of multi-drug resistant A4.
baumannii. To demonstrate efficacy of colistin prophylaxis in this model, mice were
treated with either parenteral colistin or local colistin using PMMA beads. While
parenteral colistin failed to demonstrate any significant effects vs. placebo, the colistin

PMMA beads significantly reduced the infection rate (paper III).
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List of abbreviations:

Aln - Alendronate

BLI — Bioluminescence

CEC — Circulating Endothelial Cells

CFU — Colony Forming Units

CT — Computed Tomography

uCT — micro Computed Tomography

H&E - Hematoxylin and Eosin stain

MDR — Multi Drug Resistant

MRI — Magnetic Resonance Imaging

MRSA — Methicillin Resistant Staphylococcus Aureus
ONJ — Osteonecrosis of the Jaw

OPG - Osteoprotegerin

RANK - Receptor Activator of Nuclear Factor k B
PCR — Polymerase Chain Reaction

PMMA - Polymethyl Methacrylate

RTQ-PCR — Real Time Quantitative Polymerase Chain Reaction
TNF-a - Tumor Necrosis Factor Alpha

TRAP - Tartrate-resistant Acid Phosphatase

Xen29 — Bioluminescent strain of S. Aureus
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1 Introduction

Osteomyelitis is a common infectious disease characterized by progressive
inflammation and bone destruction. Although the total number of osteomyelitis cases is
high in that approximately 112,000 and 240 orthopedic device-related infections occur
per year in the US and Denmark respectively, at an approximate hospital cost of $15,000-
70,000 per incident [1] the infection rates for joint prosthesis and fracture-fixation
devices have been only 0.3-11% and 5-15% of cases respectively over the last decade,
which resulted in a low interest in rigorous prospective clinical studies. Since OM
induces osteolysis around the implant, which can lead to fractures and complicate
revision surgery, orthopedists have anecdotally used anti-resorptive bisphosphonates in
these patients to preserve bone stock without knowledge of their effects on chronic
infection. Furthermore, in the recent years there has been an alarming increase in reports
of osteonecrosis of the jaw (ONJ), a condition that has been associated with
bisphosphonate usage. Although osteomyelitis remains a serious problem in orthopedics,
progress has been limited by the absence of an in vivo model that can quantify the

bacterial load, metabolic activity of the bacteria over time, immunity and osteolysis.

Also, recent years of involvement in Middle-East conflict, had us facing another
challenge — an increased incidence of multidrug resistant A. baumannii associated

osteomyelitis in combat related extremity injuries, which can be difficult to treat.
To address these problems we wanted to:

- develop a novel quantitative murine model of implant associated
osteomyelitis (paper 1)

- use this model to investigate the effects that anti-catabolic drugs have
on the chronic infection (paper II)

- investigate whether A. baumannii infection can be prevented by

systemic or local antibiotic prophylaxis (paper Il1l)

The current study was based on the following hypotheses:
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- It is possible to develop a murine model of implant-associated
osteomyelitis that gives you the possibility to evaluate bacterial growth in vivo and
measure the bacterial load.

- Anti-catabolic drugs, such as bisphosphonates, can prevent bacterial
clearance during establishment of chronic osteomyelitis.

- It is possible to reduce infection rate of A. baumannii associated

osteomyelitis using systemic or local antibiotic prophylaxis.
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2 Osteomyelitis background: etiology, causes and treatment

Chronic osteomyelitis is a severe, difficult to treat condition, often seen after
trauma or invasive surgical procedures on bone, characterized by progressive
inflammation and bone destruction and is caused by an infecting organism (Figure 1A).
The infection can be developed within weeks or even months after the initial trauma or
surgical procedure, and can be limited to a single portion of a particular bone or be
multifocal, involving several regions such as marrow, cortex, periosteum and the soft

tissue.

In some cases osteomyelitis can be seen as a secondary infection, following
vascular insufficiency. This is predominately seen in Diabetes Mellitus (DM) patients,
where the disease itself contributes to the infection process with several factors, such as
neuropathy, ischemia as well as the metabolic consequences of diabetes itself. In these
cases the bone infection is almost always preceded by an overlaying soft-tissue infection

(Figure 1B).

A.

Figure 1

A. Infected external fracture fixator, with osteolysis around proximal screw.
B. Diabetic foot, with an ulcer and underlying osteomyelitis (adapted from
thefootblog.com)
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Acute osteomyelitis often occurres in children (85%), 3 times more often in boys
than girls. Up to 90% of all cases are localized to metaphysis of long bones, and is often
due to haematogenous spreading of bacteria from a primary infection site such as
pharyngitis. Infections in neonates are often causes by Gram-negative bacteria (90%),

most often E. coli, while S. aureus is the main pathogen in adult infections (78).

More than 12.000 joint replacement surgeries are performed in Denmark each
year, most as a successful treatment of arthrosis or traumatic fractures [2]. The problem
lies in the introduction of a foreign body, which increases the risk of possible infection.
The infection can be haematogenous, but in most cases it is caused by contamination of
the wound during surgery, either by airborne pathogens or by bacteria from patient’s skin.
Several decades ago the infection rate of such joint replacement surgeries was as high as
9% [3], but due to vigorous peroperative antibiotic treatment and other prophylactic
approaches is now reduced to 1-2% [2, 4]. The highest incidence of infection is seen in
shoulder and knee prosthesis implants, while hip implants are less often infected [5-7].
Every year around 240 and 112.000 orthopedic device-related infections occur in
Denmark and US respectively [1, 4, 8]. These infections are associated with high
morbidity, and the treatment is costly, seen from a financial as well as sociological point

of view.

2.1 Pathology

The development of osteomyelitis is related to multiple microbial and host
factors, such as a presence of foreign bodies in bone or an insufficient immune response
in patient. As mentioned previously the wound can be contaminated during surgery with
bacteria from air or patients skin (60-80%), or infection can be spread haematogenically
from another infection site in the body (20-40%) [2]. S. aureus is by far the most
common pathogen, responsible for up to 80% of cases [1], but infections with other

opportunistic pathogens, primarily coagulase negative staphylococci are also seen.

S. aureus has a number of virulence factors that contribute to pathogenesis. There
are factors promoting the attachment of bacteria to extracellular matrix proteins, bacterial

adhesins [9, 10]; factors that promote evasion from the hosts immune response, such as
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protein A and capsular polysaccharides; and factors that induce penetration and

degradation of host tissue — exotoxins and hydrolases [11].

S. aureus can also form biofilm that remains a huge therapeutical challenge,
because of its low penetrability to antibiotics. It is formed by a cluster of cells that attach
to substratum, interface or to each other, and is embedded in a matrix of extracellular
polymeric substance. These bacteria show an altered phenotype in terms of growth, gene
expression and protein production [12]. The presence of an orthopedic implant induces
formation of biofilm, and thus promotes the potential infection. Whether or not the
biofilm is formed depends on the balance between the immune response of the patient

and the virulence factors of bacterial pathogens [13].

Osteomyelitis infection is usually accompanied by bone loss at the site of
infection [4, 14-16]. Bacterial infection is known to induce cascade of host
proinflammatory cytokines including TNF-a and IL-1, both of which have been shown to
enhance osteoclast differentiation and resorption through RANKL signaling molecules
[4, 14, 15]. They also express pathogenic molecules such as LPS and teichoic acids that
may have similar agonistic actions on osteoclasts [10, 17], thus promoting osteolysis

(Figure 2).
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Figure 2

Bacterial exo- and endotoxins induce osteoclastic bone resorption through a
cascade of host proinflammatory cytokines including IL-1 and TNF-a as well as through
RANKL signaling.

2.2 Diagnosis

Diagnostics of chronic osteomyelitis infection is based on clinical, paraclinical,
histopathological and radiological techniques. In some cases, the latent infection can be
asymptomatic but will often present itself with pain, fever, swelling, and inflammation of
the overlaying soft tissue (78). Biochemical analysis of the blood shows an elevated

white blood count, as well as an increased level of C-reactive protein (CRP).

The most important step in diagnosing any type of osteomyelitis 1is
microbiological and histopathological analysis, where the offending microorganism is
isolated and cultured, so that an appropriate antimicrobial therapy can be selected.
Isolation of bacteria can be achieved by blood cultures (this is mostly used in
haematogenous osteomyelitis) or by direct biopsy from the infected tissue [18, 19].
Samples obtained by swabs in unsterile conditions might result in contamination by

bacteria from the skin and result in inaccurate microbiological diagnosis, therefore it is
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recommended that the biopsies are obtained a.m. Kamme-Lindberg, where 5 samples are
obtained from the same infection site using 5 separate sets of sterile instruments [20]. The
samples will then be cultured and stained using H&E, Gram or Ziehl-Neelsen stains to

reveal the pathogen.

Radiological analysis has also tremendous value in diagnosing the osteomyelitis
infection [4, 21, 22]. The cheapest and easiest radiological method is a plain X-ray
autoradiography, which shows soft tissue swelling, osteolysis and periosteal reaction.
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) are more sensitive
methods that provide a more detailed pattern of osteomyelitis lesion. CT is superior to
plain autoradiography in visualizing bone, where cortical bone is defined with greater
detail as compared to plain film and sequesters can be identified, whilst MRI is more
effective for soft tissue imaging and detection of early infection by revealing bone edema.
Finally, Tc-scintigraphy can be used to reveal an increased bone turnover, but so far has a
limited use because of false-positive results in cases with preceding trauma, surgery or

Charcot arthropathy.

2.3 Treatment

Treatment of osteomyelitis consists of prophylaxis and medical as well as surgical

treatment of an already established infection [23].

2.3.1 Prophylaxis
Prophylaxis consists of intravenous antibiotics, administered within 1 hour

preoperatively and no later then 24 hours postoperatively [24] with antistaphylococcal
penicillins and second-generation cephalosporins being the most common choices.
Laminar airflow is also used in operating rooms to prevent infections; it increases the air
exchange rate and eliminates turbulence, thus decreasing airborne bacterial
contamination. Multiple studies have been published, showing that laminar airflow alone
reduces risk of infection, but so far there is no conclusive evidence that it would increase

the prophylactic effect of systemically administered antibiotics [2].
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2.3.2 Medical
In many cases of acute osteomyelitis antimicrobial therapy would be adequate,
with the choice of antimicrobial agent depending on the isolated microorganism. The
antibiotic treatment should be administered intravenously for 4-6 weeks, while the

clinical and paraclinical parameters are being monitored [2, 4].

2.3.3 Surgical
In cases of chronic osteomyelitis, surgical revision supplemented by antibiotic

therapy is usually the only option. The goal is to remove the necrotic as well as infected
bone, sequestra, and infected soft tissue, thus achieving sufficient revascularization of the
infected site [25]. The infection can by classified according to Gustilo [26] that
subdivides the disease into 4 categories: 1) early postoperative infection, 2) late
postoperative infection, 3) acute haematogenous infection and 4) randomly diagnosed
infection, with positive biopsy results after aseptic implant loosening. Depending on the
type of infection one- or two-step revision surgery, with insertion of a gentamycin cement
spacer, might be required [2]. In some complicated cases, where multiple revisions have
been carried out and the patient condition does not allow an alternative complicated and
risky procedure, Girldestone-status can be considered, where all the implant material is

removed [27].

As mentioned, antibiotic and surgical treatment can in some cases be
complimented by inserting beads or cement loaded with an appropriate antibiotic. Several
studies have been performed to elucidate the effect of such local antibiotic therapy [27-
29] and most have found that usage of antibiotic cement has prophylactic effect against

infection and decreases the number of revision surgeries.

2.4 Emergence of methicillin-resistant S. aureus

Methicillin-resistant S. aureus (MRSA) has been a problem in hospitalized
patients since the 1960°s, and is globally the most common nosocomial infection
worldwide. Until recently the Scandinavian countries have been spared, and prior to

2002, less then 1% of all S. aureus grows found were MRSA strains [76]. Unfortunately
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this number is rapidly increasing, and some physicians are warning of a MRSA epidemic
emerging in Denmark [77]. Also, while earlier MRSA was strictly found in nosocomial
infection, now it is frequently found as a community associated pathogen. The problem is
much more severe and common on a global scale — where up to 50% of S. aureus strains
found are methicillin resistant [30, 31]. MRSA infections are associated with greater
lengths of hospitalization, higher mortality, increased treatment costs [32] and

dramatically impact clinical management.

2.5 Multidrug resistant Acinetobacter in warfare

Another challenge that we are facing in treatment of osteomyelitis is
multidrug resistant (MDR) Acinetobacter species. It has been well established from
current combat-related injuries during the US military operations in Iraq and Afghanistan
that the ratio of serious injuries to fatal casualties exceeds that of previous conflicts [33].
Orthopedic trauma comprises the vast majority of these war wounds, as 70 % involve
musculoskeletal system [34, 35]. Thus, it is not surprising that the incidence of
osteomyelitis in combat-related extremity injuries is between 2% to 15%, and is of great
concern [36-38]. Most alarming is the high incidence of infections caused by multidrug-
resistant Acinetobacter species, which can be difficult to cure in some settings [36, 39,
40]. Surprisingly this pathogen has been reported in less than 2% of nosocomial
infections within the United States, but has emerged in over 30% of admitted deployed
soldiers [40]. In contrast to S. aureus, which is responsible for > 80% of osteomyelitis
infections, Acinetobacter baumanii-calcoaceticus complexes are Gram-negative, non-
fermentive, non-spore forming, strictly aerobic, oxidase-negative coccobacillary
organisms. Additionally, infections caused by Acinetobacter appear to be hospital-

acquired and not from an initial colonization of the injury [41].



27

2.6 Bisphosphonates

Bisphosphonates discovered in 1960’s by Fleisch et al [42] are synthetic organic
analogues of pyrophosphates, that inhibit bone resorption by inducing osteoclastic
inactivation and/or apoptosis of osteoclasts. When bisphosphonates are administered
systemically, most of the drug that is not excreted renally is accumulated at sites of active
bone turnover and binds to hydroxyapatite where it becomes metabolically inactive [43].
It is released from this inactive state in the body when the bone is resorbed through a
remodeling or other bone-metabolic events, and becomes active again in its unbound
state, where it again is available for either rebinding to hydroxyapatite or cellular uptake
by endocytosis. Due to osteoclastic bone resorption bisphosphonates are likely to be
internalized in the osteoclasts causing its release from the skeleton. The accumulation of
bisphosphonate in the osteoclast leads to inhibition of its activity and/or death that results

in decreasing of local bone resorption.

Early non-—nitrogen-containing bisphosphonates (etidronate, clodronate, and
tiludronate) are considered first-generation bisphosphonates. Because of their close
structural ~ similarity to  inorganic = pyrophosphates, = non-—nitrogen-containing
bisphosphonates become incorporated into molecules of newly formed adenosine
triphosphate (ATP) by the class Il aminoacyl-transfer RNA synthetases after osteoclast-
mediated uptake from the bone mineral surface. Intracellular accumulation of these
nonhydrolyzable ATP analogues is believed to be cytotoxic to osteoclasts because they
inhibit multiple ATP-dependent cellular processes, leading to osteoclast apoptosis [44]
Unlike early bisphosphonates, second- and third-generation bisphosphonates
(alendronate, risedronate, ibandronate, pamidronate, and zoledronic acid) have nitrogen
containing side chains. The mechanism by which nitrogen-containing bisphosphonates
promote osteoclast apoptosis is distinct from that of the non—nitrogen containing first-
generation bisphosphonates. These more potent N-bisphosphonates inhibit farnesyl
pyrophosphate synthase, an enzyme of the mevalonate pathway, inhibiting protein

prenylation, which ultimately leads to osteoclast apoptosis [44] (Figure 3)

By inducing osteoclast apoptosis, bisphosphonates have become the primary

therapy for treating conditions characterized by increased osteoclast-mediated bone
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resorption. Such excessive and unwanted resorption has been observed in several
pathologic conditions for which bisphosphonates are now used, including multiple forms
of osteoporosis, Paget disease of bone, osteogenesis imperfecta, hypercalcemia and bone
metastasis from malignanacies [45]. These drugs have been used locally [46, 47] and
systemically [48] to increase implant stability and prevent implant loosening following
allograft surgery. There have also been several studies that reported the use of
bisphosphonates to treat patients with osteomyelitis by inhibiting bone resorption and

preservation of bone stock [49, 50].
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Figure 3

Bisphosphonates decrease osteoclastic bone resorption by inhibiting mevolonate

pathway, which ultimately leads to osteoclast apoptosis. (adapted from Drake MT et al.)
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2.7 Osteonecrosis of the jaw (ONJ)

Another clinical condition that is associated with osteomyelitis and bisphosphonate
usage 1s osteonecrosis of the jaw (ONJ). It is a severe bone disease that affects the jaws,
including the maxilla and the mandible. It is typified by exposed bone in the maxillofacial
region that does not heal after 8 weeks after identification by a health care provider and
may be accompanied by clinical symptoms such as swelling, pain, loosening of teeth and

drainage but can also be asymptomatic [51] (Figure 4).

A B

Figure 4

A. Oral view, revealing exposed bone and osteonecrosis. B. Axial CT image of

bone defect in left mandible due to ONJ (adapted from Gutta et al.)

