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Aseptic loosening of orthopaedic implants is induced by wear
particles generated from the polymeric and metallic compo-
nents of the implants. Substantial evidence suggests that activa-
tion of Toll-like receptors (TLRs) may contribute to the biolog-
ical activity of the wear particles. Although pathogen-associated
molecular patterns (PAMPs) produced by Gram-positive bacte-
ria are likely to be more common in patients with aseptic loos-
ening, prior studies have focused on LPS, a TLR4-specific PAMP
produced by Gram-negative bacteria. Here we show that both
TLR2 and TLR4 contribute to the biological activity of titanium
particles with adherent bacterial debris. In addition, lipotei-
choic acid, a PAMP produced by Gram-positive bacteria that
activates TLR2, can, like LPS, adhere to the particles and
increase their biological activity, and the increased biological
activity requires the presence of the cognate TLR. Moreover,
three lines of evidence support the conclusion that TLR activa-
tion requires bacterially derived PAMPs and that endogenously
produced alarmins are not sufficient. First, neither TLR2 nor
TLR4 contribute to the activity of “endotoxin-free” particles as
would be expected if alarmins are sufficient to activate the TLRs.
Second, noncognate TLRs do not contribute to the activity of
particles with adherent LPS or lipoteichoic acid as would be
expected if alarmins are sufficient to activate the TLRs. Third,
polymyxin B, which inactivates LPS, blocks the activity of parti-
cles with adherent LPS. These results support the hypothesis
that PAMPs produced by low levels of bacterial colonization
may contribute to aseptic loosening of orthopaedic implants.

Osteoimmunology is a newly emerging field that refers to
bi-directional interactions between the skeletal system and the
immune system (1). One example of regulation of the skeletal
system by the immune system is inflammatory osteolysis,
which is the local bone loss induced by inflammation in
response to pathogens or nonpathogenic stimuli (1). Inflamma-
tory osteolysis in response to either pathogens or nonpatho-
genic stimuli can contribute to loosening of orthopaedic
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implants and the resultant need to replace the implant. For
example, implant infection is a devastating complication that
often necessitates implant removal and long term intravenous
treatment with antibiotics (2). In contrast, “aseptic loosening”
results from inflammation induced by polymeric and metallic
wear particles derived from the implant components in the
absence of any clinical signs of infection (3, 4). The primary
events involved in this process include: phagocytosis of the
wear particles by macrophages; activation of the macrophages
to produce pro-inflammatory cytokines; stimulation of bone
resorptive cytokines, such as RANKL, in response to the pro-
inflammatory cytokines; stimulation of osteoclast differentia-
tion by the resorptive cytokines; and local osteolysis caused by
the increased number of osteoclasts (3-5).

Subclinical levels of bacteria may contribute to wear particle-
induced inflammation, and therefore aseptic loosening may
result from inflammatory osteolysis caused by a combination of
nonpathogenic and pathogenic stimuli (6—11). For example,
the rate of aseptic loosening is reduced by prophylactic antibi-
otics (12), and we and many other investigators have shown that
adherent LPS increases the biological activity of orthopaedic
wear particles both in cell culture and in animal models (10).
Moreover, detectable levels of LPS exist in peri-prosthetic tis-
sue of a subset of aseptic loosening patients (13), and LPS accu-
mulates in the tissue surrounding implanted wear particles (14,
15). We and others have also showed that TLR4,> the primary
receptor for LPS, contributes to the biological activity of wear
particles in both cell culture and murine model systems (16, 17).
Consistent with this, macrophages in peri-prosthetic tissue of
patients with aseptic loosening express TLR4 (18 —20) as well as
its co-receptor, CD14 (21). Despite those findings, it is likely
that PAMPs other than LPS are more common in patients with
aseptic loosening because a Gram-positive biofilm exists on
many of their implants (22-25). Macrophages in peri-pros-
thetic tissue express a complete panel of TLRs, including the
primary receptors for most PAMPs (18 —20). Although PAMPs
other than LPS have not previously been studied on orthopae-
dic wear particles, lipoteichoic acid (LTA), a PAMP that acti-
vates TLR2 and is a major constituent of the cell wall of Gram-
positive bacteria, can adhere to other materials and retain its
biological activity (26). The goals of this study were therefore to
determine whether PAMPs other than LPS, such as LTA,

2 The abbreviations used are: TLR, Toll-like receptor; PAMP, pathogen-associ-
ated molecular pattern; LTA, lipoteichoic acid; PMB, polymyxin B.
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increase the biological activity of orthopaedic wear particles
and to determine whether the effects are due to TLR activation
by the adherent PAMPs. For this purpose, we compared
responses in wild type mice, TLR2™/~ mice, TLR4 ™/~ mice,
and mice lacking both TLR2 and TLR4 as well as in macro-
phages isolated from each type of mouse. Initial experiments
measured the biological activity of titanium particles with
adherent bacterial debris. To examine the effects of specific
bacterial PAMPs, we also measured the biological activity of
titanium particles with adherent LTA and titanium particles
with adherent LPS.

