JARO 10: 151-160 (2009)
DOTI: 10.1007/5s10162-008-0153-8
© 2009 Association for Research in Otolaryngology

Journal of the Association for Research in Otolaryngology

Lipopolysaccharide-Induced Osteoclastogenesis
from Mononuclear Precursors: A Mechanism for Osteolysis

in Chronic Otitis

RoBerT NAsON,' JaE Y. JUNG,1 AND RicHARD A. CHOLE"

2,3

1Depmtmmt of Otolaryngology/Head and Neck Surgery, Washington University School of Medicine, St. Louis, MO, USA
®Molecular Pharmacology, Washington University School of Medicine, St. Louis, MO, USA
®Central Institute for the Deaf, Washington University School of Medicine, St. Louis, MO, USA

Received: 29 May 2008; Accepted: 3 December 2008; Online publication: 15 January 2009

ABSTRACT

Osteoclasts are the only cells capable of carrying out
bone resorption and therefore are responsible for the
osteolysis seen in infectious diseases such as chronic
otitis media and infected cholesteatoma. Pseudomonas
aeruginosa is the most common organism isolated
from these infectious middle ear diseases. In this
study, we examined the mechanisms by which P
aeruginosa lipopolysaccharide (LPS) stimulates osteo-
clastogenesis directly from mononuclear osteoclast
precursor cells. Osteoclast precursors demonstrated
robust, bone-resorbing osteoclast formation when
stimulated by P aeruginosa LPS only if previously
primed with permissive, sub-osteoclastogenic doses of
receptor activator of NF-kB ligand (RANKL), suggest-
ing that LPS is osteoclastogenic only during a specific
developmental window. Numerous LPS-elicited cyto-
kines were found to be released by osteoclast pre-
cursors undergoing P. aeruginosa LPS-mediated
osteoclast formation. Two lines of evidence suggest
that several cytokines promote Oc formation in an
autocrine/paracrine manner. First, inhibition of sev-
eral cytokine pathways including TNF-o, IL-1, and IL-
6 block the osteoclastogenesis induced by LPS.
Secondly, increased expression of the receptors for
TNF-a and IL-1 was demonstrated by real-time
quantitative polymerase chain reaction. Such a mech-
anism has not previously been established and dem-
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onstrates the ability of osteoclast precursors to
autonomously facilitate bone destruction.
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INTRODUCTION

Bone is a dynamic organ constantly being remodeled
to achieve both calcium homeostasis and structural
integrity—matrix synthesis is carried out by osteo-
blasts (Obs), while resorption is performed exclusively
by osteoclasts (Ocs). Under normal physiologic con-
ditions, these activities are so closely balanced that as
much as 10% of total bone content is replaced per
year in an adult human (Alliston and Derynck 2002).
Otologic conditions that disrupt this balance between
bone formation and resorption are chronic otitis
media (COM) and infected cholesteatomas. In these
conditions, infection leads to inflammation adjacent
to bone, resulting in increased Oc activation and
accelerated bone erosion. Bones affected include the
ossicles, labyrinth, and temporal bone. Pathologic
destruction of these structures can lead to hearing
loss, vertigo, facial paresis, and possible intracranial
invasion.

Ocs, the only cells capable of carrying out bone
resorption, are multinucleated cells that form by fusion
of bone marrow-derived mononuclear precursors
(Udagawa et al. 1990). It has been well established
that Oc formation from monocyte Oc precursors
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(pOcs) is regulated by two essential cytokines: recep-
tor activator of NF-kB ligand (RANKL) and macro-
phage colony-stimulating factor (M-CSF; Felix et al.
1990; Lacey et al. 1998). Under physiologic condi-
tions, Ocs are generated when pOcs are in direct
contact with RANKL-generating supporting cells (e.g.,
Obs, stromal cells, and their precursors). These
supporting cells secrete M-CSF and carry membrane-
bound RANKL to initiate osteoclastogenesis by engag-
ing the ¢Fms and RANK receptors on pOcs, respec-
tively. In pathologic conditions like COM and infected
cholesteatoma, however, RANKL becomes a soluble
factor produced in large concentrations by lympho-
cytes (Kong et al. 1999).