In the last decade an increasing number of ONJ cases has been reported and some
medical experts even speak of an epidemic [49, 52, 53] that primarily affects cancer
patients after immunosuppressive chemotherapy who also receive intravenous nitrogen-
containing bisphosphonates, (pamidronate or zoledronate), for hypercalcaemia, and
undergo unrelated oral surgery. However, ONJ has also been reported in healthy women
taking oral alendronate for postmenopausal osteoporosis [51, 54, 55], raising serious

concerns for the tens of millions of people taking these anti-resorptive agents worldwide.
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The exact incidence of ONJ is unknown. However, some reports have estimated
the ONJ incidence to be around 1:10.000 [56]. A single center study has reported 11%
incidence of ONJ in patients with multiple myeloma treated with bisphosphonates [57].
The incidence of developing ONIJ increases with the time of exposure, and this risk

increases dramatically in patients treated with zolendronic acid.

Management of patients diagnosed with ONJ is currently based on staging of the
disease [56]:

- Stage 1 is exposed/necrotic bone in asymptomatic patients, where no evidence of

infection is present.
- Stage 2 is exposed/necrotic bone with clinical evidence of infection.

- Stage 3 is exposed/necrotic bone in patients with pain, infection and one more of
the following features: pathologic fracture, extraoral fistula or osteolysis extending to the

inferior border.
Briefly, current treatment of ONJ is as follows:
- Stage 1 ONIJ: Conservative management with antiseptic oral rinse.
- Stage 2 ONIJ: Antiseptic oral rinses combined with antibiotics.

- Stage 3 ONJ: Surgical debridement/resection in combination with antibiotic

therapy.

Although the etiology of ONJ remains poorly understood, careful reviews of all
the available clinical and basic science data have derived two leading theories to explain
this painful condition [56, 58]. The first theory explains ONJ by inhibition of
angiogenesis, which is largely derived from the precedent of steroid-induced avascular
necrosis of the hip. In addition, several new studies have demonstrated bisphosphonate-
inhibition of capillary tube formation, vessel sprouting and circulating endothelial cells
(CEC) implying that bisphosphonates have a antiangiogenic effect and a suppressive
effect on CECs of patients with ONJ [59, 60]. The second hypothesis is based on the

osteoclast-inhibiting effect of anti-resorptive agents that lead to a cessation of bone
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remodeling and mineralmatrix turnover [61]. This concept renders the fatigued bone
susceptible to involution of blood vessels, necrosis and infection. The importance of
infection in ONJ is further highlighted by the finding that essentially all cases have
histopathological evidence of osteomyelitis [62, 63] although a cause and effect

relationship has yet to be established.

2.8 Animal models of osteomyelitis

To date most of the information on the pathogenesis of chronic osteomyelitis
gained from animal models [64]. The history of the development of animal osteomyelitis
models is rather simple going back more than 100 years with a rather short list of
publications stretching from 1885 to 1970, with a significant increase in number of
published papers after 1970. The latter is most likely correlated to fast growing field of

antibiotics and advanced orthopedic surgical procedures.

The first trials on animal models of osteomyelitis can be found in 1885, when
Rodet described a novel animal model, in which staphylococci were injected
intravenously to produce bone abscesses in rabbits. Many years later in 1941, Scheman et
al reported a chronic osteomyelitis model using rabbits, injecting staphylococci and
sodium morrhuate directly into tibia metaphysis, thus establishing the basics for modeling
a chronic osteomyelitis infection in animals with the use of sclerosing agent or a foreign
body, and many were to follow. By now, a large number of animal models of
osteomyelitis have been created and presenting all of them would be meticulous and
derivates from the framework of this thesis. Several recent reviews comprehensively
cover this matter [64, 65]. Instead, I will focus on presenting the general principles in the

available models, as well as presenting a few choice ones.

2.8.1 Bacterial species and inoculation

Most animal models use S. aureus as a bacterial strain for the establishment of the
infection, because S. aureus is the most common pathogen in clinical cases of human
osteomyelitis. Many investigators use bacterial strains isolated locally from their patients,

while others used strains obtained from ATCC bank. Other bacterial strains have also
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been used, such as E. coli, P. aeruginosa and S. epidermidis. By far, most studies use a
single bacterial strain, but in a few reports two bacterial species are mixed together to
mimic a complicated, mixed bacterial infection or superinfection. Inoculation numbers
between 10° and 10° cfu give close to a 100% infection rate [65]. If a lower infection rate
is needed for comparison studies, lower inoculation numbers can be considered, as well

different implant materials or different local bone treatments.

2.8.2 Inoculation routes and infection promoters

Three main routs of inoculation have been described, namely (i) local inoculation
of bacteria into bone, (ii) local inoculation through nutrient arteries and (iii) systemic
intravenous inoculation. Local inoculation of bacteria into bone can be achieved by
several ways: injecting bacteria into medullar cavity, injecting it through a predrilled hole

or by inserting an implant already inoculated with bacteria.

Sclerosing agents are often used to promote infection. They act by causing
sclerosis of vessels in the medullary canal, which subsequently leads to tissue and bone
necrosis, ultimately leading to decreased host defense system, increased proliferation of

bacteria and chronic osteomyelitis. The standard sclerosing agent is sodium morrhuate.

Foreign bodies and implants are also often used to increase infection rates and
promote existing infection. The presence of an implant provides surface for bacterial
adhesion [10] and subsequent biofilm formation. Some studies also suggest that the
presence of the implant itself may result in a less effective immune response [66, 67].
This explains lower infection rates in animals that only received bacterial inoculum
without any foreign body present. Most common foreign body’s used are: bone cement,

metal wires and intramedullary nails such as Kirschner wires.

Finally, trauma or injury to the bone, have been used to promote the infection.

This can be achieved by drilling or fracturing the bone.
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2.8.3 Animals
Many animals have been used in attempt to create an animal model of
osteomyelitis that would allow us to study the infection in vivo. Here I present

several choice models where different animal species have been used.

Chickens were used by Daum RS [68] in 1990, to develop an avian model of
S.aureus infection, in which bacteria were introduced intravenously. Bacteremia, as well

as survival rate was observed in this study.

Passl et al [69] developed a posttraumatic femoral osteomyelitis model in guinea
pigs in 1984, in which surgically fractured femurs were infected with either S. aureus or
E. coli, and some were fixed with an intramedullary pin. All animals inoculated with S.
aureus (10* cfu) developed chronic osteomyelitis, while only 9 out of 12 infected with E.
coli developed chronic infection. The introduction of intramedullary implant increased

incidence of chronic osteomyelitis in E. coli infected animals to 100%.

A rabbit model of posttraumatic tibial osteomyelitis was introduced by Worlock et
al in 1988 [70]. This model showed that inoculation of the fracture site with
Staphylococcus aureus (10° cfu) caused osteomyelitis in two out of five rabbits. When
the concentration of inoculum was increased to 10’ organisms, osteomyelitis was seen in
four out of five rabbits. No implant was used in this model, and the infection was

detected radiologically as well as histologically.

Dogs were used by Varshney et al in 1989 [71], in which experimental
osteomyelitis was evoked in 45 male dogs by inoculating hemolytic strain of S. aureus
(10% cfu) into the tibial marrow cavity through a predrilled hole in metaphyseal area.
Clinical, radiological and bacteriological studies were conducted to evaluate the progress
of disease up to 15 weeks. Clinically localized soft tissue swelling, pain, pyrexia and
lameness were observed, while autoradiography showed an extensive periosteal reaction,
cortical osteolysis, new bone formation, frequent development of sequestrum. The
formation of localized abscess pockets was also observed in several advanced cases. It is
noteworthy that - to my knowledge - there has been no publications describing dogs for
osteomyelitis models since 1995, possible due to relative high cost of animals as well as

ethical aspects and public pressure.
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In 1997 Kaarsemaker and co-authors [72] reported a sheep tibial osteomyelitis
model. The infection was induced in adult Texas sheep by injection a sclerosing agent
(tetradecylsodiumsulphate) followed by 4x10% cfu S. aureus through a drill hole in upper
tibia. The animals were monitored by radiological, clinical and histological parameters
for 3 months. Though the infection rate was high, so was the mortality rate (29%), whilst

the extent of the infection was mostly limited to the upper part of the tibia.

A similar approach was used with a goat tibial model in 2005 [73]. The infection
was induced by drilling a hole at the upper tibia and injecting sodium morrhuate,
followed by 4x10° cfu S. aureus and bone wax. The rate of osteomyelitis development
was estimated by autoradiography and histochemistry (96%) as well as bacteriological

culture tests (82%).

Lucke M et al used rats to develop an experimental osteomyelitis in 2003 [74]. S
aureus was introduced into tibial medullary cavity with simulation insertion of a
Kirschner wire. The animals were followed for 4 weeks with clinical, radiological and
histological measurements. This model showed high infection rate (close to 100%) with

as few as 10° cfu S. aureus used as infecting agent.

Finally, Yoshii et al, used a murine model of osteomyelitis in 2002 [75], that was
previously described in 1974 by Ueno et al. In this model animals were infected using S.
aureus soaked silk thread through a drilled hole in proximal tibia. The brief overview of

using animal models in establishing of experimental osteomyelitis is presented in the

Table 1.
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Animal Bacteria Site Sclerosing agent Implant
Chicken [68] S. Aureus Lv. + +
Guinea pig [69] S. Aureus / E.coli Femur + IM pin
Rabbit [70] S. Aureus Tibia + +
Dog [71] S. Aureus Tibia + +
Sheep [72] S. Aureus Tibia + +
Goat [73] S. Aureus Tibia + Bone wax
Rat [74] S. Aureus Tibia + IM K-wire
Mouse [75] S. Aureus Tibia + Silk thread
Mouse S. Aureus Tibia + Transcortical
(Paper 1) pin

Table 1 Animal models of chronic osteomyelitis.
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3 Problems and main goals of the study

3.1 Animal models.

To date, much of our knowledge of the pathogenesis of osteomyelitis comes
from animal models, which are briefly described above (see section 2.8). These
models have been established to mimic infection in humans, and have been used to
confirm the importance of bacterial adhaesins that have been identified from in vitro
assays. Unfortunately, none of these models used so far contain quantitative
endpoints that determine bacterial load or growth in vivo. Thus, they are of limited
value for assessing drug effects, bacterial mutants and various host factors that may

play an important role(s) in development of chronic osteomyelitis.

To overcome this obstacle we aimed to develop a novel murine model of
implant associated osteomyelitis in which bacterial activity can be monitored and

bacterial load quantified (Paper I).

3.2 Osteomyelitis and use of bisphosphonates

As described above (see section 2.8) bisphosphonates inhibit osteoclastic
bone resorption and are used for treatment of millions of patients worldwide. As
described in section 2.8, implant associated osteomyelitis induces osteolysis
adjacent to the implant and orthopedists use bisphosphonates to preserve bone
stock as well as to prevent implant loosening. However our knowledge of the effects
that suck treatment strategies might have on chronic infection is very limited.
Additionally, biphosphonate-associated osteonecrosis of the jaws is a significant
complication in a subset of patients receiving these drugs. The emergence of
osteonecrosis of the jaw epidemic calls for a further investigation of the effect that

anti-catabolic therapy might have on bone infection.

To better understand the effect of bisphosphonates on osteomyelitis, and

shed light on potential mechanisms of ONJ we wanted to investigate the interaction
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of anti-resorptive agents in earlier established murine infection model that emulates

the biology of infected orthopedic and periodontal implants (Paper II).

3.3 Multi-drug resistant Acinetobacter species

While only 2% of nosocomial infection within the United States was
associated with A. baumannii, it has emerged in over 30% of admitted soldiers
deployed in Iraq and Afghanistan. Incidence of osteomyelitis in combat-related
extremity injuries is in between 2% to 15% and is of great concern, especially due to
infections caused by MDR A. baumannii, which can be difficult to cure in some

settings.

Using our murine model of implant-associated osteomyelitis, we wanted to
investigate whether or not the MDR Acinetobacter can be effectively prevented with

parenteral or local antibiotic therapy at the time of initial surgery (Paper III).

4 Materials and methods

4.1 strains, pathogenic challenge and surgical procedure

The UAMS-1 strain of S. aureus (ATCC 49230) was obtained from the American
Type Culture Collection (Manassas, VA, USA). The bioluminescent strain of S. aureus,
Xen29 (derived from ATCC 12600) was obtained from Xenogen Inc. (Cranbury, NJ,
USA). Pathogenic challenge was initiated via a contaminated 0.25 mm diameter insect
pin (Fine Science Tools, Foster City, CA) that was generated as follows. The pins were
autoclaved and stored in 70% ethanol. After air-drying, the pins were incubated in 1.5 ml
of an overnight luria broth culture of S. aureus for 20 min. Then, the pins were air dried

for 5 minutes before trans-tibial implantation. The inoculating dose of bacteria was

determined to be 9.5 +/- 3.7 x 10° CFU of UAMS-1 and 4.2 +/- 0.5 x 10° CFU of Xen29
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per pin, by resuspending the bacteria from the pin by vigorously vortexing it in PBS and

growing dilutions on agar plates.

All animal studies were performed under University Committee for Animal
Resources approved protocols. C57BL/6 female 6-8 week-old mice were anesthetized
with Ketamine (100 mg/kg) and Xylazine (10 mg/kg), their left tibiae were shaved and
the skin was cleansed with 70% ethanol. Infection was initiated by placing the pin
transcortically through the tibia. The pin was bent at both ends for stability and cut
adjacent to the skin on both ends, which allowed it to be covered by the skin and to
eliminate additional environmental exposure (Figure 5). Once the mice recovered from

the anesthesia, they were returned to standard isolator cages.

Figure 5

Transcortical pin, inserted through tibia.
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Considerations:

The first choice that we had to make was what animal to use for the model. We
decided on mice for several reasons. First of all it is a very economic animal due to low
purchase and maintenance costs. Also the small size allows relatively easy manipulation,
and gave us the possibility to use bioluminescent imaging, which would not be possible
with larger animals. Also specific pathogen free nature of current animals makes them
very robust and sufficiently decreases risk of contamination in infection studies.
Unfortunately there are several drawbacks. The small size of the animals does not
facilitate testing of larger fixation devices or implants, and makes intravenous drug
administration rather difficult. Also, the small size limits the possibility of performing
biochemical blood analysis throughout the course of infection, due to limited blood
drawing capability. We believe that the presence of a transcortical implant is essential to
the infection process for two main reasons: (i) the implant provides an addition surface
for bacterial adherence and (ii) the presence of the implant itself may result in a less
effective immune response. These contentions are supported within context of the
previous studies showing the higher infection rates observed in animal models that made
use of an implant or other foreign body, compared to models that only used bacterial

inoculum without an insertion of foreign body.

Unlike other models, which employ a relatively known number of bacteria
injected into a predrilled tibia or marrow cavity, we chose to use the implant coated with
bacteria. Our rational was based on the assumption, that this approach would mimic the
insertion of a contaminated implant, as it takes place in clinical practice, and will promote
biofilm formation. However, this method does have a serious drawback - while one can
accurately measure the bacterial inoculum on the implant, there is no way to determine
the amount of bacteria that is actually delivered to the bone, since some of it might easily
get scrapped of during the insertion. We chose to accept this flaw, and take it into account
by normalizing our measurements while performing quantification analysis, and aiming
to perform the surgical procedure identically every time, reducing variability in bacterial

inoculum between animals.
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Finally, we chose a trans-tibial implant over the intramedullary one. An
intramedullary implant approach might be considered more relevant, since it reproduces a
more serious clinical condition, for example mimicking an infected hip prosthesis.
However, our preliminary pilot studies showed that an intramedullary model gave rise to
variable spatial and temporal lesion, as well as hematologic spreading, making a

reproducible, quantitative model very challenging.

4.2 Histology

After uCT, the tibial samples were processed for decalcified histology and stained

with Orange G/alcian blue (H&E), Gram-stained, or tested for tartrate-resistant acid

phosphatase (TRAP).
Considerations:

Main hallmarks of chronic osteomyelitis are sequestrum and involucrum
formation, which we would be able to detect using H&E staining. TRAP staining allows
to visualize osteoclastic bone resorption of cortical bone and provides the possibility to
evaluate osteoclast numbers, and thus to validate the effects of the anti-resorptive
treatment. Finally, Gram staining would show extracellular bacteria and biofilm in the

necrotic bone lesions surrounding the implant.

4.3 DNA purification and nuc/b-actin RTQ-PCR

Infected tibiae were disarticulated and separated from the surrounding soft
tissues, and the infected segment of the bone was demineralized. DNA was extracted as
described in the paper I. Real-time quantitative PCR (RTQ-PCR) for the S. aureus-
specific nuc gene was performed to quantify the bacterial load. The samples were assayed
in triplicate in a Rotor-Gene RG 3000 (Corbett Research, Sydney, AU). In order to
control for the integrity of the DNA template between samples we performed RTQ-PCR

for the mouse S-actin gene that detects a 260-bp product. In order to calculate the nuc
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gene copies in a tibia sample, we first generated a standard curve with S. aureus genomic
DNA purified directly from an overnight culture (Figure 6). The mean of the 3 Ct values
from each tibia sample were then plotted against this curve to extrapolate the number of
nuc genes. This number was then normalized to f-actin and the data are presented as

normalized nuc genes per tibia.
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Figure 6.

A. RTQ-PCR analysis on serial dilutions of nuc gene cloned into a TOPO 2.1
plasmid  B. Standard curve generated using serial dilutions of a nuc gene cloned into a
TOPO 2.1 plasmid. Since the molecular weights of the nuc PCR product and TOPO plasmid

are known from the DNA sequence, we can readily derive the number of nuc copies in a sample

of purified pTOPOZ2.1-nuc plasmid based on the DNA concentration.