MATERIALS AND METHODS

Titanium particles with adherent bacterial debris (34 endo-
toxin units/10” particles) were obtained from Johnson Matthey
(Ward Hill, MA; catalogue number 00681, lot FO6Q16) as we
have previously described (27). “Endotoxin-free” titanium par-
ticles (<0.3 endotoxin unit/10° particles) were prepared with-
out altering their size or shape as previously described (27).
Titanium particles with adherent LPS (15 endotoxin units/10°
particles) or adherent LT A were prepared by incubating endo-
toxin-free particles with highly purified 50 wg/ml LPS from
Escherichia coli (0111:B4) or 500 ug/ml LT A from Staphylococ-
cus aureus (both from InvivoGen, San Diego, CA) for 4 days in,
respectively, PBS containing 1.1 mm CaCl, (28), or PBS without
divalent cations. Particles with adherent PAMPs were washed
10 times in PBS with or without CaCl, to remove any unbound
PAMP. Adherent LPS on the particles was measured using the
high sensitivity version of the chromogenic limulus amebocyte
lysate assay with all of our technical precautions (29). All of the
cell culture media and supplements were tested for LPS (29)
and were from lots that contained the lowest amount of LPS
available.

TLR2™/~ and TLR4 ™/~ mice were obtained from S. Akira
(30, 31). Mice lacking both TLR2 and TLR4 were generated in
house (32, 33). Mouse genotypes were confirmed by PCR of
genomic DNA isolated from tail clips (supplemental Fig. S1A4).
Wild type C57BL/6 mice matched for genetic background,
age, and gender were obtained from Jackson Labs (Bar Har-
bor, ME). All of the animal experiments were approved by
the Case Western Reserve University Institutional Animal
Care and Use Committee. Particle-induced osteolysis was
assessed as previously described (34). For this purpose, 8 X 10°
titanium particles suspended in 40 ul of PBS were implanted on
the parietal bones of 6 — 8-week-old female mice, and osteolytic
areas were quantified after 7 days by histomorphometry of
microradiographs (Faxitron model 8050-10).

Bone marrow macrophages were isolated by differential
adherence to tissue culture plastic as previously described
(35). Thus, marrow cells (3.4 X 10° cells/cm?) were cultured
for 24 h in serum-containing medium supplemented with
either macrophage colony-stimulating factor (10 ng/ml; cata-
logue number 416-ML, R & D Systems, Minneapolis, MN) or
20% 1929 fibroblast-conditioned medium harvested after 2—3
days of culture. Nonadherent cells were plated (2 X 10° cells/
cm?) in fresh tissue culture dishes and cultured in serum-con-
taining medium supplemented with either macrophage colony-
stimulating factor or L929-conditioned medium. After 72 h,
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nonadherent cells were removed by rinsing twice with serum-
free medium, and the adherent cells were cultured in fresh
serum-containing medium supplemented with either macro-
phage colony-stimulating factor or L929-conditioned medium
for 20-24 h. Adherent cells were then incubated for 30 min in
the absence or presence of 6.6 X 107 titanium particles/cm?,
heat-killed E. coli K12 (3.3 X 10°/ml; Invitrogen), or IL-18 (10
ng/ml; R & D Systems) as previously described (35). RNA was
isolated using the ToTALLY RNA kit (Ambion, Austin, TX),
and TNFa mRNA was measured by real time RT-PCR, using
standard curves as we previously described (35, 36). TNF«
mRNA levels were normalized to levels of GAPDH mRNA. The
phenotype of macrophages isolated from the single and double
knock-out mice was confirmed by incubation with soluble LPS,
LTA, heat-killed E.coli, or IL-1B3, as a positive control
(supplemental Fig. S1B).

RAW264.7 macrophages (ATCC, Manassas, VA) were main-
tained in Petri dishes as previously described (35). For experi-
ments, nonadherent cells were plated (4.1 X 10* cells/cm?) in
tissue culture dishes and cultured in serum-containing me-
dium. The following day, the cells were 60 -70% confluent, and
they were incubated for 90 min in the absence or presence of
titanium particles (3.4 X 10° particles/cm? unless otherwise
indicated) or the indicated concentrations of heat-killed E. coli
K12 (Invitrogen) or heat-killed E. coli 0111:B4 (InVivogen) as
previously described (35). In selected experiments, the indi-
cated concentrations of polymyxin B (Sigma) were preincu-
bated with the cells for 30 min prior to stimulation with parti-
cles or bacteria. The TNFa« levels secreted into the medium
were measured as previously described (16).