Although the pathogenesis is poorly understood,
bacteria play a role in inciting the bone destruction
seen in COM and infected cholesteatomas. The most
common organism cultured from COM and infected
cholesteatomas is the Gram-negative bacillus, Pseudo-
monas aeruginosa (Fliss et al. 1991; Nakagawa et al.
2004). One of the most important virulence factors
from Gram-negative bacteria is lipopolysaccharide
(LPS), the main antigenic component of the bacterial
cell wall. LPS was recently shown to be present at
higher concentrations in cholesteatoma samples from
patients with clinical evidence of bone resorption,
highlighting the contributory role that LPS plays in
propagating pathologic bone destruction (Peek et al.
2003). Due to the prevalence of P aeruginosa in
chronic middle ear diseases, we investigated the role
of P. aeruginosa LPS in osteoclastogenesis and previ-
ously demonstrated the osteoclastogenic potential of
P. aeruginosa LPS in co-culture systems (Zhuang et al.
2007). No osteoclastogenesis was seen, however,
when P aeruginosa LPS was added to purified pOc
monocultures (Zhuang et al. 2007). One likely
explanation is that pOcs may respond to LPS in a
pro-osteoclastogenic manner only during a specific
developmental window (Lam et al. 2000; Zou and
Bar-Shavit 2002). In order to delineate this process,
we designed a series of experiments to assess the
effect of sub-osteoclastogenic RANKL (10 ng/ml)
pre-exposure on pOcs in the process of P. aeruginosa
LPS-induced osteoclastogenesis.

The present study focused on whether P. aerugi-
nosa LPS could directly stimulate pOcs to form
bone-resorbing multinucleated Ocs without the
need for supporting cells. To avoid the possibility
of capturing indirect effects from non-pOc cells,
our current study utilized monocultures of primary
bone marrow pOcs. Studies with primary pOcs were
verified with RAW 264.7 cells, a purified murine
hematopoietic cell line. In this manner, we have
identified autocrine/paracrine pro-osteoclastogenic
mechanisms involving inflammatory cytokines elicited
by P aeruginosa LPS.
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MATERIALS AND METHODS

Animals

Bone marrow from male, age-matched C57/BL6 mice
was used in this study as a source of pOcs. Addition-
ally, bone marrow from knockout mice was also used
in this study. Knockout mice were on a C57/BL6
background and possessed targeted deletions of
either IL-6 (IL-67/"; Kopf et al. 1994), TNF receptor
1 (TNFle/f; Peschon et al. 1998), TNF receptor 2
(TNFR2 /~; Erickson et al. 1994), both TNF receptors
1 and 2 (TNFRI/Q_/_; Peschon et al. 1998), or IL-1
receptor 1 (IL-1R177; Glaccum et al. 1997). All mice
were obtained from Jackson Laboratories (Bar Har-
bor, ME, USA). Use of these vertebrate animals was
approved by the Washington University Animal Studies
Committee.

Reagents

P aeruginosa LPS (serotype 10), recombinant murine
M-CSF, media, and penicillin-streptomycin media
supplements were purchased from Sigma. Fetal calf
serum was purchased from Invitrogen. Murine IL-1
receptor antagonist (IL-1ra) was purchased from R&D
Systems. Recombinant glutathione S-transferase
(GST)-RANKL was generated and purified in our
laboratory from a plasmid provided by Dr. Steven
Teitelbaum (Washington University School of Medi-
cine, St. Louis, MO, USA). Purified RANKL protein
was tested for LPS contamination by limulus amoebo-
cyte lysate assay (Cambrex Bio Services) and found to
contain negligible LPS.

Osteoclast precursor culturing system

Bone marrow monocytes were obtained from dissect-
ed femurs of 5- to 8-week-old male C57/BL6 mice.
Cells were suspended in a-minimal essential medium
(Sigma) containing 1% penicillin—streptomycin, 10%
fetal calf serum, and cultured overnight at 37°C in 5%
COs. Non-adherent cells were gently washed from the
plate the following day, resuspended, and plated into
96-well culture plates at 0.5x10° cells/ml in media
further supplemented with recombinant murine M-
CSF (10 ng/ml) and a permissive dose of RANKL
(10 ng/ml). Importantly, this permissive dose will not
induce Oc formation in pOcs as determined by dose
response experiments in our laboratory. These experi-
ments have also demonstrated that RANKL at 100 ng/
ml is maximally osteoclastogenic (unpublished data).
After plating into 96-well culture plates, pOc mono-
cultures were exposed to a permissive or “priming”
dose of RANKL (10 ng/ml) for either 0, 24, 48, or
72 h prior to P aeruginosa LPS exposure (1 pg/ml);



NasoN ET AL.: LPS-Induced Osteoclastogenesis

once LPS was added, cultures were continued in
media containing either P. aeruginosa LPS (1 pg/ml)
and RANKL (10 ng/ml) or P. aeruginosa LPS (1 pg/ml)
without RANKL. Total culture duration was 7 days from
the time of initial plating since it required approxi-
mately 96 h to achieve maximal Oc formation. Media
were replaced every other day.