Considerations:

The main challenge in our study was developing a method that would allow us to
quantify the bacterial load in the infected bone. The Gold Standard for quantifying
bacteria in tissue is culturing bacteria from the infected tissue using serial dilution, and

calculating the cfu numbers after direct plating of samples onto agar. Unfortunately, this
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method is rather labour intensive and inaccurate when working with bone because bone
mineralization and biofilm production makes the extraction of individual bacteria
virtually impossible. To overcome this obstacle we have adapted a method that makes use
of Real-Time PCR to quantify the number of a particular DNA sequence in a sample,
which was successfully applied to quantify S. aureus levels in contaminated cheese. We
quantified the number of nuc gene (a genetic sequence specific for S. aureus) in infected
samples, and since each bacterium has only one copy of the nuc gene, the number of nuc
copies quantified by the RTQ-PCR assay corresponds to the number of bacteria. The
drawback of this method is that some amount of bacterial DNA may be damaged and
destroyed during DNA purification process. By performing the DNA extraction strictly
according to the protocol, we hope to extract the same “percentage” of intact DNA from
bone tissue in every experiment. To further control the integrity of the DNA as well as
the possible variations in initial tissue sample size, we normalized the RTQ-PCR data to
[-actin, a household gene in mice tissue. One might argue that the severity of the
infection may influence the f-actin levels due to necrosis, but this acellular tissue is much
less than 1% of the total tibia tissue harvested for the genomic DNA preparation. It is

therefore unlikely, that this variability could significantly affect our results.

4.4 In vivo bioluminescent imaging

Bioluminescent imaging (BLI) of mice infected with Xen29 was performed on
day 0, 4, 7, 11, 14, 18 post-infection using a Xenogen IVIS camera system (Xenogen
Corporation, Alameda, Calif.) (Figure 7). Five minute high sensitivity ventral images
were taken at each time point. The BLI was quantified with the Livinglmage software
package 2.50.1 (Xenogen Corporation, Alameda, Calif.) by analyzing a fixed 1.5 cm
diameter region of interest (ROI) centered on the pin. The photon signal was calculated as

p/sec/cm?/sr.
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Figure 7.

A. Schematic diagram of the plasmid pMK4 [uxABCDE, used to create
bioluminescent S. aureus. B. Mouse with Xen29 infected left tibia, as seen through
Xenogen IVIS camera. Bioluminescence signal around the infection site is measured with

following software.
Considerations:

RTQ-PCR analysis described previously is a valuable tool in measuring bacterial
load in infected tissue. Unfortunately, the RTQ-PCR approach suffers from two
significant shortcomings that limit its usability. The first one is the sacrificial endpoint,
which prohibits longitudinal studies. The second drawback is inability of RTQ-PCR to
distinguish between metabolically active bacteria and dormant bacteria residing in
biofilm. To overcome these obstacles we made use of a bioluminescent strain of S.
aureus (Xen29) that can be quantified using longitudinal in vivo bioluminescent imaging
- a method primarily described by Francis’s group. The investigators introduced S. aureus

that were transformed with plasmid DNA containing a Photorhabdus luminescens lux
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operon, making them highly bioluminescent and allowing detection of fewer that 100 cfu

in vitro.

In vivo bioluminescent imaging gives us a possibility to evaluate bacterial activity
in vivo, avoiding thereby the necessity of a sacrificial endpoint. BLI is a measure of
bacterial protein synthesis and, therefore detects only metabolically active bacteria. It
cannot stand alone, since it will not detect dormant bacteria that reside within biofilm but
together with real-time PCR measurements, it provides a valuable tool in assessing
bacterial activity and load. Unfortunately, BLI has the same shortcoming as RTQ-PCR
analysis and can only give us an assessment of bacterial activity but not their actual

number.

4.5 Drug treatments

Drug treatments started on the day of the surgery, except for Alendronate,
which started 3 days preoperatively. Alendronate was given at 10 ug/kg i.p. once
every 3 days. OPG was given at 200 ug/kg once every 3 days. TNFR:Fc was given at
200 ng/kg once every 3 days. Placebo was given as 200 ul PBS i.p. once every 3 days.
Gentamycin was given daily (0.1 mg/kg i.p.).

Considerations:

Our goal was to investigate the effect that anti-catabolic drugs have on
chronic osteomyelitis. We chose to investigate two distinct classes of anti-resorptive
drugs: the most common prescribed bisphosphonate Alendronate, which induces
osteoclast apoptosis via inhibition of mevalonate pathway (Figure 2), and the
biologic antagonist osteoprotegrin (OPG) that inhibits osteoclast formation and
induces osteoclast apaptosis by blocking receptor activator of nuclear factor kappa
B (RANK) signaling pathway. TNFR:Fc was used as a control that is known to inhibit
osteoclasts and exacerbate infections by inhibiting granuloma formation. We used a
slightly higher dosage of bisphosphonates compared to what is used in humans

(Img/kg/week p.o. with 0.6% bioavailability) compared to 10 ug/kg i.p. once every
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3 days to treat the animals. To make sure that this dosage was sufficient, we applied
TRAP staining and radiology to analyze the effect the drugs had on osteoclast
numbers and osteolysis. This was done for all treatments. A minor shortcoming in
our strategy treatments is that we did not investigate the possible effect of
zolendronic acid (the i.v. bisphosphonate that is most commonly associated with
ON]J) might have on the development of the infection. However, we chose to focus on
Alendronate, the most widely prescribed biphosphonate. Also, since our main focus
was inhibition of osteoclastic bone resorption, and not differences in action of
bisphosphonates, it is possible to assume that treatment with zolendronic acid

would have similar results to ones we achieved with Alendronate.

4.6 Antibiotic prophylaxis

For prophylactic treatment, mice (n=20) received either: (i) a control PMMA bead
lacking antibiotic, (i) a PMMA bead impregnated with 1.0 mg colistin sulphate, or (iii)
intramuscular (i.m.) injection of 0.2 mg (~10mg/kg) of colistinmethate every day for 7
days as previously described in a mouse pneumonia model (reference). The 5 mm
PMMA beads were implanted adjacent to the pin at the time of surgery and were secured
with a suture through the skin and muscle. The parenteral colistinmethate was given at
the time of the surgery and for the next 7 days with no beads. All mice were sacrificed for

analysis on day 19.
Considerations.

Our first concern was to make sure that the equivalent dosage of antibiotics were
delivered using both local and parenteral treatments. To address this problem we
performed in vitro analysis of colistin release kinetics. One of the weaknesses of this
approach is that we measured colistin release from PMMA beads in distilled MilliQ
water, leaving a possibility that the kinetics might be altered when the bead is inserted in
more solid soft tissue. Another point of potential critique is the use of PMMA beads. This
approach might be questionable, since it requires a second surgery to remove the beads.

Absorbable materials could have been considered instead or along with PMMA beads,
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since these are readily available, and commonly used. Despite these drawbacks, wee used
PMMA beads because they were the most cost effective approach to assess colistin in this
initial study, but the use of absorbable material should definitely be considered in future

projects.
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5 Results

Overview:

5.1 Study I

Aim: Creating a novel quantitative murine model of implant associated

osteomyelitis.

Hypothesis: 1t is possible to utilize BLI imaging and RTQ-PCR to assess the

bacterial load and activity during the establishment of chronic osteomyelitis.
Hypothesis confirmed.: yes

Comments: We found that it is possible to measure bacterial load using RTQ-PCR
in an infected bone. This method is complimented by BLI imaging that can measure
bacterial metabolic activity, and thus differentiate between active and dormant bacteria.
We also evaluated the immune response during the establishment of the infection and

identified the dominant antigens responsible for the humoral immune response.

For detailed results please view the enclosed paper I.

5.2 Study 2

Aim: Elucidating the effect that anti-catabolic therapy has on establishment of

osteomyelitis.

Hypothesis: Anti-resorptive agents alter bacterial growth during the establishment
of osteomyelitis by altering lymphatic drainage without affecting angiogenesis or

protective immunity.

Hypothesis confirmed: partially
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Comments: Collectively, our findings indicate that while anti-resorptive agents do
not exacerbate chronic osteomyelitis, because they do not interfere with protective
immunity, they can increase bacterial growth during early infection by decreasing

lymphatic drainage and preventing the removed of necrotic bone that harbors the bacteria.

For detailed results please view the enclosed paper II.

5.3 Study 3

Aim: To investigate whether or not the MDR Acinetobacter can be effectively

prevented with parenteral or local antibiotic therapy at the time of initial surgery.

Hypothesis: Local antibiotic therapy at the time of the surgery can prevent

establishment of MDR Acinetobacter osteomyelitis.
Hypothesis confirmed: yes

Comments: As predicted, the local treatment, which presumably leads to higher
drug concentration levels at the site of infection, was significantly better in preventing
MDR Acinetobacter osteomyelitis, then parenteral antibiotic treatment. We also found
that the lesions created by A. baumannii induce blastic lesions, in contrast to the

osteolytic lesions, which are mainly associated with S. aureus infection.

For detailed results please view the enclosed paper III.
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6 Discussion

6.1 Model

Although infection rates following orthopedic surgery are considered to be low
(1-2%), implant-associated osteomyelitis remains a catastrophic outcome that often
require revision surgery and can ultimately lead to sepsis and death. This problem is
further complicated by the emergence of multi-drug resistant strains and the absence of
effective treatments for patients with methicillin-resistant S. aureus. We believe that
progress in this area has been limited due to the absence of a quantitative animal model
that can be utilized to elucidate molecular targets, evaluate novel drug interventions as
well as perform potential vaccination studies. From our assessment of the literature, we

surmise that a quantitative osteomyelitis model has not been developed for two reasons.

First, most research performed on this subject has been concerned with
intramedullary implant models, since this represents a more serious clinical condition,
with potential haematogenic spreading. Unfortunately, out preliminary studies showed
that this approach gave rise to highly variable (temporal and spatial) lesions, making a
quantitative model incredibly difficult if not impossible. In contrast, we have found that
usage of an infected transcortical implant produced highly reproducible lesions adjacent
to the pin, and never results in distal osteomyelitis, hematogenous infection or death.
Whilst it could be argued that the mechanisms of infection and treatment modalities differ
between intramedullary and external fixation implants, we found the transcortical pin
model to be the best approach to study osteomyelitis in vivo. This gave us a base for

developing the first quantitative model of implant-associated osteomyelitis.

The second major obstacle in developing a quantitative osteomyelitis model is
extraction of individual live bacteria from the infected bone. As mentioned earlier, the
Gold Standard for quantification of the bacterial load in infected tissue is bacterial culture
analysis on agar plates following serial dilutions. Unfortunately it is virtually impossible
to perform extraction of separate live bacteria due to calcified bone matrix and biofilm
formation. Here we demonstrate two distinct methods to overcome this obstacle. The

first, nuc RTQ-PCR, is a highly specific and sensitive method that has been successfully
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used to quantify S. aureus levels in contaminated cheese, that allows to asses the bacterial
load by quantifying the amount of bacterial DNA in infected bone. It should be noted
that although we controled for DNA integrity via $-actin RTQ-PCR, we had no way of
knowing the total nuc yield following our rigorous extraction procedures, and therefore
knowing the initial bacterial load in the bone. Thus, it is likely that the nuc genes per tibia
that we found represent a fraction of the total number of bacteria originally present in the
sample. Nevertheless, our RTQ-PCR results provide the first demonstration that: 1) in
vivo bacterial load levels can be quantified during the establishment of osteomyelitis, and
ii) that the peak bacterial load is coincident with the generation of humoral immunity
against the bacteria. We also found, that while the acquired humoral immune response is
able to clear most bacteria (drastic decrease in nuc levels, when antibody formation
initiates) and protect the animals from haematogenic spreading and death, it is not able to
completely eradicate the infection, most likely due to the biofilm that provides bacteria

with an immune-privileged environment.

As mentioned previously, real time PCR analysis cannot stand alone, because it is
not able to differentiate between metabolically active bacteria, and dormant bacteria
residing in biofilm. And as research on the regulators of in vivo biofilm formation has
become a central focus in this field, developing a surrogate outcome measure of pre and
post-biofilm growth is of great value. To address this issue we utilized a bioluminescent
strain of S. aureus to study the infection longitudinally. This also bypasses the necessity
of sacrificial endpoint that RTQ-PCR analysis had. We found that the bioluminescent
strain of S. aureus (Xen29) behaves essentially the same at UAMS-1, which is the most
widely used strain of S. aureus used in osteomyelitis research, and adopted this approach
to be compatible with uCT quantification of osteolysis and RTQ-PCR in our model of
implant associated osteomyelitis. There will always be criticism when adapting results
from an animal model to humans, but it is a necessary step to better understand the

pathology of osteomyelitis infection and builds a base for further investigations.

We believe that the development of a quantitative model of implant-associated
osteomyelitis opens the field to research that was previously unapproachable. It can be

utilized to study potential drug interventions, the identification of biofilm genes through
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the characterization of mutant phenotypes, identification of diagnostic and/or protective

antigens and evaluating infection resistant implant coatings and treatments.

6.2 Anti-catabolic treatment

Chronic osteomyelitis infection is rather challenging to treat, and often
requires complicated debridement surgery, that is further complicated by deteriorated
bone stock due to osteolysis. This leaves us with an important question of whether or not,
patients with implant-associated osteomyelitis would benefit from anti-catabolic
treatment such as bisphosphonates to preserve bone stock and prevent implant loosening.
Others have already considered this option, and there have been successful case reports of

such treatments in the literature.

However, our studies indicate that this practice may be contraindicated since anti-
catabolic therapy such as Alendronate and Osteoprotegrin i) increase the amount of
necrotic cortical bone around the implant that serves as a nidus for infection, ii)
significantly increases the incidence of high-grade infections in mice during the
establishment of osteomyelitis, and iii) reduce the cortical hole through which the

opsonized bacteria and lymph must drain out of the wound.

We further looked into the specific mechanism of action by which these drugs
exacerbate establishment of the infection, and our findings contradict previous claims
regarding the anti-angiogenic and immunosuppressive effects of anti-resorptive therapies.
It has been proposed that that bisphosphonates inhibit capillary tube formation, vessel
sprouting and circulating endothelial cells. In contrast, our vascular micro-CT analyses
failed to demonstrate any drug effects on perfusable vessels. Similarly, the findings that
RANK signaling is required for lymph node development and immunoregulatory co-
stimulation have led to a suspicion that RANK-ligand inhibition is immunosuppressive.
However, our studies corroborate the prior findings of Stolina et al, who demonstrated
that OPG treatment does not affect cell-mediated immune responses and granuloma
formation. Therefore, we conclude that RANKL inhibition has insignificant

immunoregulatory effects in establishment of osteomyelitis infection, and its ability to
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increases the incidence of high-grade infection is solely due to it’s effects on osteoclastic

bone resorption.

Our studies showed a significant decrease in popliteal lymph-node volume in
treated animals, suggesting that mechanic blockage that inhibits lymph drainage and
clearance of bacteria from the infection site, might be responsible for higher incidence of
high-grade infections in animals subjected to anti-catabolic therapy. This is however
somewhat speculative, and warrants further investigation, such as flowcytometry and
immunohistological evaluation of the lymph nodes, to further elucidate the mechanism of
action. Further on, quantitative analysis of the antibody production can be extremely
difficult due to interspecimen variability. To achieve this, a much larger number of
animals would be needed, and possibly a quantitative analysis of the western blot data

can be performed.

6.3 Prophylactic antibiotic treatment

Infections caused by MDR pathogens have long been recognized to be a very
serious problem in medicine, requiring vigilance when prescribing antibiotic therapy.
This has been especially highlightened in recent years, since methicillin-resistant
Staphylococcus aureus has surpassed HIV as the most deadly pathogen in the United
States. Therefore, the emergence of MDR Acinetobacter osteomyelitis in orthopedic
trauma patients is a situation that requires urgent attention. However, more recent clinical
experiences in dealing with this problem suggest that MDR Acinetobacter osteomyelitis
can be managed effectively, but may be the predecessor to more serious super-infections
including MRSA. While studying combat related injuries during military conflict in the
Middle East, we found that Gram-negative pathogens predominate early, and are replaced
with S. aureus after treatment, despite use of anti-Gram-positive therapy. These finding
underscore the importance of effective early treatment of A. baumannii infection to

prevent complications.

To address these issues, we investigated the nature of MDR A.baumannii

osteomyelitis infection versus that of S. aureus, and evaluated the efficacy of local high



53

dose colistin to prevent infection from a contaminated tibial implant in our murine model
of osteomyelitis. Although, we found MDR Acinetobacter to be highly infectious as
expected, we were surprised by several features of 4. baumannii osteomyelitis that are
remarkably distinct from S. aureus infection. Amongst these, were the osteoblastic
lesions produced by 4. baumannii in contrast to osteolytic lesions mostly associated with
S. aureus. The other major difference that we found was the absence of biofilm and any
histological evidence of colonized necrotic bone in mice infected with A. baumannii,

which is always present in chronic S. aureus infection.