In addition, RAW 264.7 cells (ATCC #TIB-71,
Rockville, MD, USA), a murine hematopoietic cell
line, was used to corroborate findings from primary
cells. This is because primary pOc preparations always
possess a small fraction of non-pOc cell types and may
also exist in varied states of differentiation (Zhuang et
al. 2007). RAW 264.7 cells were plated into 96-well
culture plates at 1x10° cells/ml in Dulbecco’s mod-
ified Eagle’s medium (Sigma) containing 10% fetal
calf serum, 1% penicillin—streptomycin, and permis-
sive RANKL (10 ng/ml). M-CSF was not used in RAW
264.7 cell cultures since M-CSF is constitutively
expressed by these cells (Hsu et al. 1999). Upon
plating, these cells were treated similarly to the
primary pOcs as described above. Ocs formation from
RAW cells was significantly faster than in primary
pOcs secondary to their constitutive expression of M-
CSF.

At the end of experiments, cells were washed
with phosphate-buffered saline, fixed with 4% para-
formaldehyde, and stained for tartrate-resistant acid
phosphatase (TRAP) using the manufacturer’s recom-
mended protocol (Sigma).

Osteoclast quantitation

Individual wells of a 96-well plate were imaged at
room temperature using a digital camera (Sony DKC-
5000, Japan) coupled to an inverted microscope
(Olympus IMT-2, Japan). The entirety of each well
was captured with the 1x objective. TRAP-stained cells
with three or more nuclei were counted as Ocs.
Digital images of each well were manipulated using
Adobe Photoshop (Adobe Systems Incorporated).
Ocs in each image were manually replaced with
masks, while all non-Oc image contents were cleared.
Converted images of positively-selected Oc masks
were further analyzed with the image analysis pro-
gram, Image] (Rasband 1997-2007). Oc formation
was assessed in Image] by quantifying two parameters:
(1) area fraction, a measure of the total Oc surface
area occupying each well and (2) the total number of
Ocs formed in each well.

Assessment of bone resorption
For resorption studies, pOcs were plated directly onto

either dentin slices or Osteologic™ hydroxyapatite-
coated culture slides (Becton Dickinson) at 0.5x10°
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cells/ml. For these studies, cetacean dentin was cut
into 500-pm-thick slices using a Buehler Isomet low
speed saw (Irvine, CA, USA). These slices were then
sterilized in 70% ethanol prior to use. After plating,
pOcs were primed for 72 h with RANKL at 10 ng/ml
before being exposed to P aeruginosa LPS (1 png/ml).
Media were replaced every other day. Experiments on
Osteologic™ slides were carried out for 7 days,
whereas dentin experiments were carried out for
10-15 days. After culturing, cells were removed from
dentin slices by sonication. Cells were removed from
Osteologic™ slides with a 5.25% sodium hypochlorite
solution. Sonicated dentin slices were stained with a
1% toluidine blue/1% sodium tetraborate solution,
and resorption areas on both substrates were imaged
using a digital camera (Sony DKC-5000, Japan)
coupled to an inverted microscope (Olympus IMT-2,
Japan).

Cytokine profiling

For cytokine analysis, Raybio® Mouse Inflammation
Antibody Array I (Raybiotech, Norcross, GA, USA)
was used following the manufacturer’s protocol. Two
membrane arrays were run independently for each
culture condition. Conditioned cell culture super-
natants from three different treatment groups were
assayed for 40 inflammatory cytokines. These groups
were: (1) untreated RAW 264.7 cells in serum-
containing DMEM media which served as a baseline
control; (2) RAW 264.7 cells primed with RANKL
(10 ng/ml) for 72 h; and (3) RAW 264.7 cells primed
with RANKL (10 ng/ml) for 72 h and then stimulated
with P aeruginosa LPS (1 ng/ml) and RANKL (10 ng/ml)
for an additional 48 h.

Chemiluminescent signal intensities were quantified
with a Bio-Rad VersaDoc™ Imaging System (Bio-Rad).
For analysis, Quantity One™ software (Bio-Rad) was
used to determine the net optical density level for each
array spot. This was calculated by subtracting the
background optical level from the total raw optical
density level. The average of both runs was then
calculated for each cytokine. Density differences greater
than threefold between the 72-h RANKL prime and
P, aeruginosa LPS-mediated osteoclastogenesis groups
are reported.