As mentioned earlier, there has been speculation that S. aureus infections are
opportunistic, and in some cases may depend on an initial colonization by Gram-negative
bacteria such as Acinetobacter. This further stresses the importance of early eradication
of peri-implant infection following orthopedic surgery. Given that most MDR
Acinetobacter strains are sensitive to colistin, and that PMMA beads can be readily
impregnated with colistin and steadily release the drug over time, we evaluated this
model of local prophylaxis versus standard parenteral colistinmethane. As predicted, the
local treatment, which presumably leads to higher drug concentration levels at the site of
infection, was significantly better in preventing MDR Acinetobacter osteomyelitis. Even
though our model does not simulate soft tissue injury, often seen in these combat related
injuries, we believe that our results support future evaluation of colistin impregnated
PMMA beads, or absorbable materials that do not require removal, in a clinical trial to
evaluate their efficacy in clearing MDR Acinetobacter osteomyelitis and reoccurring

infections.
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7 Concluding remarks and future perspectives

Our research provides future investigators with a novel model of implant
associated osteomyelitis, which allows quantification of the bacterial load and in vivo
evaluation of bacterial activity during establishment of chronic osteomyelitis. This opens
the field for future investigations of potential bacterial mutants, drug interactions and
evaluation of novel anti-microbial therapies. We have also characterized the
immunodominant antigens, which can be utilized for developing novel rapid diagnostic

methods, and possible vaccination studies.

Our finding, that anti-catabolic therapy increases incidence of high-grade
infection during the establishment of chronic osteomyelitis, provides new insight in the
mechanisms responsible for ONJ. Although our proposal that bisphosphonates and OPG
inhibit lymph drainage from the infection site is somewhat speculative, we still believe
that it provides new valuable knowledge about underlying mechanisms of ONJ and is
extremely relevant for millions of people taking these drugs worldwide. However more
studies are needed to further investigate the effect that anti-catabolic treatment has on the

immune system.

Finally we have shown that local antibiotic prophylaxis with colistin loaded
PMMA beads inserted at the time of the surgery, decreases incidence of posttraumatic
implant associated osteomyelitis. This finding opens up for experimental studies in larger

animals using absorbable materials, and potential clinical trials.
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ABSTRACT: Although osteomyelitis (OM) remains a serious problem in orthopedics, progress has
been limited by the absence of an in vivo model that can quantify the bacterial load, metabolic activity
of the bacteria over time, immunity, and osteolysis. To overcome these obstacles, we developed a
murine model of implant-associated OM in which a stainless steel pin is coated with Staphylococcus
aureus and implanted transcortically through the tibial metaphysis. X-ray and micro-CT
demonstrated concomitant osteolysis and reactive bone formation, which was evident by day 7.
Histology confirmed all the hallmarks of implant-associated OM, namely: osteolysis, sequestrum
formation, and involucrum of Gram-positive bacteria inside a biofilm within necrotic bone. Serology
revealed that mice mount a protective humoral response that commences with an IgM response
after 1 week, and converts to a specific IgG2b response against specific S. aureus proteins by day 11
postinfection. Real-time quantitative PCR (RTQ-PCR) for the S. aureus specific nuc gene determined
that the peak bacterial load occurs 11 days postinfection. This coincidence of decreasing bacterial
load with the generation of specific antibodies is suggestive of protective humoral immunity.
Longitudinal in vivo bioluminescent imaging (BLI) of luxA-E transformed S. aureus (Xen29)
combined with nuc RTQ-PCR demonstrated the exponential growth phase of the bacteria
immediately following infection that peaks on day 4, and is followed by the biofilm growth phase
at a significantly lower metabolic rate (p <0.05). Collectively, these studies demonstrate the first
quantitative model of implant-associated OM that defines the kinetics of microbial growth,
osteolysis, and humoral immunity following infection. © 2007 Orthopaedic Research Society.

Published by Wiley Periodicals, Inc. J Orthop Res 26:96—105, 2008
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INTRODUCTION

Osteomyelitis (OM) is a common infectious disease
characterized by progressive inflammation and
bone destruction.'~ This condition may be caused
by a variety of microorganism, however, Staph-
ylococcus aureus is responsible for >80% of these
infections.! Although the total number of osteo-
myelitis cases is high in that approximately
112,000 orthopedic device-related infections occur
per year in the US at an approximate hospital
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osteomyelitis; Staphylococcus aureus; osteolysis; humoral immunity;

cost of $15,000—70,000 per incident, the infection
rates for joint prosthesis and fracture-fixation
devices have been only 0.3%-11% and 5%—15%
of cases, respectively, over the last decade,®?
which resulted in a low interest in rigorous
prospective clinical studies. Another challenging
issue hampering the progress in the OM research
field is the absence of a quantitative animal model.
It is well known that in vitro cultures rapidly
select for growth of organisms that do not elabo-
rate an extracellular capsule. As such, biofilm
biology, which plays a critical role in resistance of
chronic OM to antibiotic therapy by serving as a
dominant protective barrier from the action of
antibiotics, can only be studied with in vivo
models.* To date, much of our knowledge of the
pathogenesis of OM comes from animal models,’
which have existed in chicken,® rat,”® guinea pig,®
rabbit,'® dog,!! sheep,'? goat,'® and most recently
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mouse.'* While these models have been used to
confirm the importance of bacterial adhesions
identified from in vitro assays,'®~!” none of them
contain quantitative endpoints that can determine
bacterial load or growth in vivo. Thus, they are of
limited value for assessing drug effects, bacterial
mutants, and the role of host factors during the
establishment of chronic OM.

In this study, we developed a novel murine
model of implant-associated osteomyelitis in which
a stainless steel pin is coated with S. aureus and
implanted transcortically through the tibial meta-
physis. The resulting infection closely resembles
clinical OM. This generates a reproducible abscess
without hematogenous spreading or death in >90%
of mice. By adapting real-time quantitative PCR
(RTQ-PCR) to detect the S. aureus specific nuc gene
that is used to assess contaminated food,'® and a
bioluminescent strain (Xen29) that can be quanti-
fied using longitudinal in vivo bioluminescent
imaging (BLI),’® we have elucidated the pattern
of pathogenic growth during the establishment of
implant-associated OM. We also performed serol-
ogy and micro-CT analyses to assess the host
response to infection. Our findings demonstrate
the establishment of a quantitative small animal
surrogate that can be used to evaluate the efficacy
of novel interventions for OM.

MATERIALS AND METHODS
S. aureus Strains and Pathogenic Challenge

The UAMS-1 strain of S. aureus (ATCC 49230) was
obtained from the American Type Culture Collection
(Manassas, VA). The bioluminescent strain of S. aureus,
Xen29 (derived from ATCC 12600), was obtained from
Xenogen Inc. (Cranbury, NdJ). Pathogenic challenge was
initiated via a contaminated 0.25-mm diameter insect
pin (Fine Science Tools, Foster City, CA) that was
generated as follows. The pins were autoclaved and
stored in 70% ethanol. After air-drying, the pins were
incubated in 1.5 ml of an overnight luria broth culture of
S. aureus for 20 min. Then, the pins were air dried for
5 min before trans-tibial implantation. The inoculating
dose of bacteria was determined to be 9.5+ 3.7 x 10°
CFU of UAMS-1 and 4.2+0.5 x 10° CFU of Xen29 per
pin, by vigorously vortexing the pin in PBS to resuspend
the bacteria and growing dilutions on agar plates.

Animal Surgery

All animal studies were performed under University
Committee for Animal Resources approved protocols.
C57BL/6 female 6—8-week-old mice were anesthetized
with Ketamine (100 mg/kg) and Xylazine (10 mg/kg),
their left tibiae were shaved, and the skin was cleansed
with 70% ethanol. Infection was initiated by placing the
pin transcortically through the tibia via medial to lateral
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implantation. The pin was bent at both ends for stability
and cut adjacent to the skin on both ends, which allowed
it to be covered by the skin and to eliminate additional
environmental exposure. Once the mice recovered from
the anesthesia, they were returned to standard isolator
cages without additional treatment until sacrifice,
except for the gentamycin treatment group that received
0.1 mg/kg/day i.p.

In Vivo Radiology and Bioluminescent Imaging

Longitudinal osteolysis was assessed radiographically
using a Faxitron Cabinet x-ray system (Faxitron,
Wheeling, IL) as we have previously described.?° Bio-
luminescent imaging (BLI) of mice infected with Xen29
was performed on days 0, 4, 7, 11, 14, and 18 post-
infection using a Xenogen IVIS camera system (Xenogen
Corporation, Alameda, CA). Five-minute high sensi-
tivity ventral images were taken at each time point. The
BLI was quantified with the Livinglmage software
package 2.50.1 (Xenogen Corporation) by analyzing
a fixed 1.5-cm diameter region of interest (ROI)
centered on the pin. The photon signal was calculated
as p/sec/cm?/sr.

Micro-CT Analyses

After sacrifice, the pin was removed and the disarticu-
lated tibiae were analyzed by high-resolution (10.5 um)
micro-computed tomography (uCT) (VivaCT 40; Scanco
Medical AG, Basserdorf, Switzerland) to render three-
dimensional images of the diaphysis as we have pre-
viously described.?! Images from each tibia were
binarized individually at identical thresholds to allow
for unbiased identification of the cortical pinholes and
the extent of the osteolytic lesion in the cortices. The
three-dimensional binary image was then rendered from
the threshold slices, and sagittal sections through the
tibia were digitally obtained so that the rendered images
could be rotated to visualize the pinholes and osteolytic
lesions on the lateral and medial cortical surfaces of the
specimens. Since the infected pin was introduced
through the medial side, and we observed more
consistent and reproducible osteolysis on the medial
side, we chose to only quantify the area of osteolysis on
the medial side. The maximal osteolytic area was
computed for each specimen using a semi-automated
filter in Adobe Photoshop™ CS (Adobe Systems, Inc.,
San Jose, CA) which thresholds the pinhole area, sums
the number of pixels in the thresholded region, and then
computes the area in mm? after calibrating against
1-mm scale bar (9,216 pixels/mm?). This area measure-
ment was then used to quantitatively describe the
maximum size of the osteolytic cortical lesions for the
group as mean + SEM (Fig. 1).

Histologic Evaluation of OM

After pCT, the tibial samples were processed for
decalcified histology and stained with Orange G/alcian
blue (H&E), Gram-stained, or tested for tartrate-
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Figure 1. Radiographic progression of trans-tibial implant-
associated osteomyelitis. (A) Longitudinal x-rays of a represen-
tative mouse that received a trans-tibial pin coated with Xen29
S. aureus. Gentamycin and sterile pin controls at Day 18 are also
shown. X-rays were taken on the indicated day after surgery.
Arrowsindicate the osteolysis around the pin, which was evident
at 7 days and thereafter. Also of note is the absence of any lesions
distal to the pin. (B) Medial views of reconstructed pCT images of
representative tibiae from mice (N =5) that received a trans-
tibial pin coated with Xen29 S. aureus and were sacrificed on the
indicated day. Also shown are control mice that received a trans-
tibial pin coated with Xen29 S. aureus and were treated with
parenteral gentamycin (Gent), or received a sterile pin. (C) The
osteolytic area around the pin was quantified as described in
Materials and Methods, and the data are presented as the
mean +SD (*p <0.05 vs. Day 4; **p <0.05 vs. Gent Day 18).
There was no difference in the osteolysis area between the
gentamycin and sterile pin controls (data not shown).

resistant acid phosphatase (TRAP) activity as we have
described previously.?2

DNA Purification and nuc/B-Actin Real-Time
Quantitative PCR (RTQ-PCR)

Infected tibiae were disarticulated and separated from
the surrounding soft tissues. Then the tibia was cut into
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small pieces with scissors, and demineralized individu-
ally with 0.5 M EDTA (pH 7.5) in 1.5 ml polypropylene
tubes. The tubes were agitated on a shaker at 4°C for
24 h, centrifuged at 5,500 rpm for 20 min, and the
precipitate was resuspended in fresh EDTA. This
process was repeated three to five times until the bone
fragments were completely decalcified. The samples
were then washed three times with ddH;O and the
pellet was resuspended in 360 ml buffer ATL (Qiagen,
Valencia, CA) with 40 pl proteinase K (Qiagen), and
incubated at 55°C until the bone tissues were fully
digested and the solution was clear. Then 400 pl buffer
AL (Qiagen) with 5 ul proteinase K was added, and the
samples were placed on ice and sonicated five times, at
level 15, for 10 s with 1-min resting intervals between
the sonications (Microson Ultrasonic Cell Disruptor,
Misonix Inc., Farmingdale, NY). After sonication, DNA
was purified using DNeasy Tissue kit (Qiagen) accord-
ing to the manufacturer’s protocol. The final sample of
DNA was eluted in 100 pl of ddH30, and stored at
—20°C.

RTQ-PCR for the S. aureus-specific nuc gene was
performed to quantify the bacterial load with primers
5-GCGATTGATGGTGATACGGTT-3 and 5'-AGCCAA-
GCCTTGACGAACTAA -3’ that amplify a 269-bp prod-
uct, as previously described.'® The reactions were carried
out in a final volume of 20 pl consisting of 0.3 uM primers,
1x Sybr Green PCR Super Mix (BioRad, Hercules, CA),
and 2 pl of the purified tibia DNA template. The samples
were assayed in triplicate in a Rotor-Gene RG 3000
(Corbett Research, Sydney, Australia). In order to control
for the integrity of the DNA template between samples,
we performed RTQ-PCR for the mouse B-actin gene that
detects a 124-bp product using primers 5'-AGA TGT GAA
TCA GCA AGC AG-3' and 5-GCG CAA GTT AGG TTT
TGT CA-3'. In order to calculate the nuc gene copies in a
tibia sample, we first generated a standard curve with
S. aureus genomic DNA purified directly from an over-
night culture. The mean of the three CT values from each
tibia sample were then plotted against this curve to
extrapolate the number of nuc genes. This number was
then normalized to B-actin and the data are presented as
normalized nuc gene copies per sample.

Serology

In order to determine total immunoglobulin isotype (Ig)
levels, blood samples were collected from the animals
on days 0, 4, 7, 11, and 14 using retro-orbital bleeding,
and an ELISA on the sera was performed using the
Mouse Typer Sub-Isotyping Kit (BioRad) as we have
previously described.?® Specific antibodies against S.
aureus proteins were detected by Western blotting. The
protein was obtained from a 100 ml culture of bacteria in
log phase, in which the protein extract was prepared
using the Complete Bacterial Proteome Extraction Kit
(Calbiochem, San Diego, CA) according to the manu-
facture’s instructions. Twenty micrograms of total S.
aureus protein per well was boiled in Laemelli loading
buffer and separated in NuPAGE™10% Bis-Tris SDS
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Gels (Invitrogen, Carlsbad, CA) by electrophoresis. The
proteins were transferred to a PVDF membrane (Milli-
pore, Billerica, MA) and stained with Ponceau Red
(Sigma, St. Louis, MO) to control for protein loading and
transfer efficiency. The membrane was then cut
into single lanes and blocked with PBS, 0.1% Tween
20 (PBST) and 5% non-fat dry milk for 1 h at room
temperature. Afterwards, each lane was incubated with
a unique serum (10 pl serum in 5 ml of PBST) as the
primary antibody for 1 h at room temperature. The
strips were then washed three times in 0.1% PBST,
15 min each at room temperature. The strips were then
pooled and incubated with 1.5 pl HRP-conjugated
goat anti-mouse IgG antibody (BioRad) in 30 ml
blocking buffer for 1 h at RT. The strips were then
washed three times in PBST, 15 min each at room
temperature. Finally, the strips were reassembled
with the molecular weight marker strip and imaged
with ECL+ (Amersham) chemiluminescence auto-
radiograph.

RESULTS

Murine Trans-Tibial Model of
Implant-Associated Osteomyelitis

In our initial attempt to develop a quantitative
model of implant-associated OM, we chose an
intramedullary implant approach, since this rep-
resents the serious infections in patients with total
joint replacements. However, repeated attempts
failed to provide evidence that a reproducible
abscess could be generated (data not shown).
This led us to conclude that it is challenging
to consistently achieve a quantitative model of
intramedullary implant-associated OM, although
others have recently succeeded.?*

Next, we investigated a trans-tibial implant
approach that mimiecs OM of external fixation pins.
Inourinitial experiments, an insect pin coated with
Xen29 was surgically implanted into the left tibia of
mice. Longitudinal x-rays demonstrated osteolysis
adjacent to the pin within 7 days (Fig. 1A). More-
over, this mode of infection led to a highly reprodu-
cible localized abscess in >90% of the mice, and
never resulted in detectable hematogenous spread-
ing, sepsis, or death. In order to quantify the
osteolysis, we performed a time-course study in
which the infected tibiae were analyzed by pCT
(Fig. 1B and C). These results are consistent
with sequestrum formation in which osteoclastic
bone resorption of cortical bone around the
infected implant occurs with concomitant reactive
periosteal bone formation.

The presence of OM in the mice was confirmed
by histological analyses on tibiae that received
infected or sterile pins. Figure 2 demonstrates
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that the tibial transcortical pin model contains all
of the salient features of chronic OM including:
sequestrum and involucrum formation, osteoclastic
resorption of the cortical bone, and Gram stained
extracellular bacteria and biofilm that reside in the
necrotic bone surrounding the implant. None of the
negative controls, including heat killed S. aureus
and non-pathogenic E. coli (data not shown),
demonstrated these features.

Kinetics of Infection and the Host Immunity
during the Establishment of OM

Since it is impossible to effectively extract live
bacteria from infected bone to quantify the in
vivo bacterial load due to the calcified matrix and
biofilm, we adapted an RTQ-PCR method to
determine the number of nuc gene per tibia as a
surrogate outcome measure. Using PCR primers
specific for murine B-actin and S. aureus nuc, we
first validated the sensitivity and specificity of the
assay (detection of <10 copies per sample with a
single peak; Supplemental Fig. A). Then, we used
this assay to complete a time-course study on
infected tibiae samples to assess the in vivo
bacterial load during the establishment of OM.
Figure 3A and B shows that the bacterial load
peaked on day 11 postsurgery and dropped
sharply thereafter. The sharp drop suggests that
the host has generated an effective immune
response that clears the bacteria.

Since effective clearance of S. aureus is partially
dependent on humoral immunity, we evaluated
antisera from infected mice over the course of
infections. In order to determine when mice
produce specific high affinity antibodies against
S. aureus proteins after infections, we performed
Western blots on whole-cell bacterial extracts using
sera from the challenged animals as the primary
antibody. The results demonstrated the generation
of specific anti-S. aureus IgG antibodies by day 11,
which increase thereafter (Fig. 3C). An assessment
of total Iglevelsin the sera of these challenged mice
demonstrated an initial increase in IgM levels after
1 week, which was converted to IgG2b at 2 weeks
(Fig. 3D). Taken together, these results indicate
that establishment of implant-associated OM is
consistent with classical microbial pathogenesis
and immunity in which the bacteria enjoy an initial
growth period in the naive host that is terminated
by an acquired humoral response. The finding that
mice are unable to completely eradicate S. aureus
infection after generating a functional humoral
response is consistent with the fact that antibodies
cannot penetrate biofilm.
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Figure 2. Histological evaluation of the trans-tibial implant-associated model of osteo-
myelitis. H&E (A-C), TRAP (D-F) and Gram stained (G, H) sections of histology sections at the
pin site (*) adjacent to the tibial cortex (#), 9 days after implantation of a sterile pin (A, D, G), or a pin
coated with UAMS-18S. aureus (B, C, E, F, H). Of note is the new bone (h) that forms around the sterile
pin (A, D, G) vs. the necrotic sequestrum (s) and involucrum (i) adjacent to the infected pin. While
very few TRAP+ osteoclasts (yellow arrowheads) were present in the uninfected samples (D),
numerous osteoclasts appear to be actively resorbing the cortex adjacent to the infected pin, and
remodeling the new woven bone that is encasing the involucrum (E, F). Gram staining confirmed the
absence of bacteria in the specimens with the sterile pin (G) and their presence (black arrowheads)
within the necrotic bone around the infected pins (H).

Bioluminescent Imaging (BLI) Quantification of
Bacterial Metabolism during the Establishment of OM

While the results of our RTQ-PCR studies demon-
strate its ability to quantify bacterial load in vivo,
the assay has two fundamental shortcomings that
limit its utility. The first is the sacrificial endpoint,
which prohibits longitudinal studies. The second is
that RTQ-PCR cannot distinguish between meta-
bolically active bacteria and dormant microbes
within biofilm. Since this resolution is critical for
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the investigation of pathogenic mechanisms and
evaluation of novel interventions, we examined
the utility of BLI in our trans-tibial implant model.
In our time-course studies with Xen29, only back-
ground signal was detected in mice that receive
a sterile pin (Fig. 4) or infected mice treated
with parenteral gentamycin (data not shown). In
contrast, the BLI of infected, untreated tibiae
demonstrated a sharp fourfold increase from
baseline on day 4, which subsequently dropped to
background levels by day 11.
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Based on the finding that BLI peakson day 4 and
nuc levels peak on day 11 along with the facts that
bioluminescent of S. aureus Xen 29 results from the
reaction of enzymes and protein substrates synthe-
sized by the lux operon and that nuc is a single
copy gene in the S. aureus chromosome,
we hypothesized that BLI is a measure of S. aureus
metabolic activity (protein synthesis), while nuc
levels are indicative of bacteria number. This
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theory also predicts that the BLI:nuc ratio is
greater early on in infections compared to dor-
mancy in latent infection. To test this, we per-
formed linear regression analyses of BLI versus
nuc gene copy number before the presence of
biofilm on day 2 and on day 18 when humoral
immunity limits the bacteria to biofilm growth.
These analyses demonstrated that there is no
relationship between BLI and nuc gene copy
number on day 2 (Fig. 5A), while there is a highly
significant correlation between these outcome
measures on day 18 (Fig. 5B). Moreover, the finding
that the BLI:nuc ratio is 15 times greater on day 2
versus day 18 (Fig. 5C) further substantiates BLI
as an outcome measure of metabolic activity and
nuc levels as a measure of bacterial load.

DISCUSSION

Although infection rates following orthopedic
surgery are considered to be low,%® implant-
associated OM remains a catastrophic outcome
that often requires revision surgery and can lead
to sepsis and death.! This problem is compounded
by the emergence of multi-drug resistant
strains and the absence of effective treatments
for patients with methicillin-resistant S. aureus
(MRSA)."? Progress in this area has been limited
due to the absence of a quantitative animal
model that can be utilized to elucidate molecular
targets and evaluate novel interventions. From
our assessment of the literature, we surmise that a
quantitative OM model has not been developed for
two reasons. First, the field has been overly
concerned with intramedullary implant models,
since this represents the more serious clinical
condition.® *® Unfortunately, we found that this

Figure 3. Kinetics of infection and host immunity during the
establishment of OM. A time-course experiment was performed
in which mice (IN=5) received a trans-tibial pin coated with
UAMS-18S. aureus and were sacrificed at the indicated time after
surgery. Genomic DNA was purified from the infected tibiae and
used as the template for nuc and p-actin RTQ-PCR as described
in Materials and Methods. (A) Data for each individual mouse, or
(B) the mean for each group are presented with the standard
deviation. (C) Sera were collected from mice (N =5) before (Day
0) and on Days 4, 7, 11, and 14 days after receiving a trans-tibial
pin coated with S. aureus UAMS-1, and used as the primary
antibody in Western blots of total S. aureus UAMS-1 protein
extract. In the data shown from a representative animal, the
black arrowhead indicates a pre-immune reactive band, and red
arrowheads indicate the S. aureus specific reactive bands. (D)
Total Ig levels in sera of mice (N=5) obtained on the
indicated day following surgery were determined by ELISA as
described in Materials and Methods. The data from a represen-
tative mouse are presented as the mean + SD of quadruplicates.
Of note is the dominance of IgM on Day 7 and IgG2b on Day 14.
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Figure 4. Bioluminescent Imaging (BLI) quantification of bacterial growth during the establish-
ment of chronic osteomyelitis. (A) BLI levels at the site of infection were assessed longitudinally
in mice that received a sterile trans-tibial pin (Uninfected), or a pin coated with Xen 29 S. aureus
(Infected), that were imaged on the indicated day. The circle in the top left image highlights the
1.5-cm diameter region of interest (ROI) that was assessed for BLI in each mouse at each time point.
(B) The data from mice (IN=5) that were Uninfected, Infected, or infected and treated with
parenteral antibiotics (Gentamycin) were assessed for BLI longitudinally at the indicated time
following surgery. The data are presented as the mean+ SD (*significantly greater vs. Day 0;

p <0.05).

model gave rise to highly variable (temporal and
spatial) lesions, making a reproducible, quantita-
tive model very challenging, although others have
recently succeeded.?* In contrast, we have found
that implantation of an infected transcortical
pin always produces lesions adjacent to the pin,
and never results in distal OM, hematogenous
infection, or death (Fig. 1). Thus, while it could be
argued that the mechanisms of infection and
treatment modalities differ between intramedul-
lary and external fixation implants, we find the
transcortical pin model to be the best approach to
study OM in vivo.
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The second roadblock towards the development
of a quantitative OM model is the difficulty in
extracting individual live bacteria, classically
known as colony forming units (CFU), from
infected bone. Here we demonstrate two indepen-
dent methods to overcome this obstacle. The first,
nuc RTQ-PCR, is a highly specific and sensitive
method that has been successfully used to quantify
S. aureus levels in contaminated cheese. ® It should
be noted that although we control for DNA integrity
via B-actin RTQ-PCR, we have no way of knowing
the total nuc yield following our rigorous extraction
procedures. Thus, it is likely that the nuc genes per
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Figure 5. BLI is a function of bacterial metabolism. Mice
received a trans-tibial pin coated with Xen29, and the BLI and
nuc levels were determined on Day 2 (A), or Day 18 (B). A linear
regression analysis was performed and the line of best fit is
displayed with its equation, correlation coefficient (R?), and
significance (p). (C) These data were also used to determine the
mean BLI:nuc ratio + SD (*p < 0.05 vs. Day 2).

tibia that we present represent a fraction of the
total number of bacteria originally present in the
sample. Furthermore, it is likely that our ability to
extract nuc genes from infected tibiae becomes less
efficient when the bacteria are residing in dense
biofilm. Thus, the rather low nuc gene levels
observed in latent infections (day 18), may be an
underrepresentation of the actual bacterial load.
This may also explain the remarkable effects of
the anti-S. aureus antibodies on nuc gene levels
(Fig. 3), as it is known that biofilm provide bacteria
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with an immune-privileged environment. Never-
theless, our RTQ-PCR results provide the first
demonstration that: i) in vivo bacterial load levels
can be quantified during the establishment of OM;
and ii) that the peak bacterial load is coincident
with the generation of humoral immunity against
the bacteria.

As mentioned above, two critical aspects of OM
research that cannot be addressed by our RTQ-PCR
approach are longitudinal studies and assessment
of microbial metabolic activity. As research on the
regulators of in vivo biofilm formation has become a
central focus in this field, developing a surrogate
outcome measure of pre- and post-biofilm growth is
of great value. To this end, we have investigated the
utility of BLI, which has emerged as a research
technique with enormous potential.?® Contag and
colleagues were the first to utilize bioluminescent
strains of pathogens to study infection longitudi-
nally in mice.?® Subsequent studies have proven
the value of BLI over conventional methods in
studying disease and therapeutic interventions in
animals.?® More recently, this group generated
bioluminescent S. aureus Xen29 for this purpose.*®
In our hands, Xen29 behaves essentially the same
at UAMS-1, which is the most widely used strain of
S. aureus used in OM research.””'® Thus, we
adopted this approach to be compatible with pCT
quantification of osteolysis and RTQ-PCR in our
model of OM.

The first interesting result we obtained with BLI
was that it peaked on day 4 (Fig. 4), well before the
peak of bacterial load and the appearance of
adaptive immunity (Fig. 3). Since BLI is a function
of metabolic activity (protein synthesis), not bacte-
rial load, our interpretation of these results is that
there is a brief exponential bacterial growth phase
that peaks on day 4, and is followed by the initiation
of the biofilm growth phase that occurs at a low
metabolic rate. Once this biofilm growth phase
is initiated, perhaps due to the exhaustion of
nutrients in the necrotic tissue, the bacterial load
continues to increase. Microbes are shed from
the biofilm until protective immunity is acquired
on day 11. Afterwards, bacterial persistence is
restricted to the biofilm in necrotic tissue indef-
initely. To test this theory, we postulated that at a
given time during infection, nuc copy number (1
nuc gene per bacterium) only correlates with BLI
(mean rate of luxA-E protein synthesis for all of the
bacteria) during periods of homogenous growth. In
support of this theory, we found that no correlation
exists during concomitant planktonic (high meta-
bolic rate) and colonized (lower metabolic rate)
bacterial growth, which is known to occur 48 h after
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infection, and when the inter-animal variability
between the proportion of planktonic to colonized
bacteria is expected to be great (Fig. 5A). In
contrast, when the bacteria are restricted to biofilm
growth (low metabolic rate), due to acquired
immunity at day 18, and there is no inter-animal
variability between the proportions of planktonic to
colonized bacteria, a significant correlation exists
between nuc and BLI (Fig. 5B). Furthermore, we
found that the BLI:nuc ratio early on in infection
(day 2) is 15-fold greater versus chronic infection
(day 18). While further studies are needed to
formally demonstrate the kinetics of biofilm for-
mation in vivo, our findings clearly distinguish
these two phases of bacterial growth.

In summary, the development of a quantitative
model of implant-associated OM opens the field to
research that was previously unapproachable. New
avenues include: the identification of biofilm
genes through the characterization of mutant
phenotypes, identification of diagnostic and/or
protective antigens, and facile evaluation of infec-
tion-resistant implants such as the Selfprotective
“smart” devices,?” and novel drug efficacy.
Although there are some fundamental limitations
of this model with regard to its ability to accurately
represent the true clinical problems associated
with infected intramedullary implants and pros-
theses, we find that this trans-tibial mouse model,
which displays all of the salient features of infected
external fixation pins, to be a quantitative model
suitable for most of these needs.
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ABSTRACT: The effects of anti-resorptive agents on osteomyelitis (OM) are unknown.
Our studies demonstrate that these drugs can increase in the incidence of high-grade
infections during the establishment of OM by decreasing lymphatic drainage and
preventing the removal of necrotic bone that harbors the bacteria.

Introduction: Although bisphosphonates have been used to prevent osteolysis around septic
implants, their effects on infection are unknown. Additionally, the mechanisms responsible for
the interactions between bisphosphonates and bone infection in ONJ are controversial. Thus, we
examined this in a murine model of implant-associated OM.

Materials and Methods: Mice received a transtibial implant contaminated with bioluminescent
S. aureus (Xen29) and treated with alendronate (Aln) and osteoprotegerin (OPG), or PBS
(placebo), gentamycin and etanercept (TNFR:Fc) controls. Infection, immunity, osteolysis,
vascularity, and popliteal lymph node (PLN) size were assessed by BLI, RTQ-PCR, ELISA, x-
ray, micro-CT, histology and MRI.

Results: None of the drugs affected humoral immunity, angiogenesis, or chronic infection.
However, the significant (p<0.05 vs. PBS) inhibition of cortical osteolysis and decreased
draining lymph node size in Aln and OPG treated mice was associated with a significant (p<0.05)
increase in the incidence of high-grade infections during the establishment of OM. In contrast,
the high-grade infections in TNFR:Fc treated mice were associated with immunosuppression, as
evidenced by the absence of granulomas and presence of Gram" biofilm in the bone marrow.
Interestingly, micro-CT analysis of Aln and OPG treated mice demonstrated that the bone void
around infected implants is due to both osteoclastic resorption of cortical bone and inhibition of
periosteal reactive bone formation.

Conclusions: These findings indicate that while anti-resorptive agents do not exacerbate chronic
OM, they can increase bacterial growth during early infection by decreasing lymphatic drainage

and preventing the removed of necrotic bone that harbors the bacteria.



INTRODUCTION
Although the incidence of orthopaedic bone infection, known as osteomyelitis
(OM), for joint prostheses and fracture-fixation devices have remained at 0.3-11% and 5-
15% respectively over the last decade"?, the emergence of methicillin-resistant
Staphylococcus aureus (MRSA) has dramatically impacted clinical management® 4,
Since OM induces osteolysis around the implant, which can lead to fractures and
complicate revision surgery, orthopedists have anecdotally used anti-resorptive

bisphosphonates in these patients to preserve bone stock without knowledge of their

effects on chronic infection®?,

Another clinical condition that is associated with OM and bisphosphonate use is

(7.8)

the recent osteonecrosis of the jaw (ONJ) epidemic' """, which primarily affects cancer

patients on immunosuppressive chemotherapy that also receive intravenous pamidronate
or zoledronate for hypercalcaemia, and undergo unrelated oral surgery. However, ONJ

has also been reported in healthy women taking oral alendronate for postmenopausal

(9,10)

osteoporosis' >, raising serious concerns for the tens of millions of people taking these

anti-resorptive agents(“’lz). Although the etiology of ONJ remains unknown, careful

reviews of all the available clinical and basic science data have derived two leading

(13-15)

theories to explain this painful condition . The first is inhibition of angiogenesis,

which is largely derived from the precedent of steroid-induced avascular necrosis of the

hip, and new studies that have demonstrated bisphosphonate-inhibition of capillary tube

(16-18)

formation, vessel sprouting and circulating endothelial cells The other is the

osteoclast-inhibiting effect of anti-resorptive agents that lead to a cessation of bone

(16)

remodeling and mineral:matrix turnover* . This renders the fatigued bone susceptible to



involution of blood vessels, necrosis and infection. The impact of infection in ONJ is
further highlighted by the finding that essentially all cases have histopathological
evidence of OM"??” however, a cause and effect relationship has yet to be established.
To better understand the effects of bisphosphonates on OM, and shed light on
potential mechanisms of ONJ, we investigated the interaction of anti-resorptive agents in
an established murine trans-tibial infected pin model that emulates the biology of infected
orthopaedic and periodontal implantsm). This model takes advantage of a gentamycin

sensitive, /luxA-E transformed stain of S. aureus (Xen29)(22)

,whose metabolic activity and
bacterial load can be quantified in vivo using longitudinal bioluminescence imaging (BLI)
and nuc quantitative real-time PCR (QRT-PCR) respectively®”. This model also has
micro-CT outcome measures of osteolysis and vascularity, serological analyses of the
protective IgG2b humoral response that appears by day 11, and traditional histology of

@n

osteoclasts and Gram-stained biofilm Here we investigated two distinct classes of

anti-resorptive drugs: the most widely prescribed bisphosphonate alendronate (Aln)™Y,
which induces osteoclast apoptosis via inhibition of the mevalonate pathway of
isoprenoid biosynthesis®’ ); and the biologic antagonists osteoprotegerin (OPG) that
inhibits osteoclast formation and induces osteoclast apoptosis by blocking receptor
activator of nuclear factor kappa B (RANK) signaling pathway(24). While these studies
demonstrated that neither Aln nor OPG could induce or exacerbate chronic OM, likely
because they do not affect the protective humoral response nor inhibit angiogenesis in our
model, both agents caused an increase in high-grade infections as defined by significant

increases in the number of mice with BLI and nuc gene levels above maximum placebo

levels. This finding coincided with a significant decrease in osteolysis and draining



lymph node size, suggesting that anti-resorptive agents decrease efflux of marrow lymph
during the establishment of OM. Thus, these effects could lead to a dramatic increase in

intraosseous pressure, infarction and bone pain, which are the hallmarks of OM and ONJ.