Real-time quantitative RI-PCR analysis

Total cellular RNA was extracted from RAW 264.7 cells
with the use of Trizol® reagent (Invitrogen) and
further treated with DNasel (Roche Applied Science).
Reverse transcription of total RNA into cDNA was
carried out with the Thermoscript™ RT-PCR System
(Invitrogen) according to the manufacturer’s instruc-
tions. Real-time polymerase chain reaction (PCR)
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amplification was performed using the SYBR Green
PCR master mix kit (Applied Biosystems) in a 25 pl
reaction containing 0.9 pM of each primer and 10 ng
of cDNA. Primers used were designed with Primer3
software (Rozen and Skaletsky 2000). Primer sequen-
ces were as follows (forward/reverse): 18S (b’-
TCGGAACTGAGGC CATGAT-3'/5'-TTTCGCTCTG
GTCCGTCTTG-3'; accession no. X00686); IL-1R1 (5'-
CACTTC CCGTGCCTATGATT-3'/5’-GGTTGGGATC
TTAGCGTTGA-3’; accession no. NM_008362);
NIATel (5'-ACATAGCCTCCTGCTGGAAA-3'/5/'-
AAGAGGGGTCTGGAGCAAAT-3’; accession no.
NM_016791); TNFRI (5-AGCCA CACCCACAACC
TTAG-3'/5-TTTCACCCAC AGGGAGTAGG-3'; acces-
sion no. NM_011609); TNFR2 (5-TGTAGAGGG
GAAGGAACACG-3'/ 5'-CACACCCAGGAACAGTC
CTT-3’; accession no. NM_011610). DNA amplifica-
tion and detection were carried out with the
GeneAmp® 5700 sequence detection system (Applied
Biosystems). Thermal cycling conditions were as
follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of
95°C for 15 s, and 60-62°C for 1 min. Following
amplification, amplicon size and reaction specificity
were confirmed by agarose gel electrophoresis and
melting curve analysis. The cumulative fluorescence
for each amplicon was normalized to that seen with
18S ribosomal RNA amplification using the standard
curve method (Livak 1997). Results were expressed as
the fold increase (at each time point) over the
respective 18S controls. Means+SDs were calculated
from a minimum of two separate experiments that
were performed in triplicate.

Statistical analystis

All cell culture experiments were performed indi-
vidually in triplicate and repeated a minimum of
three times. Statistical significance across repeated
experiments was evaluated using standard parametric
statistics [i.e., paired ¢ test, one-way analysis of
variance (ANOVA)]. An a level of 0.05 was established
for significance. Significance across multiple groups
after ANOVA analysis was tested with the Tukey test
or the Bonferroni test where appropriate. All statisti-
cal calculations were performed with SigmaStat
software (version 3.5, Systat Software, Richmond,
CA, USA).

RESULTS

P, aeruginosa LPS-mediated osteoclast formation
in monocultures of pOcs

As expected, RANKL priming alone without LPS at
any time point was insufficient in stimulating Oc
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formation (Fig. 1A, two right wells). As demonstrated
previously, no Ocs were seen if P. aeruginosa LPS was
plated simultaneously with pOcs (Fig. 1A-C, zero
hour time point; Zhuang et al. 2007). As soon as 24 h
of RANKL priming, however, dose-dependent
increases in Oc formation were observed with in-
creased duration of RANKL priming (p<0.01,
Fig. 1B). This increase in Oc formation was RANKL-
independent since media containing LPS and without
RANKL was sufficient in promoting osteoclastogenesis
(Fig. 1B, white bars). Not surprisingly, the presence of
RANKL always led to significantly more Ocs (p<0.01,
Fig. 1B, black versus white bars). Importantly, Ocs
formed in these experiments were capable of resorb-
ing both dentin and hydroxyapatite (Fig. 1D).

Results obtained from primary pOcs were corrob-
orated in RAW 264.7 cells, a murine hematopoietic
cell line (Fig. 1C). Note that Oc formation for RAW
cells is represented here by area fraction rather than
total Oc number. Primed RAW cells are induced to
fuse into syncitia to a greater degree than primary
pOcs cells do, such that individual Ocs cannot be
delineated or counted; therefore, Oc formation for
RAW cells is represented here by area fractions rather
than total Oc number.

Cytokine profile of pOcs undergoing P. aeruginosa
LPS-mediated osteoclast formation

The finding of robust P. aeruginosa LPS-mediated Oc
formation from RANKL-primed pOc monocultures
suggested that Oc formation was the result of an LPS-
induced autocrine/paracrine mechanism. In order
to identify which cytokines were involved in this
process, protein arrays were used to probe pure
populations of RAW 264.7 cells exposed to different
cell culture conditions (Fig. 2A). Untreated RAW
cells in serum-containing media served as the base-
line control (Fig. 2B). After correction for baseline
cytokine concentrations, 11 cytokines were identified
(Fig. 2E) at concentrations threefold or greater in
pOcs undergoing LPS-mediated Oc formation
(Fig. 2D) compared to pOcs primed with RANKL
for 72 h (Fig. 2C).

In addition to TNF-a (Azuma et al. 2000), IL-1«x
(Jimi et al. 1999), IL-6 (Kudo et al. 2003), monocyte
chemoattractant protein-1 (MCP-1; Lu et al. 2007),
macrophage inflammatory protein-1 alpha (MIP-la;
Lee et al. 2007), and granulocyte colony-stimulating
factor (G-CSF; Hirbe et al. 2007), which have all
recently been shown to promote Oc formation, we
have also identified IL-10, IL-12p70, IL-9, leptin, and
Regulated upon Activation, Normal T cell expressed,
and secreted (RANTES) as highly expressed cytokines
in pOcs undergoing P. aeruginosa LPS-mediated Oc
formation.
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FIG. 1. Time course study of duration of RANKL priming on P.
aeruginosa LPS-mediated Oc differentiation of primary pOcs. pOcs
derived from bone marrow cells of C57BL/6 mice were influenced to
undergo LPS-mediated Oc formation with media containing LPS and
M-CSF with/without RANKL. LPS-mediated Oc formation refers to
RANKL (10 ng/ml) priming of pOcs for specified durations prior to P.
aeruginosa LPS exposure. A Increases in Oc number were observed
with increased duration of RANKL priming. Wells shown here
received media containing LPS, M-CSF, and permissive RANKL after
priming. B Dose-dependent increases in Oc number were observed
with increased duration of RANKL priming in both treatment groups

(®p<0.01, black and white bars). Furthermore, in groups undergoing
24, 48, and 72 h of RANKL priming, Oc formation was always

Cytokine involvement in P. aeruginosa LPS-mediated Oc
Sformation

Using cytokine antibody arrays, we have identified
many cytokines (Fig. 2E) that appear to be involved in
P. aeruginosa LPS-mediated Oc formation. The roles of
several of these inflammatory cytokines were further
evaluated in our LPS-mediated osteoclastogenesis
model by replacing wild-type (WT) primary pOcs with
pOcs that were either incapable of releasing IL-6
(IL-67) or missing one or both TNF receptors
(TNFR1™/~, TNFR2 /", TNFR1/27/7). Initially, these
precursors with targeted deletions were compared to
wild-type pOcs in their ability to undergo RANKL-
mediated Oc formation. Exposure to an osteoclasto-
genic dose of RANKL (100 ng/ml) revealed no
differences between the pOcs in ability to undergo

DURATION OF RANKL PRIMING (HRS)

significantly higher in those groups where RANKL was continuously
present throughout the experiment (black versus white bars, ®p<
0.01). C Time course study of duration of RANKL priming on P.
aeruginosa LPS-mediated Oc differentiation of RAW 264.7 cells.
RAW cells were influenced to undergo LPS-mediated Oc formation
(as above) with media containing LPS with/without RANKL. Dose-
dependent increases in Oc area fraction were observed with
increased duration of RANKL priming in both treatment groups
(?p<0.01). D Representative photographs of resorption areas formed
by primary pOcs on dentin (upper) and hydroxyapatite (lower) during
P. aeruginosa LPS-mediated Oc formation. All data are expressed as

the mean+SEM of at least three experiments performed in triplicate
wells.

Oc formation (Fig. 3, overall p=0.105 by one-way
ANOVA with post hoc Bonferroni test).

IL-6 /", TNFR1"/~, TNFR2 /", TNFR1/2 /", and
IL-1R1/~ pOcs were primed with RANKL for 72 h
before stimulation with P aeruginosa LPS and all
demonstrated significant impairment in ability to
undergo P. aeruginosa LPS-mediated Oc formation
(p<0.01, Figs. 4A—C). Involvement of IL-1 was further
assessed in WT pOcs exposed concomitantly to IL-1
receptor antagonist (IL-Ira). As expected, addition of
IL-1ra to WT pOcs progressing through P aeruginosa
LPS-mediated Oc formation also significantly
inhibited osteoclastogenesis in a dose-dependent
manner ($<0.01, Fig. 4D). Furthermore, as seen in
Fig. 4B (hatched column), pOcs lacking both TNF
receptors (TNR1/ 27/7) revealed almost no Oc forma-
tion and significantly more impairment than pOcs
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FIG. 2. Cytokine profile of pOcs undergoing RANKL priming and P,
aeruginosa LPS-mediated osteoclastogenesis. A Cell culture super-
natants were probed for the cytokines shown in the cytokine
antibody array shown. B-D Array images represent one of two
independent experiments that found similar patterns of expression.
Untreated RAW cells (B), RAW cells primed with RANKL for 72 h (C),
and RAW cells undergoing P. aeruginosa LPS-mediated Oc formation
(D) were compared. In this case, P. aeruginosa LPS-mediated Oc
formation refers to RAW cells primed for 72 h with RANKL (10 ng/ml)
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with single disruptions of either TNFRI or TNFR2
(overall »<0.001, main p<0.005, Fig. 4B, hatched
column). This suggested that signaling via both TNF
receptor subtypes is required for optimal P. aeruginosa
LPS-mediated osteoclastogenesis.