MATERIALS AND METHODS

Murine OM model and drug treatments

All animal studies were performed under University of Rochester Committee
for Animal Resources approved protocols. Pathogenic challenges were performed as
previously described®”. Briefly, OM was initiated by surgically implanting a
contaminated 0.25 mm diameter insect pin (Fine Science Tools, Foster City, CA)
containing ~5x 10° CFU of Xen29 (Cranbury, NJ) medial to lateral through the left tibia
of C57BL/6 female 6-8 week-old mice anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg). Drug treatments started on the day of surgery, except for Aln,
which started 3 days before surgery. Aln (Calbiochem, San Diego, CA) was given at
10pug/kg i.p. once every 3 days. OPG (R&D Systems, Minneapolis, MN) was given at
200ug i.p. once every 3 days. TNFR:Fc (Amgen, Thousand Oaks, CA) was given at
200ug i.p. once every 3 days. Placebo was given as 200ul PBS i.p. once every 3 days.

Gentamycin (Calbiochem, San Diego, CA) was given daily (0.1 mg/kg i.p.).

Radiology and bioluminescent imaging
Longitudinal osteolysis was assessed radiographically using a Faxitron Cabinet
x-ray system (Faxitron, Wheeling, IL, USA) as we have previously described®".

Bioluminescent imaging (BLI) of mice infected with Xen29 was performed on day 0, 4,



7, 11, 14, 18 post-infection using a Xenogen VIS camera system (Xenogen Corporation,
Alameda, Calif.) as we have previously described®”. Five minute high sensitivity
ventral images were taken at each time point. The BLI was quantified with the
Livinglmage software package 2.50.1 (Xenogen Corporation, Alameda, Calif.) by
analyzing a fixed 1.5 cm diameter region of interest (ROI) centered on the pin. The
photon signal was calculated as p/sec/cm?/sr.

Micro-CT analyses were performed on tibiae after removing the pin and
surrounding musculature by high-resolution (10.5 pm) micro-computed tomography
(LCT) (VivaCT 40; Scanco Medical AG, Basserdorf, Switzerland) to render 3D images
of the diaphysis as we have previously described®. For osteolysis quantitation, the
maximal osteolytic area of the cortical and reactive bone voids were computed for each
specimen using a semi-automated filter in Adobe Photoshop® CS (Adobe Systems, Inc.,
San Jose, CA) as we have previously described®". Vascular micro-CT analyses around
the pin were performed on tibiae that were perfused with Microfil MV-122 (Flowtech,
South Windsor, CT) lead chromate—based contrast agent as we have previously
described®®. After the initial micro-CT scan, the samples were decalcified in a 10%
EDTA solution, and rescanned to image the perfused contrast. By registering the 2D
slices before and after decalcification, contour lines were drawn to define a region of
interest that only included 0.5mm infected bone with the pin site in the middle. The
tomograms were globally thresholded based on X-ray attenuation and used to render 3D
images of the vasculature in the region of interest, excluding the vessels in the
surrounding tissues. Histomorphometric analysis based on direct distance transform

(27,28)

methods was subsequently performed on the 3D images to quantify parameters of



vascular network morphology, including vasculature volume (Vasc. Vol.), vessel
thickness (Vess.Th), vessel density (Vess. Den.: defined as an average number of vessels
intersected by test lines passing through the 3D image normalized by test line length),
vessel spacing (Vess. Sp.), and degree of anisotropy(zg’zg).

MR scans were performed on a 3 Tesla Siemens Trio MRI (Siemens Medical
Solutions, Erlangen, Germany) with a custom surface coil and fat-suppressed, T1-
weighted pulse sequences as we have previously described®**". Quantification of PLN
volume was performed with Amira 3.1 (TGS, Mercury Computer Systems, Inc, San

Diego, CA) as we have previously described®**".

Histologic evaluation of OM

After uCT, the tibial samples were processed for decalcified histology and
stained with Orange G/alcian blue (H&E), Gram-stained, or stained for tartrate-resistant
acid phosphatase (TRAP) activity as we have described previously®?.
Immunohistochemistry to identify T-cells, B-cells, macrophages and neutrophils was
performed as described previously(33), using primary antibodies specific for CD3 (diluted
1:100; Novocastra, Newcastle, UK), CD45R/B220 (diluted 1:300; BD Biosciences
Pharmingen, San Jose, CA, USA), F4/80 (diluted 1:80; AbD Serotec, Raleigh, NC,
USA), and Neu7/4 (clone# MCA771G, diluted 1:2000, AbD Serotec, Raleigh, NC)
respectively. Osteoclasts were quantified as the mean +/- SD number of TRAP+

multinucleated cells in the 10x field centered on the pin tract from three contiguous 3 um

sections 500pm apart, as previously described” 4,



DNA purification and nuc/f-actin RTQ-PCR

Total DNA was extracted from infected tibiae and analyzed by RTQ-PCR for
the S. aureus-specific nuc gene standardized to mouse f-actin as previously
described®". The nuc gene was amplified with DNA primers
5’GCGATTGATGGTGATACGGTT 3’ and 5’ AGCCAAGCCTTGACGAACTAA 3’ that
produce a269-bp product™®™. The f-actin gene was amplified with DNA primers 5'-
AGATGT GAATCA GCAAGC AG-3'and 5-GCG CAA GTT AGG TTT TGT CA-3'
that produce a 124-bp product®”. The reactions were carried out in a final volume of 20
ul consisting of 0.3 uM primers, 1x Sybr Green PCR Super Mix (BioRad, Hercules,
CA), and 2 pl of the purified tibia DNA template. The samples were assayed in triplicate
in a Rotor-Gene RG 3000 (Corbett Research, Sydney, AU). In order to calculate the nuc
gene copies in a tibia sample, we first generated a standard curve with S. aureus genomic
DNA purified directly from an overnight culture. The mean of the 3 Ct values from each
tibia sample were then plotted against this curve to extrapolate the number of nuc genes.
This number was then normalized to f-actin and the data are presented as normalized

nuc gene copies per sample.

Serology

In order to determine total immunoglobulin isotype (Ig) levels, blood samples
were collected from the animals on days 0, 4, 7, 11 and 14 using retro-orbital bleeding,
and an ELISA on the sera was performed using the Mouse Typer Sub-Isotyping Kit

(BioRad, Hercules, CA) as we have previously described®".



Statistical analysis

All values are presented as means + SD. Significant differences between
groups in the histology, micro-CT, serology, MRI and PLN weight analyses were
determined by ANOVA with Bonferroni correction. A Fisher’s exact test was performed
to determine significant differences in the incidence of infection and high-grade infection.
The correlation between BLI vs. nuc was estimated using Pearson’s correlation coefficient
and tested for significance using a two-sided #-test. In all cases, p<0.05 was considered

significant.

RESULTS

Anti-resorptive drug effects on osteoclast numbers, necrotic bone and biofilm in chronic OM
In order to assess the effects of anti-resorptive agents on the establishment of
implant-associated OM, we investigated five experimental groups in the Xen29-infected
trans-tibial pin model@V: Group 1 received effective gentamycin prophylaxis that
prevents infection (Gent), Group 2 received placebo (PBS), Group 3 received OPG,
Group 4 received Aln, and Group 5 received the tumor necrosis factor (TNF) antagonist
etanercept (TNFR:Fc) as a control that is known to inhibit osteoclasts®® and exacerbate

infections by inhibiting granuloma formation®”.

Upon initial inspection of the x-rays
taken on day 18, effects of all three anti-resorptive treatments displayed remarkable large
soft-tissue abscesses compared to the Gent and PBS controls (Fig. 1a-e). Histological
analyses of these tibiae also confirmed the significant effects of these drugs on the

reduction of osteoclasts numbers at the bone-implant interface (Fig. 1f-0). Although,

TNF blockade also reduced osteoclast numbers to a certain extent, it is noteworthy that

10



the effects of TNFR:Fc on bone histology were significantly different from all of the other
groups, indicating a different mechanism of action. Consistent with the osteoclast results,
we found that OPG and Aln treated mice had large amounts of unresorbed necrotic
cortical bone adjacent to the pin tract (Fig. 1h-i, m-n), which served as a nidus for
infection as evidenced by the presence of Gram" biofilm in parallel sections (Fig. 1r-s).

In contrast, the extensive osteolysis in the PBS and TNFR:Fc treated mice appeared to
have removed all of the necrotic bone around the pin hole (Fig. 1g, j), and there was no
evidence of bacteria at these sites in parallel sections (Fig. 11, 0). However, infection in
these animals was evident from Gram" biofilm within necrotic bone fragments that were
likely generated during implantation of the pin (Fig. 1q,t). As expected from effective

prophylaxis, Gent treated mice had no evidence of osteolysis or infection (Fig. 1a,f)k,p).

Anti-resorptive drugs increase the incidence of high-grade infections during the
establishment of chronic OM

In order to assess the effects of Aln, OPG and TNFR:Fc on Xen29 metabolism
and bacterial load during the establishment of implant-associated OM, we performed
longitudinal BLI before, during and after the establishment of protective humoral
immunity (Days 7, 11, 18, respectively) in our model(21) (Fig. 2a-c). While these
experiments failed to demonstrate any significant differences between the averages of the
groups (p>0.05), indicating that the drugs cannot exacerbate infection by themselves, we
did observe a few mice in the OPG, Aln and TNFR:Fc groups that had remarkably high
BLI values, suggestive of “high-grade” infection. To test this we performed Fisher’s

exact tests comparing the number of uninfected, infected and high-grade infected mice in

11



each group (Fig. 2a-c). These results demonstrated that while Aln and OPG did not
increase the incidence of infection at any time they caused a significant increase in the
number of mice with high-grade infections early on (Day 7 and 11). Interestingly, the
effects of TNFR:Fc were similar with the exception that TNF inhibition caused a 100%
infection rate on Day 7.

In order to confirm our observation that anti-resorptive drugs induce high-grade
infections during the establishment of OM, we quantified the bacterial load on day 7 and
day 18 (Figs. 2d-e). Interestingly, while no differences were observed early on, the OPG,
Aln and TNFR:Fc groups all had significantly more high-grade chronic infections on day
18. In order to demonstrate that the high-grade infections determined by BLI and RTQ-
PCR were in the same animals, we performed a linear regression analysis of all the day 18
data (Fig. 2f). This significant correlation (R*=0.64, p<0.05) validates our findings that

anti-resorptive agents can increase the incidence of high-grade OM.

Anti-resorptive drug effects on osteolysis, angiogenesis and immunity during the
establishment of chronic OM

In order to better understand the mechanism by which anti-resorptive drugs
increase the incidence of high-grade OM, we investigated their effects on bone volume,
vasculature and host immune responses during the infection. First, we performed micro-
CT analyses on the infected tibiae to assess bone and vasculature around the pin on day
18. While the micro-CT images of the bone corroborated the x-ray and histology findings
(Fig. 1), the most striking result was the zone of inhibited reactive bone formation around

the infected pins of Aln and OPG treated mice (Fig. 3a). This zone appeared as an almost

12



perfect ring ~2mm in diameter, and is the first formal demonstration that OM-induced
osteolysis observed in radiographs is largely due to inhibition of bone formation rather
than pure osteoclastic bone resorption. Independent quantification of the osteolytic area
in the cortical and reactive bone demonstrated that Aln and OPG completely inhibit
cortical resorption, but have no effects on reactive bone formation (Fig. 3b). In contrast,
despite its ability to decrease osteoclast numbers and promote high-grade OM, TNFR:Fc
did not significantly inhibit cortical osteolysis compared to PBS controls.

Given that avascular necrosis is often associated with OM, we also quantified
vascularity in the infected tibiae via 3D-microCT of lead chromate perfused vessels.
These studies failed to detect any significant differences between any of the five groups in
terms of vasculature volume, vessel thickness, vessel density, vessel spacing, and degree
of anisotropy (Fig. 4). Thus, none of the drug effects in our model can be explained by
changes in angiogenesis.

To test if drug induced immunosuppression of humoral immunity was responsible
for the high-grade infections, we examined total Ig levels in sera from the animals over
the course of infection (Fig. 5a). These data confirmed the induction of the previously
characterized Ig(G2b response in all of the mice, and demonstrate that none of the drugs
inhibited humoral immunity against Xen29. This finding is consistent with the 100%
survival rate from a bacterial challenge that would cause lethal sepsis in immunodeficient
mice. We also reanalyzed the histology to assess drug effects on granuloma formation
(Fig. 5b-i). Although Aln and OPG could not prevent infection of necrotic bone adjacent
to the implant, we found no evidence of biofilm formation anywhere else (Fig. Sb,c). In

fact, we could readily identify active granulomas in immediate proximity to the pin that
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were completely Gram negative (Fig. 5d,e), indicating that anti-resorptive drugs do not
interfere with innate immunity. In contrast, mice treated with TNFR:Fc had Gram
positive biofilm in both necrotic bone and soft tissue adjacent to the pin (Fig. 5f-i).
Furthermore, there was no evidence of an organized cellular immune response around the
infected soft tissue (Fig. 51). These results are consistent with the critical role for TNF in
innate immunity and granuloma formation.

While considering alternative mechanisms responsible for the high-grade OM, we
reflected on an explanation as to why the host chooses to mount such a vigorous
osteolytic response to infection in which a much greater bone void is generated than what
would be expected based on the margins of the biofilm (e.g. >2mm’ vs. <0.2mm”). The
simplest explanation for this is that efficient drainage of the infection requires a large
cavity for efflux of pus out of the medullary canal, which is under enormous intraosseous
pressure from the recruitment and proliferation of immune cells and fluid. Thus, we
reasoned that inhibition of cortical resorption would compromise this process as
evidenced by a significant decrease in draining lymph node volume. To test this
hypothesis we performed in vivo MRI to quantify the popliteal lymph node (PLN) volume
on day 9 (Fig. 6a), which demonstrated that both OPG, Aln and TNFR:Fc significant
decrease PLN volume during the peak of infection. We also analyzed the tibiae and PLN
of these mice ex vivo, which demonstrated two remarkable observations. First, there was
no macroscopic evidence of pus draining from the pin tract of the OPG and Aln treated
mice (Fig. 6b). This was to be expected based on the micro-CT data, which demonstrated
the cortical whole is approximately the same size as the implant (Fig. 3). Secondly, OPG

and Aln significantly inhibited the expansion of the draining PLN, but had no effects on
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the contralateral PLN, as determined by weight (Fig. 6¢). Immunohistochemical analysis
of these PLN with antibodies specific for B-cells (B220), T-cells (CD3), neutrophils
(Neu7/4) and macrophages (F4/40) failed to generate any remarkable findings (data not
shown), as the PBS samples simply appeared larger. Thus, future studies are required to
formally demonstrate the relationship between lymphatic egress from the infected

medullary canal and PLN expansion during the establishment of OM.

DISCUSSION
Although infection rates following bone-implant surgery remain fairly low, the total
number of OM cases is high®, and the recent surge in MRSA further underscores the
significance of this clinical problem®. At best, this catastrophic outcome requires a
challenging revision surgery that is further complicated by deteriorated bone stock due to
osteolysis. Thus, an important unanswered question regarding the treatment of patients
with implant-associated OM is whether or not they would benefit from anti-resorptive

therapy. Despite the successful case reports in the literature™®

, our study indicates that
this practice may be contraindicated since Aln and OPG: i) increase the amount of
necrotic cortical bone around the implant that serves as a nidus for infection (Fig. 1), ii)
significantly increases the incidence of high-grade infections in mice during the
establishment of OM (Fig. 2), and iii) reduce the cortical hole (Fig. 3) through which the
opsonized bacteria and lymph must drain out of the wound (Fig. 6).

Equally important to our positive findings are results that refute claims regarding

the anti-angiogenic and immunosuppressive effects of anti-resorptive therapies. In search

of the etiology of ONJ, others have reported that bisphosphonates inhibit capillary tube
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(6-18) "and cited this as a

formation, vessel sprouting and circulating endothelial cells
mechanistic factor in the condition. In contrast, our vascular micro-CT analyses failed to
demonstrate any drug effects on perfusable vessels >10um (Fig. 4). Thus, our findings
are more consistent with reports from others who have argued against this theory based
on the fact that drugs such as thalidomide, with far greater anti-angiogenic capacity, do
not result in ONJ'?. Similarly, the findings that RANK signaling is required for lymph
node development®*** and immunoregulatory co-stimulation***" have led to a
suspicion that RANK-ligand inhibition is immunosuppressive. However, our studies
corroborate the prior findings of Stolina et al, who demonstrated that OPG treatment does

(42), and the recent

not affect cell-mediated immune responses and granuloma formation
finding that humans genetically deficient in RANKL have severe osteopetrosis without
immunodeﬁciency(43). Therefore, we conclude that RANKL inhibition has insignificant
immunoregulatory effects in the setting of in vivo pathogenic challenge, and that its
ability to increase the incidence of high-grade OM can be entirely attributed to its effects
on osteoclastic bone resorption, as these effects could be replicated with Aln (Figs. 1-3).
To further abate concerns regarding the clinical use of a biologic RANK antagonist (i.e.
denosumab(44)), we demonstrated that OPG and TNFR:Fc¢ mediate similar effects on OM
via different mechanisms, as evidenced by their differential effects on osteolysis,
granuloma formation, and lymphatics. Given the remarkable clinical success of anti-TNF
therapy over the last decade, and its much greater effects on the immune system
compared to OPG, it is becoming more apparent that immunosuppression is unlikely to

be a major limitation of biologic anti-resorptive therapy.

The most surprising results of our study was the observation that the massive bone
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void around the transtibial implant was largely due to inhibition of reactive bone
formation rather than osteoclastic bone resorption, as evidenced by the micro-CT images
of the Aln and OPG treated samples (Fig. 3a). Most interestingly is that this inhibition of
bone formation appears as a perfectly symmetrical ring that extend >Imm from the
biofilm adjacent to the pin. Thus, it is clear that this is mediated by an indirect
mechanism that likely involves a secreted factor (i.e. noggin, DKK1, SOST) that has a
gradient expression pattern originating from the infected bone. Elucidation of this
factor(s) is now the subject of ongoing investigation, as it could also prove to be
important for preventing inflammation mediated bone loss in aseptic conditions such as
erosive arthritis and periprosthetic osteolysis.

While we do not want to overstate the implications of our findings as they relate
to the emerging ONJ epidemic, we feel that there are several parallels that warrant
discussion. The first and most frustrating is the absence of etiologic factors that are
necessary and sufficient to faithfully reproduce OM and ONJ in similar individuals. Even

though a correlation between ONJ and bisphosphonate use in cancer patients following

(7,8) (13-

oral surgery has been established" ", its overall incidence in this population is >10%
19, Similarly, despite our best efforts in a controlled experiment model, we have been
unable to establish conditions that lead to equivalent OM in genetically identical
littermates, in which many of the mice that receive a Xen29 coated pin remain uninfected
(Fig. 2). This indicates that stochastic epigenetic factors, such as the amount of necrotic
bone available for bacterial adhesion, and the temporally restricted period for this event to

occur, may be critical to the establishment of both OM and ONJ.

The other parallel that deserves mention is the potential association between
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inhibited lymphatics during the establishment of bone infection and bone pain.

Clinically, OM and ONJ are primarily discovered as a result of symptomatic bone pain,
whose nature is largely unknown. Our novel finding that OPG and Aln drug inhibition of
resorption is associated with significant decreased lymphatics during the establishment of
bone infection implies that there must be a marked increase in intraosseous pressure at
this time, which would be expected to induce bone pain characteristic of that seen in OM
and ONJ. Interestingly, recent clinical studies have demonstrated that surgery-induced
lymphedema is a major cause of local pain, and improvement of lymphatic drainage is an
effective therapy in these patients(45). Thus, the association of decreased lymph node

size and drainage in our model of OM warrants further investigation.
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FIGURE LEGENDS

Figure 1. Anti-resorptive drugs increase the amount of necrotic bone around the
infected implant during the establishment of OM. Mice (n=5) received a Xen29
infected transtibial pin and were treated with Gent, PBS, OPG, Aln and TNFR:Fc as
indicated. Representative x-rays of the infected tibiae on day 18 are shown (a-e). Of
note are the remarkable soft tissue abscesses around the pin in the OPG, Aln and
TNFR:Fc treatment groups (arrows). Representative TRAP stained histology of the
medial cortex of the infected tibiae are shown at 10x magnification (f-j) to demonstrate
the remark differences in the amount of necrotic bone between the Gent, PBS and
TNFR:Fc groups (arrows) and the OPG and Aln groups (brackets). These sections are
also presented at 20x (k-0) to better illustrate differences in osteoclast numbers, which
are presented as means = SD (# p<0.05 vs. Gent; * p<0.05 vs. PBS; + p<0.05 vs. OPG).
Also of note is the large region of necrotic bone (void of osteocytes) adjacent to the live
cortical bone in the OPG and Aln groups (m-n), while there is essentially no necrotic
cortical bone adjacent to the infected pin in the other groups (k, 1, 0). Parallel sections
were Gram stained and the necrotic bone fragments (arrows in f, g, j) or necrotic cortex
(brackets in h-i) were photographed at 40x magnification (p-t) to demonstrate the

absence or presence (arrows) of biofilm.

Figure 2. Anti-resorptive drugs increase the incidence of high-grade infections
during the establishment of OM. Mice received a Xen29 infected transtibial pin and
were treated with PBS, Gent, OPG, Aln and TNFR:Fc as indicated. The BLI signal of

each mouse on day 7 (a), day 11 (b) and day 18 (c) post-infection is presented. To assess
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the drug effects on the incidence of “infections” and “high-grade infections”, thresholds
were defined by the greatest BLI value of the Gent group (blue region), and the greatest
BLI value of the PBS group (yellow region) respectively. Thus, BLI values greater than
the maximum threshold of the PBS group are regarded as high-grade infections (orange
region). Mice were sacrificed on day 7 (d) or day 18 (e), and total DNA was extracted
from the implanted tibia for nuc/f-actin RTQ-PCR as described in Methods. The data
for each mouse is presented as the number of nuc genes per tibia standardized to a mouse
P-actin control. Data for the Gent group are not included because nuc levels were
undetectable. To assess the drug effects on bacterial load, a threshold was defined by the
greatest nuc gene value of the PBS group, which distinguishes infections (yellow region)
from high-grade infections (orange region). A Fisher’s exact test was performed to
assess the significance of the high-grade infections. A linear regression analysis was
performed with all of the day 18 data to assess the relationship between BLI vs. nuc (f),
and significance was determined using Pearson’s correlation coefficient and a two-sided

t-test.

Figure 3. Anti-resorptive drug inhibition of cortical bone loss reveals that OM-
induced osteolysis is due to osteoclastic activity and regional suppression of
periosteal bone formation. Micro-CT scans of all of the tibiae described in Figure 1
were obtained before histology, and representative medial views of 3D reconstructed
images from each group are shown (a). Note the massive osteolysis in the PBS and
TNFR:Fc controls, contrasted by its absence in the Gent control. Remarkably, both Aln

and OPG prevented cortical bone loss, but did not prevent the OM inhibition of reactive
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bone formation around the infected pin, as evidence by the ~2mm diameter ring of
exposed cortical bone centered on the pinhole. The maximum osteolysis area of the
original cortex of the tibiae, and the area of the void of reactive bone around the implant
were determined from 2D images as described in Methods (b). The data are presented as

the mean = SD (* p <0.05 vs. PBS).

Figure 4. Anti-resorptive drugs do not affect vascularity during the establishment
of implant-associated OM. Mice (n=5) received a Xen29 infected transtibial pin and
were given the indicated treatments as described in Figure 1. On day 18 the mice were
perfused with lead chromate and their tibiae were harvested for vascular micro-CT
analyses. Representative 3D reconstructed images from each group are shown (a). The
light gray highlighted section of undecalcified images (left) indicates the ROI, which was
defined by a 2mm’ cube centered on the pin tract. The tibiac were rescanned after
demineralization (center) and the vessels outside the tibiae (yellow vessels) were isolated
from the vessels inside the bone (red vessels). The perfused vessels inside the bone
(right) were used to quantify total vascular volume (Vasc. Vol.), number of vessels
(Ves.N.), vessel thickness (Ves.Th.), vessel spacing (Ves.Sp.), and degree of anisotropy

as described in Methods (b). No remarkable differences between groups were observed.

Figure 5. Anti-resorptive drugs are not immunosuppressive. Blood was obtained
from the mice described in Figure 1 on day 18 post-surgery, and total Ig levels in the sera
were determined by ELISA as described in Methods. The data from a representative

mouse from each treatment group are presented as the mean of quadruplicates = SD (a).
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No remarkable serologic differences between groups were observed. Photographs of
Gram stained histology of an infected mouse treated with Aln taken at 10x (b) and 20x
(c-d) demonstrate that biofilms are only found in necrotic bone (c¢), and that granuloma
form adjacent to the pin tract (d) in these animals. A photograph of a parallel section of
the center of the granuloma stained with H&E is shown at 20x (e). Photographs of Gram
stained histology of an infected mouse treated with TNFR:Fc taken at 10x (f) and 20x (g-
h) demonstrate that biofilms are found in both necrotic bone (g), and the soft tissue
adjacent to the pin tract (h) in these animals. No granulomas were found in any of the
TNFR:Fc treated mice. A photograph of a parallel section of the soft tissue containing

biofilm stained with H&E is shown at 20x (i).

Figure 6. Anti-resorptive drugs inhibit draining lymph node expansion during the
establishment of OM. Mice (n=5) received a Xen29 infected transtibial pin and were
given the indicated treatments as described in Figure 1. On day 9 the mice received an in
vivo knee MRI scan of their infected leg (a), and representative primary 2D (top) and
reconstructed 3D images of the PLN are shown. The calculated volumes of the PLN are
presented as the mean = SD (* p < 0.05 vs. PBS). Photographs of representative infected
legs from these mice (b) demonstrate remarkable amounts of pus draining out of the
tibiaec of PBS and TNFR:Fc treated mice (arrows), which was not observed in the tibiae
of OPG and Aln treated animals. The PLN from the infected and contralateral leg of
these mice are also shown to demonstrate their remarkable differences in size. The PLN
from all of the mice were weighed to quantify the differences in size, and the data are

presented as the mean = SD (* p < 0.05 vs. PBS).
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Efficacy of Colistin-Impregnated Beads to Prevent Multidrug-Resistant
A. baumannii Implant-Associated Osteomyelitis
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ABSTRACT: Osteomyelitis (OM) from multidrug-resistant (MDR) Acinetobacter has emerged in >30% of combat-related injuries in Iraq and
Afghanistan. While most of these strains are sensitive to colistin, the drug is not availible in bone void fillers for local high-dose delivery. To
address this, we developed a mouse model with MDR strains isolated from wounded military personnel. In contrast to S. aureus OM, which is
osteolytic and characterized by biofilm in necrotic bone, A. baumannii OM results in blastic lesions that do not contain apparent biofilm. We
also found that mice mount a specific IgG response against three proteins (40, 47, and 56 kDa) regardless of the strain used, suggesting that
these may be immuno-dominant antigens. PCR for the A. baumannii-specific parC gene confirmed a 100% infection rate with 75% of the MDR
strains, and in vitro testing confirmed that all strains were sensitive to colistin. We also developed a real-time quantitative PCR (RTQ-PCR)
assay that could detect as few as 10 copies of parC in a sample. To demonstrate the efficacy of colistin prophylaxis in this model, mice were
treated with either parenteral colistin (0.2 mg colistinmethate i.m. for 7 days), local colistin (PMMA bead impregnated with 1.0 mg colistin
sulfate), or an unloaded PMMA bead control. While the parenteral colistin failed to demonstrate any significant effects versus the placebo,
the colistin PMMA bead significantly reduced the infection rate such that only 29.2% of the mice had detectable levels of parC at 19 days

(p < 0.05vs.i.m. colistin and placebo). © 2009 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.”J Orthop Res

Keywords: multidrug resistant; Acinetobacter baumannii; osteomyelitis; colistin

It has been well established, from current combat-
related injuries during US military operations in Iraq
and Afghanistan, that the ratio of serious injuries to
fatal casualties exceeds that of previous conflicts.’
Orthopedic trauma comprises the vast majority of these
war wounds, as 70% of casualties involve the muscu-
loskeletal system, 26% are fractures, and 82% of the
fractures are open.?~® Thus, it is not surprising that the
incidence of osteomyelitis (OM) in combat-related
extremity injuries is between 2% to 15%, and is of great
concern.’® Most alarming is the incidence of infections
caused by multidrug-resistant (MDR) Acinetobacter
species, which can be difficult to cure in some set-
tings.?~!! Surprisingly, this pathogen has been reported
in less than 2% of nosocomial infections within the
United States, but has emerged in over 30% of admitted
deployed soldiers.*°

In contrast to Staphylococcus, which is responsible for
>80% of OM infections,'? Acinetobacter baumannii-
calcoaceticus complex (ABC) are Gram-negative, non-
fermentative, non-spore forming, strictly aerobic, oxi-
dase-negative coccobacillary organisms. Additionally,
infections caused by Acinetobacter appear to be hospi-
tal-acquired and not from an initial colonization of the
injury. ' Thus, one critical question involving Acineto-
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bacter is whether or not they can produce osteolytic OM
on their own, or if they are only present in super-
infections with other microorganisms. Another impor-
tant question is whether or not the MDR Acinetobacter
OM can be effectively prevented with parenteral or local
antibiotic therapy at the time of initial surgery. In
support of this, a clinical study has demonstrated that
most MDR Acinetobacter strains are sensitive to coli-
stin,’® and that colistin heteroresistance primarily
occurs in patients treated with colistin.'* Thus, we aimed
to test the hypotheses that: (i) pure clinical isolates of
MDR Acinetobacter can induce implant-associated OM,
and (ii) prophylactic colistin prevents these orthopedic
infections. To this end, we utilized a quantitative murine
model of implant-associated OM, orginally developed for
S. aureus,'® in which an insect pin is innoculated with
cultured bacteria and transcortically implanted through
the tibia metaphysis. Given the well-established use of
antibiotic-impregnated bone cement to deliver high
doses of drug locally,'®~'® we have developed colistin
sulfate-impregnated polymethylmethacrylate (PMMA)
beads, since high-dose parenteral administration of
colistin is limited by nephrotoxicity and neurotoxicity.'®
With this system, here we provide the first evidence that
A. baumannii can induce OM in the absence of other
pathogens, however these lesions are blastic rather
than osteolytic and do not contain apparent biofilms
in necrotic bone. Moreover, local but not parenteral
pharmacological doses of colistin are capable of prevent-
ing the establishment of MDR Acinetobacter implant-
associated OM.

METHODS

Bacterial Strains

Four clinical isolates of Acinetobacter baumannii with
confirmed resistance to amikacin, ampicillin, aztraeonam,
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ceftriaxone, ciprofloxacin, gentamicin, imipenem, tobramycin,
and vancomycin were obtained from wounded soldiers
treated at the Brooke Army Medical Center at Fort Sam
Houston, San Antonio, TX, under Institutional Review Board-
approved protocols. Bacterial strains were grown overnight at
250 rpm and 37°C in Tryptic Soy broth (Sigma-Aldrich, St.
Louis, MO). Strain sensitivity to colistin was determined by
streaking overnight cultures on Tryptic Soy agar plates
containing 10 pg/ml of colistinmethate (Paddock Laboratories,
Inc, Minneapolis, MN).

DNA Extraction, PCR Cloning of parC and RTQ-PCR of
Acinetobacter DNA

DNA was extracted from all four strains using a DNeasy Blood
and Tissue Kit (Qiagen, Valencia, CA). DNA primers (forward
5-AAAAATCAGCGCGTACAGTG-3' and reverse 5'-CGA-
GAGTTTGGCTTCGGTAT-3') specific for the Acinetobacter
topoisomerase gene parC, were used for PCR and RTQ-PCR as
previously described.?’ To confirm the purity of the clinical
isolates, five individual colonies from each strain were isolated
and the parC gene was amplified and sequenced using an
i-cycle PCR machine (Bio-Rad, Hercules, CA). The amplifica-
tion protocol was as follows: 95°C pre-melt for 15 min followed
by 40 cycles of 95°C for 30 s, 54°C for 30 s, and 72°C for 30 s. To
generate a standard curve for RTQ-PCR, the 196 bp parC
fragment was cloned into the pTOPO2.1 cloning vector
(Invitrogen, Carlsbad, CA), and 10-fold serial dilutions were
used to perform Syber Green (Thermo Scientific VWR,
Darnstadt, Germany) RTQ-PCR (Corbett Research, Sydney,
Australia). A similar curve was generated using the mouse f-
actin primers (forward 5-AGATGTGAATCAGCAAGCAG-3
and reverse 5-GCGCAAG-TTAGGTTTTGTCA-3'), to control
for sample integrity as we have previously described.!® In
order to calculate the parC gene copies in a tibia sample, we
first generated a standard curve with A. baumannii genomic
DNA purified directly from an overnight culture. The standard
curve was generated with 10-fold dilutions of the TOPO
plasmid with parC insert. The mean of the three Ct (cycle
threshold) values from each tibia sample were then plotted
against this curve to extrapolate the number of parC genes
(n =24 mice/treatment group). This number was then normal-
ized to f-actin and the data are presented as normalized parC
gene copies per sample.

Colistin In Vitro Release Kinetics

PMMA beads (Heraeus Medical GmbH, Wehrheim, Germany)
were impregnated with 1.0 mg or 2.0 mg colistin sulfate
(Alpharma, Copenhagen, Denmark). To assess the release
kinetics of the colistin following rehydration, the beads were
introduced into capped vials and totally covered with 10 mL of
MilliQ water, Waltham, MA. Extraction was carried out at
37°C, and the water was exchanged every 24 h. The
concentration of released colistin sulfate in the extracts was
determined by conductometric measurements with a WI'W
platinated platin electrode LTA 1 at 25°C. Temperature
fluctuations were compensated using a WITW TFK 530
temperature electrode (WTW GMbH, Weilheim, Germany) in
parallel to the conductive electrode. A calibration curve with
40 points (R%=10.999) at concentrations between 0 and 20 g/L
was recorded to calculate concentrations. All of the measured
concentrations were within this range. Placebo beads were
used as control, and the conductive values of the placebo beads
were subtracted from detected signals before calculating
colistin concentrations.
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Surgery and Antibiotic Treatments

All animal studies were performed under University of
Rochester Committee for Animal Resources-approved proto-
cols. The implant-induced OM surgeries were performed on
6—8-week-old C57Bl/6 female mice as previously described.'®
Briefly, mice were anesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg), shaved, and the skin was
cleansed with 70% ethanol. A small incision was made in the
skin on the medial side of the left leg to expose the tibial
metaphysis. OM was induced via transcortical insertion of a
0.25-mm insect pin (Fine Science Tools, Foster City, CA) that
was dipped into an overnight culture of A. baumannii or S.
aureus (Xen29), which contaminated the pin with ~2.5 x 10°
colony forming units (CFU) as determined by votexing the
inoculated pins in PBS and plating out the contents on agar.
For prophylactic treatment, mice (n = 24) received either: (1) a
control PMMA bead lacking antibiotic, (2) a PMMA bead
impregnated with 1.0 mg colistin sulfate, or (3) intramuscular
(im.) injection of 0.2 mg (~10 mg/kg) of colistinmethate
every day for 7 days, as previously described in a mouse
pneumonia model.?! The 5-mm PMMA beads were implanted
adjacent to the pin at the time of surgery and were secured
with a suture through the skin and muscle. The parenteral
colistinmethate was given at the time of surgery and for the
next 7 days with no bead. All mice were sacrificed for analysis
on day 19.