Real-time quantitative PCR

Ocs formed from P aeruginosa LPS stimulation were
also subjected to real-time quantitative PCR analysis.
As Oc formation progressed, expression of nuclear
factor of activated T cells c1 (NFATc1), the transcrip-
tion factor identified as the “master switch regulator”
of Oc formation (Takayanagi 2005), was twofold
greater in pOcs progressing through P aeruginosa
LPS-mediated Oc formation as compared to pOcs

followed by P. aeruginosa LPS stimulation for 48 additional hours. D
Cytokine ratios were calculated between the P. aeruginosa LPS-
mediated osteoclastogenesis and 72 h RANKL prime groups.
Untreated RAW cell culture supernatants were used as the baseline
control. Results presented are those cytokines whose mean cytokine
concentrations were threefold or greater in pOcs undergoing LPS-
mediated Oc formation compared to those receiving only RANKL
priming (highlighted in black boxes).

receiving only RANKL-priming (p<0.01, Fig. 5, white
columns). This result provides transcriptional evi-
dence that P aeruginosa LPS stimulation of RANKL-
primed pOcs drives these precursors towards Oc
development.

In addition to NFATcI, expression of TNFRI and
TNFR2 were 2.5- and 21-fold greater in pOcs under-
going 96 h of LPS-mediated Oc formation as com-
pared to pOcs receiving only RANKL priming (p<
0.01, Fig. 5, black/gray columns). Although expres-
sion of both receptors increased over time, TNFR2
expression increased significantly sooner than
TNFR1. At 24 h of Oc development, TNFR2 tran-
scription was 16 times higher in those pOcs progress-
ing through LPS-mediated Oc formation as compared
to RANKL-primed pOcs (p<0.01, Fig. 5, gray col-
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FIG. 3. RANKL-mediated osteoclastogenesis in wild-type and
various knockout pOcs. Wild-type pOcs were compared to pOcs
with targeted deletions of either IL-6 (IL-677), TNF receptors
(TNFR1™7, TNFR2™", TNFR1/277), or IL-1 receptor 1 (IL-TR17") in
their ability to form Ocs by exposing them to RANKL at 100 ng/ml for
6 days in the presence of M-CSF (10 ng/ml). There were no
differences in the abilities of any of these cell types to form Ocs
under these conditions (overall p=0.105 by one-way ANOVA with
post hoc Bonferroni test). All data are expressed as the mean+SD of
at least three experiments performed in triplicate wells.

umns). Clearly, TNFR1 expression was not significant
at this time point and never reached the same level of
expression as TNFR2 (21-fold versus 2.5-fold).

Expression of IL-1R1 was similarly increased in
pOcs as they transformed into Ocs under the
influence of P. aeruginosa LPS. Although IL-1R1
expression was not significantly increased in pOcs
progressing through 24 h of osteoclastogenesis, ex-
pression at 96 h of osteoclastogenesis was 190 times
greater in pOcs undergoing P. aeruginosa LPS-mediat-
ed osteoclastogenesis as compared to RANKL-primed
pOcs (p<0.01, Fig. 5, striped column).

FIG. 4. Autocrine IL-6, TNF-a, and IL-1 involvement in LPS-p»

mediated osteoclastogenesis. A—-C pOcs derived from mice incapa-
ble of generating IL-6 (IL-67), mice lacking one or both TNF
receptors (TNFR177, TNFR27", or TNFR1/27), or mice incapable of
responding to IL-1 (IL-TR17") were influenced to undergo P
aeruginosa LPS-mediated Oc formation. In this case, P. aeruginosa
LPS-mediated Oc formation refers to 72 h of RANKL (10 ng/ml)
priming followed by P. aeruginosa LPS stimulation for an additional
96 h. Clearly, IL-67~ pOcs (A), all TNF receptor knockout subtype
pOcs (B), and IL-1 R17~ pOcs (C) were impaired in their ability to
undergo LPS-mediated Oc formation when compared to C57BL/6
wild-type control pOcs (*p<0.01). Furthermore, TNFR1/27~ double
knockout pOcs demonstrated significantly more impairment than
either TNFRT™~ or TNFR27™ pOcs (overall p<0.001, "main p<0.005
by one-way ANOVA with post hoc Tukey test). D. C57BL/6 wild-type
pOcs undergoing P. aeruginosa LPS-mediated Oc formation were
concomitantly exposed to IL-1ra (0, 1, 10, 20 upg/ml). Clearly,
decreased Oc formation was seen with increasing IL-Tra dose and
achieved statistical significance at 10 and 20 pug/ml (*p<0.01). All
data are expressed as the mean+SEM of at least three experiments
performed in triplicate wells.
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DISCUSSION

In this study, we have demonstrated that P. aeruginosa
LPS is capable of stimulating the transformation of
pOc monocultures into bone-resorbing Ocs (Fig. 1).
Importantly, P aeruginosa LPS-mediated osteoclasto-
genesis would only occur if pOcs were previously
exposed to permissive levels of RANKL, a process
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FIG. 5. Quantitative PCR analysis of TNFR1, TNFR2, IL-1R1, and
NFATc1 expression by pOcs undergoing P. aeruginosa LPS-mediated
Oc formation. Here, P. aeruginosa LPS-mediated Oc formation refers
to 72 h of RANKL (10 ng/ml) priming followed by P. aeruginosa LPS
stimulation for an additional 96 h. RNA was harvested for PCR
analysis at the following time points: (1) after 72 h of RANKL
priming; (2) 24 h after P. aeruginosa LPS addition; and (3) 96 h after P,
aeruginosa LPS addition. RAW 264.7 pOcs undergoing P. aeruginosa
LPS-mediated Oc formation clearly show significantly increased
expression of IL-1R1, TNFR1, TNFR2, and NFATc1 as maturation into
Ocs progresses (*p<0.01). The data are expressed as the mean+SD
of at least two experiments performed in triplicate.

termed “RANKL priming” (Lam et al. 2000; Zou and
Bar-Shavit 2002). RANKL priming doses do not
induce osteoclastogenesis alone (Fig. 1A) and are
deemed “permissive” in that multinucleation and Oc
formation may occur with downstream stimuli.

Although our results are consistent with several
studies, others have demonstrated that LPS antago-
nizes osteoclastogenesis. In the study by Takami et al.
(2002) for example, bone marrow monocytes exposed
to Lscherichia coli LPS did not develop into Ocs; rather,
these LPS-exposed pOcs retained phagocytic ability,
an immune function typical of a macrophage. Al-
though macrophages and Ocs share a common
monocyte precursor, maturing pOcs lose both phago-
cytic ability and capacity for inflammatory cytokine
secretion as they develop into Ocs (Itoh et al. 2003).
Importantly, marrow monocytes in the above study
were not initially primed with RANKL, and this
omission clearly caused them to develop into a non-
osteoclastic, immune cell type upon LPS exposure. We
have obtained similar results when pOcs were not
initially RANKL primed (Zhuang et al. 2007). Taken
together, these studies demonstrate that although
RANKL priming does not induce osteoclastogenesis
by itself, priming undoubtedly directs monocytes
towards the Oc lineage. Our results have shown that
exposure to P. aeruginosa LPS after a RANKL priming
period leads to continued differentiation towards the
Oc phenotype.
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The finding of robust P aeruginosa LPS-mediated
osteoclastogenesis in a pure population of RANKL-
primed RAW 264.7 cells suggests that LPS stimulates
RANKIL-primed pOcs to release pro-osteoclastogenic
factors in an autocrine/paracrine manner. Impor-
tantly, this autocrine/paracrine mechanism is suffi-
cient to sustain Oc formation even after RANKL
withdrawal (Fig. 1B, white bars). Once sufficient
priming has occurred, these results suggest that pro-
osteoclastogenic cytokines other than RANKL are
elaborated upon LPS exposure.

Using cytokine antibody arrays, we have identified
11 cytokines that are expressed in significantly in-
creased concentrations in pOcs undergoing P. aerugi-
nosa LPS-mediated osteoclastogenesis (Fig. 2E). LPS is
well known to elicit TNF-a (Abu-Amer et al. 1997; Zou
and Bar-Shavit 2002; Itoh et al. 2003), IL-6 (Itoh et al.
2003; Sato et al. 2004), IL-1a (Hong et al. 2004), and
IL-1p (Itoh et al. 2003) release from monocytes. It is also
well established that these cytokines promote Oc forma-
tion (Jimi etal. 1999; Azuma etal. 2000; Zhang etal. 2001;
Zou etal. 2001; Kudo etal. 2003; Wei et al. 2005). We have
confirmed their pro-osteoclastogenic properties but also
shown for the first time that these cytokines are released
by RANKL-primed pOcs autonomously when exposed to
LPS (Fig. 2).

In addition to identifying the autocrine pro-
osteoclastogenic involvement of TNF-a in P aeruginosa
LPS-mediated osteoclastogenesis, we have identified
that both TNF receptor subtypes, TNFRI (p55) and
TNFR2 (p75), are also needed for optimal Oc forma-
tion. Absence of both receptor subtypes virtually
abrogated any osteoclastogenesis (Fig. 4B). Interest-
ingly, expression of both of these receptors is signifi-
cantly increased in pOcs as they progress through
Oc maturation in our inflammatory model (Fig. 5).
TNFR2 expression increases significantly before
TNFR1 expression, suggesting that TNFR2 may play
a more pivotal role than TNFRI1 in early inflam-
matory Oc formation. Taken together, these findings
suggest that one mechanism underlying autonomous
P. aeruginosa LPS-mediated Oc formation is increased
expression of TNF-a, TNFR1, and TNFR2, all of which
promote osteoclastogenesis.

Increased expression of both receptors would
sensitize pOcs to TNF-a in the microenvironment
and strengthen a pro-osteoclastogenic autocrine feed-
back loop.