Radiology

Longitudinal plain film radiographs were obtained using a
Faxitron Cabinet X-ray system (Faxitron, Wheeling, IL) as we
have previously described.?? Micro-computed tomography
(uCT) was performed on tibia after sacrifice at high-resolution
(10.5 pm) (VivaCT 40; Scanco Medical AG, Basserdorf,
Switzerland) to render 3D images as we have previously
described.?

Histologic Evaluation of OM

After uCT, the tibial samples were processed for decalcified
histology and stained with hematoxylin and eosin (H&E), or
Gram-stained as we have described previously.?*

Serology

The generation of specific antibodies against A. baumannii
proteins during the establishment of chronic OM was
determined by Western blotting as previously described.'®
Briefly, total protein extract was obtained from a 100 ml
culture of A. baumannii, strains BAMC 2, BAMC 3, and BAMC
4, using the Complete Bacterial Proteome Extraction Kit
(Calbiochem, San Diego, CA). Twenty micrograms of total A.
baumannii protein per well was boiled in Laemelli loading
buffer and separated in NuPAGE™ 10% Bis-Tris SDS Gels
(Invitrogen, Carlsbad, CA) by electrophoresis, and transferred
to a PVDF membrane (Millipore, Billerica, MA). The mem-
brane was then cut into single lanes and blocked with PBS,
0.1% Tween 20 (PBST), and 5% non-fat dry milk for 1 h at
room temperature. Afterwards, each lane was incubated
with a unique serum [10 pl serum in 5 ml of blocking
buffer (PBST + 5% non-fat dry milk)] as the primary antibody,
washed three times in 0.1% PBST, and then the strips
were pooled and incubated with 1.5 pl HRP-conjugated
goat anti-mouse IgG antibody (BioRad, Hercules, CA).
The strips were then washed three times in PBST, 15 min
each at room temperature. Finally, the strips were reas-
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sembled with the molecular weight marker strip and
imaged with ECL + (GE Healthcare, Princeton, NJ) chemilu-
minescence autoradiograph.

RESULTS

Murine Model of Implant-Associated MDR A.

baumannii Osteomyelitis

Having recently established a quantitative transtibial
model of OM with S. aureus,'® we aimed to utilize
this same approach to develop the first mouse model of
A. baumannii OM. Thus, we obtained four strains of A.
baumannii that were isolated from soldiers wounded
in the Middle East and screened them for antibiotic
resistance. While these isolates displayed variable
resistance to the most commonly used antibiotics in
orthopedic bone cement (gentamicin, tobramycin,
and vancomycin), they were all sensitive to colistin
(Fig. 1A). In order to assess the virulence of these
strains in our mouse model, stainless steel insect pins
were contaminated with an overnight culture of each
strain and then surgically implanted into the tibiae of
mice. The presence of infection was determined through
amplification of the A. baumannii-specific parC gene.
While all of the mice survived these infections,
Figure 1B demonstrates the presence of chronic OM in
100% of the mice challenged with strains BAMC2,
BAMC3, and BAMC4. Strain BAMCI1 failed to
establish infection in all of the mice tested and was
therefore excluded from further experiments. Further
evidence of this infection was demonstrated by
the development of A. baumannii-specific antibodies
in the sera of challenged mice, which appeared
around day 11 and recognized three protein antigens
40, 47, and 56 kDa that were conserved in all four
strains (Fig. 1C).

Implant-Associated MDR A. baumannii

Osteomyelitis Is Osteoblastic

One of the salient features of OM is osteolysis around
the implant and the presence of biofilm in the adjacent
necrotic bone and soft tissue. Thus, we examined the
effects of A. baumannii OM in our model compared to S.
aureus and identified several remarkable differences
between these bacterial pathogens. Most striking was
that in contrast to the osteolytic response to S. aureus,
A. baumannii OM induces a robust osteoblastic bone
formation response around the infected pin (Fig. 2A-D).
This dramatic difference in the host bone response to
the bacteria was also evident in histology sections of the
infected area, which confirmed the large osteolytic
lesions in S. aureus OM filled with inflammatory tissue
(Fig. 2E), contrasted by the new woven bone adjacent
to the pin tract (Fig. 2F). Examination of Gram-
stained sections demonstrated another interesting
difference between these pathogens in that S. aureus
OM is always associated with the presence of biofilm in
necrotic bone fragments,?® such as that observed
in Figure 2G, whereas we were unable to identify
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Figure 1. Characterization of MDR A. baumannii strains in the
murine model of implant-associated osteomyelitis. (A) Four MDR A.
baumannii clinical isolates were screened for colistin sensitivity by
plating on agar medium with (top) and without (bottom) 10pg/ml of
colistinmethate. The absence of bacterial growth confirms that all
strains were colistin sensitive. (B) The ability of the clinical isolates
to establish chronic OM was evaluated in the murine model as
described in Materials and Methods. Mice (n = 8) were infected with
contaminated pins and their tibiae were harvested on day 19 for par
C PCR, and the 196 bp product was resolved in a 2% agarose gel
stained with ethidum bromide. Lanes 1-8 are from strain BAMC1,
lanes 9—15 are from strain BAMC2, lanes 16—23 are from strain
BAMCS3, lanes 24-31 are from strain BAMC4, lane 32 is the
pTOPO-parC positive control, and lane 33 is the no template
negative control. (C) Mice (n =4) were bled on the indicated day
following infection, and their sera were used as the primary
antibody in Western blots of total cell extract of the A. baumannii
strains. A representative autoradiograph is shown demonstrating
the presence of nonspecific IgG antibodies that were present in all of
the sera (arrowhead) and whose titer did not increase over time, and
specific IgG antibodies against A. baumannii proteins present in all
the strains that initially appeared on day 11 and whose titer
increased thereafter in all of the mice tested (arrows).

any biofilm in the necrotic tissue adjacent to the A.
baumannii-infected pins (Fig. 2H). Although this
negative finding is not conclusive, it raises the possi-
bility that A. baumannii may persist as an intracellular
pathogen in chronic OM.
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Figure 2. Differential host bone responsesto S. aureus versus A.
baumannii infection. Representative radiology (A—D) and histology
(E-H) of S. aureus (A, B, E, G) and A. baumannii (C,D, F,H) OM in
the mouse model are shown. Of note is the remarkable osteolysis
that is induced by S. aureus as evidenced in the radiolucent X-ray
(A), lyticlesion in the 3D micro-CT image (B), and the inflammatory
tissue surrounding the pin tract in H&E-stained histology at 20x
magnification (E). The necrotic bone fragments in these lesions
(boxed region in E) were laden with biofilm that could be readily
identified in parallel Gram-stained sections at 40 x magnification
(arrow in G). In contrast, A. baumannii OM was characterized by
blastic lesions that were radiodense on X-ray (C), and contained
copious amounts of new bone around the infected pin (D, F). This
made it difficult to identify the pin tract in histology sections, which
had to be confirmed by injecting pathology marking ink (Newcomer
Supply Inc., Middleton, WI) into the pin hole before processing
(arrow in F). Furthermore, Gram staining failed to identify any
foreign material in the necrotic bone fragments adjacent to the pin
tract (H).

Local Prophylactic Colistin Prevents MDR A.
baumannii OM

In order to evaluate the efficacy of prophylactic colistin
in our model, we first developed a RTQ-PCR assay to
assess the in vivo bacterial load. Figure 3 demonstrates
the sensitivity and specificity of this assay, which was
able to reproducibly detect as few as 10 parC copies in
infected bone. Since we were interested in assessing the
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difference between parenteral and local colistin, we
chose to utilize antibiotic-PMMA beads as the carrier. In
pilot studies, we found that the 5-mm beads could be
readily implanted adjacent to the infected pin (Fig. 4A),
while 1-cm beads were too big to be used in this mouse
model (Fig. 4B). We then evaluated the in vitro release
kinetics of the colistin from the 5-mm beads to ensure an
appropriate biodistribution of the drug over time
(Fig. 4C). These studies demonstrated that 40%—50%
of the loaded colistin sulfate is steadily released into
solution from the beads over the first 5 days, which is
when the drug would be most effective in Kkilling
bacteria initiating the chronic infection. As there were
no marked differences between the 1-mg and 2-mg doses
in these studies, we moved forward to in vivo challenge
experiments with 1.0 mg colistin sulfate-impregnated
PMMA beads. BAMC-1 was excluded from this study
due to its low virulence as shown in Figure 1B.
Following sacrifice on day 19, the bacterial load
(Fig. 5A), incidence of infection for all strains
(Fig. 5B), and the incidence of infection for each strain
(Fig. 5C), was determined by RTQ-PCR. Infection rates
were determined to be 75% (18/24), 71% (17/24), and
33% (8/24) for mice receiving a placebo bead, intra-
muscular colistinmethate injection, or colistin sulfate-
impregnated PMMA bead, respectively. While the
results failed to demonstrate any significant effects of
parenteral colistin versus placebo control, local colistin
significantly reduced the incidence of chronic OM
versus both placebo and parenteral colistin. Moreover,
when we analyzed the strains individually, it was clear
that most of the infections in the colistin bead group
were caused by BAMC-2, suggesting that this strain
may have heteroresistance or may be more virulent
than the other strains.

DISCUSSION

Infections caused by MDR pathogens have long been
recognized to be a very serious problem in medicine,
requiring vigilance when prescribing antibiotic therapy.
Most recently, this subject has received tremendous
attention, as epidemiology studies seem to indicate
that prosthetic infections may be on the rise, 2627 and
methicillin-resistant Staphylococcus aureus (MRSA)
has surpassed HIV as the most deadly pathogen in the
United States.?® Therefore, the emergence of MDR
Acinetobacter OM in orthopedic trauma patients was
initially proposed to be a situation requiring urgent
attention.” ' However, more recent clinical experien-
ces in dealing with this problem suggest that MDR
Acinetobacter OM can be managed effectively, but may
be the predecessor to more serious super-infections
including MRSA.”?® Of these orthopedic injuries in
veterans of Operation Iraqi Freedom and Operation
Enduring Freedom (OIF/OEF), we found that Gram-
negative pathogens predominate early, and are replaced
with staphylococci after treatment, despite nearly
universal use of Gram-positive therapy. More specifi-
cally, Acinetobacter species were present in 70% of OM
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e 3. Sensitivity and specificity of RTQ-PCR to quantify bacterial load in A. baumannii OM. A real-time quantitative PCR assay to

detect the A. baumannii bacterial load in the infected tibiae was developed by generating standard curves from 10-fold dilutions of pTOPO-
parC, which was standardized to mouse DNA (pTOPO--actin) as we have previously described for S. aureus.'® Syber green RTQ-PCR was
performed with parC (A—C) or B-actin (D—F) specific primers. The primary threshold cycle values (CT) data of the dilutions (A, D) were used
to generate a standard curve for each template (blue dots in B, E). Then the DNA from the infected tibiae described in Figure 1 was extracted
and amplified with the same parC and f-actin specific primers, and extrapolated to the standard curve (red dots in B, E), allowing for an
estimate of bacterial load that is presented as parC copies/B-actin copies per sample. Given that contamination can be a problem with real-
time PCR at >35 cycles, and that we could reproducibly quantify 10 copies of parC at 30.1 cycles, we set this value as the upper threshold
limit to detect our PCR products. The purity was confirmed using a melt curve, which identified the predicted single peak for the parC (C) and

p-actin (F) PCR products, respectively.

cases at presentation, but only 5% of reoccurring OM. In
contrast, S. aureus was only present in 13% of initial
OM, while 53% of reoccurrences were infected with
Staphylococcus, and 31% of the cases were MRSA. Most
notable were the type III diaphyseal tibial fractures, of
which 13 out of the 35 patients studied had union times
of >9 months that appeared to be associated with
infection, and 4 that ultimately required limb amputa-
tion due to infectious complications. These new findings
underscore the importance of effective early treatment
of MDR Acinetobacter OM, and warrant investigation of
the cause and effect relationship between initial Gram-
negative infections that evolve into catastrophic MRSA
OM. To address these issues, here we investigated the
nature of MDR A. baumannii OM versus that of S.
aureus, and evaluated the efficacy of local high-dose

colistin to prevent infection from a contaminated tibial
implant in a mouse model.

Although we found MDR Acinetobacter to be highly
infectious as expected (Fig. 1), we were surprised by
several features of A. baumannii OM that are remark-
ably distinct from S. aureus infection of bone (Fig. 2).
The first is that A. baumannii induces blastic lesions, in
contrast to the osteolytic lesions most commonly asso-
ciated with OM. Although we have no information on the
mechanism by which the bacteria stimulates bone
formation, this may occur via induction of anabolic
factors (i.e., BMPs, Wnts), and/or the down-regulation of
antagonists (i.e., noggin, sost, dkk), in a similar manner
as that observed in osteoblastic tumors.>* The other
major difference that we found was the absence of biofilm
and any histological evidence of colonized necrotic bone
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Figure 4. Colistin-impregnated PMMA beads. X-rays were
taken of mice following implantation of a 5-mm (A) and 1-cm
(B) PMMA bead adjacent to a transcortical pin. The in vitro colistin
release kinetics of 5-mm PMMA beads impregnated with 1.0 or
2.0 mg of colistin sulfate was determined over the course of 5 days
(C). The data are presented as the mean+SD (n=5) of the
cumulative colistin recovered in solution at the indicated time,
such that the values for each day are added to the previous values to
give a cumulative total from time 0. No significant differences
between the 1.0- and 2.0-mg dose were detected by ¢-test with
Bonferroni correction.

in mice infected with A. baumannii, which is always
present in chronic S. aureus OM. One possible explan-
ation of these results, which needs to be explored in a
focused investigation, isthat A. baumannii persists as an
obligate intracellular pathogen. In so doing, the bacteria
would be immune privileged from humoral immunity
(Fig. 1C), which should clear extracellular bacteria
from the infection site. Additionally, the absence of
extracellular bacteria and their pathogen-associated
molecular patterns (PAMPs),?! would lead to decreased
Toll-like receptor (TLR) activation of innate immunity
and osteoclast activation, which causes osteolysis.??73%
Another interesting speculation that is brought by
these data and the recent clinical studies on OM cases
from OIF/OEF is the possibility that S. aureus infections
are opportunistic, and in some cases may depend on an
initial colonization by Gram-negative bacteria such as
Acinetobacter. This scenario further stresses the impor-
tance of early eradication of peri-implant infection
following orthopedic surgery, which is most effectively
achieved with local drug therapy via antibiotic-impreg-
nated bone cement,'®*® and potentially antibiotic-
coated implants.?®37 Given that most MDR Acineto-
bacter strains are sentive to colistin,'® and that PMMA
beads can be readily impregnated with colistin and
steadily release the drug over time (Fig. 4), we evaluted
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Figure 5. Local but not parenteral colistin prevents A. bauman-
nit implant-associated osteomyelitis. Immediately prior to trans-
tibial implantation of a pin contaminated with the indicated strain
of A. baumannii, mice [(n =8) with strains BAMC-2, 3, and 4;
24 total mice per group] received either: (i) a sterile PMMA bead
(placebo), (ii) daily 200 pg intramuscular injection of colistinme-
thate for 7 days, or (iii) a PMMA bead impregnated with 1 mg of
colistin sulfate. Following sacrifice on day 19, par C real-time
quantitative PCR was used to measure bacterial load (A),
and infection rates (B, C). Of the mice receiving the placebo,
18 out of 24 were infected; in mice receiving intramuscular
colistinmethate injection, 17 out of 24 mice were infected; and in
mice receiving a PMMA bead impregnated with 1 mg of colistin
sulfate, 8 out of 24 mice were infected. While no significant effects of
IM colistin treatment were observed versus the placebo control, the
colistin-impregnated bead significantly reduced the incidence of
chronic OM compared to placebo (#) and IM colistin (¥, p >0.05
using Fisher’s exact test) (B). However, when the strains were
analyzed individually (C), it was clear that BAMC2 was responsible
for most of the chronic infections in the mice treated with local
colistin.

Control
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this mode of local prophylaxis versus standard paren-
teral colistinmethate (Fig. 5). As predicted, the local
treatment, which presumably leads to higher drug
concentration levels at the site of infection, was signifi-
cantly better in preventing MDR Acinetobacter OM.
Considering the vast independent clinical experience
with antibiotic-impregnated PMMA beads and colistin,
and the absence of an accepted large animal model of OM
that simulates the soft tissue injury associated with
war wounds, we find that these results support the
evaluation of colistin-impregnated PMMA beads, or
absorbable materials that do not require removal, in a
clinical trial to evaluate their efficacy in clearing MDR
Acinetobacter OM and reoccuring infections.
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