The finding of TNFR2-dependence in our study
contrasts in vivo data using C3H/HeN mice that
demonstrated dependence only on TNFRI1 (Abu-
Amer et al. 1997). It also contrasts an in vitro study
using Balb/c and C57 mice that revealed TNFRI but
not TNFR2 dependence (Zou et al. 2001). Interest-
ingly, the latter study demonstrated that LPS induced
release of TNF-a which then promoted Oc formation
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by an autocrine mechanism. However, Oc formation
in this study occurred only in Balb/c and not C57BL/
6 mice, the animals used in our study. Previous studies
have demonstrated that Balb/c and C57BL/6 mice
mount different responses to inflammatory stimuli
(Sapru et al. 1999). Such differences likely contribut-
ed to these conflicting results.

We have also shown that P. aeruginosa LPS-mediated
Oc formation involves greatly increased pOc expres-
sion of IL-1R1 as maturation into Ocs progresses
(Fig. 5). Such a mechanism would also sensitize the
pOc to IL-1, a pro-osteoclastogenic cytokine released
in high concentrations by pOcs during P. aeruginosa
LPS-mediated osteoclastogenesis (Fig. 2E). It is inter-
esting to note that increased IL-1R1 expression occurs
well after IL-1a and IL-1p expression (within 24 h of
LPS stimulation, R. Nason, unpublished data). These
time course data suggest that IL-1 release may cause
upregulation of IL-1R1 and the establishment of
another autocrine loop. Alternatively, IL-1R1 and IL-
1 upregulation may be due to pOc stimulation by
TNF-a or LPS. This particular sequence of events is
currently being investigated in our laboratory.

Our study has also identified G-CSF, I1L-10, IL-
12p70, MCP-1, IL-9, MIP-1a, leptin, and RANTES as
cytokines secreted by pOcs undergoing P. aeruginosa
LPS-mediated osteoclastogenesis. Of note, G-CSF
(Hirbe et al. 2007), MCP-1 (Lu et al. 2007), and
MIP-1a (Lee et al. 2007), have recently been shown
to promote Oc formation. Interestingly, IL-10
(Owens et al. 1996), IL-12 (Horwood et al. 2001),
and leptin (Cornish et al. 2002) have all been shown
to possess anti-osteoclastogenic activities. Since pOcs
release numerous cytokines, many of which are
redundant in their ability to promote or antagonize
Oc formation, it is likely that Oc formation from
RANKL-primed pOcs occurs in response to LPS if
the overall balance of LPS-elicited cytokines favors
osteoclastogenesis.

In this study, we have taken a different approach in
studying infection-related inflammatory osteolysis. By
eliminating the presence of supporting cells (i.e., Obs,
lymphocytes) capable of cytokine production, we have
established a model of robust osteoclastogenesis
induced by P aeruginosa LPS in pure populations of
RANKL-primed pOcs. Importantly, priming involves a
permissive dose of RANKL in the pOc microenviron-
ment; such a dose does not induce multinucleation and
Oc formation but clearly directs mononuclear precur-
sors towards the Oc lineage. Inflammatory conditions
like COM and infected cholesteatomas in which elevat-
ed concentrations of RANKL (Gravallese et al. 2000;
Hofbauer and Heufelder 2001) and LPS (Peek et al.
2003) have been demonstrated represent microenviron-
ments which could theoretically support this autono-
mous mode of Oc activation. In such a setting, priming

159

by local RANKL with subsequent activation by pervasive
LPS would lead to robust osteoclastogenesis.

We have discovered that RANKL-primed pOcs are
fully capable of transforming themselves into bone-
resorbing Ocs once stimulated with P aeruginosa LPS.
After sufficient priming with sub-osteoclastogenic levels
of RANKL, we have shown that P aeruginosa LPS
stimulates pOc release of TNF-o, IL-1a, and IL-6, all
of which subsequently promote Oc formation in an
autocrine/paracrine manner. This autonomous mode
of Oc formation is further supported by concomitantly
increased expression of TNFR1, TNFR2, and IL-1R1,
establishing possibly increased pOc responsiveness to
TNF-o and IL-la. The ability of pOcs to respond to
LPS by autonomously generating a host of pro-
osteoclastogenic cytokines suggests that these cells
may play a greater role in the propagation of
pathologic bone resorption. Therefore, it is interesting
to speculate that this mechanism may also be involved
in the formation of multinucleated giant cells seen in
other chronic inflammatory states. Although the role
of RANKL priming in osteoclastogenesis in the context
of this work is independent of LPS type, it must also be
appreciated that LPS molecules from different P
aeruginosa serotypes as well as other Gram-negative
species may induce different in vivo and vitro effects.
Since chronic otitis may harbor many Gram-negative
species, we are also currently pursuing the differential
effects of different LPS molecules in our model.
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