All of the cell culture experiments were repeated for the indi-
cated number of times, and the results are presented as the
means + S.E. of multiple experiments. The results of in vivo
experiments are reported as the means of individual parietal
bones + S.E. The statistical analyses were by one-way repeated
measures analysis of variance with Bonferroni post-hoc tests
(StatView 3.0, SPSS).

RESULTS

Biological Responses to Particles with Adherent Bacteria and
to Endotoxin-free Particles—We have previously shown that
the biological responses to titanium particles with adherent
bacteria are reduced in mice with an inactivating mutation in
TLR4 as well as in macrophages isolated from those mice (16).
The current study confirmed this finding in TLR4 ™/~ mice and
extended it to examine TLR2™/~ mice as well as double knock-
out mice lacking both TLR2 and TLR4. In the in vivo murine
calvarial model of particle-induced osteolysis, particles with
adherent bacterial debris induced significantly less osteolysis in
TLR2™/~ or TLR4 /" mice than in wild type mice (compare
blue and green bars with red bar in Fig. 1A4). Similarly, macro-
phages isolated from either TLR2™'~ or TLR4 '~ mice show
significantly less TNFa mRNA induction in response to these
particles than do wild type macrophages (compare blue and
green bars with red bar in Fig. 1B). Moreover, macrophages
lacking both TLR2 and TLR4 show significantly less TNFa
mRNA induction than macrophages isolated from either of the
single knock-out mice (compare yellow bar with blue and green
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FIGURE 1. Biological responses induced by titanium particles with adher-
ent bacterial debris or by endotoxin-free titanium particles. A, osteolysis
was measured in wild type mice, TLR2™/~ mice, TLR4™’~ mice, or double
knock-out mice lacking both TLR2 and TLR4. The results (means = S.E. of
36-46 parietal bones/group) are presented as percentages of parietal bone
contained within osteolytic regions. B, TNFa mRNA expression was measured
in bone marrow macrophages isolated from wild type mice, TLR2™/~ mice,
TLR4 ™/~ mice, or double knock-out mice lacking both TLR2 and TLR4. The
results (means = S.E. of five experiments) are presented as percentages of
TNFa expression following incubation of wild type macrophages with tita-
nium particles with adherent bacterial debris. Ti, titanium; wt, wild type; KO,
knock-out; adh, adherent; “endo-free”, endotoxin-free; NS, not significant.

bars in Fig. 1B). These cell culture experiments focused on
TNFa because it is produced more rapidly than other pro-in-
flammatory cytokines and is the pro-inflammatory cytokine
that has most conclusively been linked to aseptic loosening
(reviewed in Ref. 35). We have previously demonstrated that
the cell culture effects of the particles with adherent bacterial
debris are not caused by release of LPS from the particles (35).
The cell culture and in vivo results both show that TLR2 and
TLR4 contribute to the biological activity of orthopaedic parti-
cles with adherent bacterial debris.

We have also previously shown that endotoxin-free titanium
particles induce less osteolysis than the titanium particles with
adherent bacterial debris (15, 16, 37). The current study con-
firmed those findings and demonstrated that the in vivo biolog-
ical activity of the endotoxin-free particles does not depend on
TLR2 and/or TLR4 (gray bars in Fig. 1A). Similar experiments
were not possible in cell culture because the endotoxin-free
particles do not induce significant responses by the bone mar-
row macrophages (compare gray and black bars in Figs. 2 and 3,
A and B) (16, 38). Nonetheless, the in vivo experiments show
that neither TLR2 nor TLR4 are required for the biological
activity of the endotoxin-free particles.

Biological Responses to Particles with Adherent PAMPs—DPar-
ticles with adherent LTA induced significantly larger TNF«a
responses than endotoxin-free particles from both RAW?264.7
macrophages and wild type bone marrow macrophages (com-
pare red bars with gray bars in Fig. 2). The magnitude of this
response is similar to that induced by particles with adherent
bacterial debris or by 2 ug/ml of soluble LTA (purple and white
bars in Fig. 2A). Moreover, the response is due to adherent
rather than unbound LTA because the particle-free superna-
tant obtained by centrifugation of the particle suspension in-
duced negligible responses (orange bars in Fig. 2). Finally, this
response depends on TLR2 because it does not occur in macro-
phages from TLR2 /™ mice (blue bar in Fig. 2B), whereas TLR4
deficiency does not affect the response (green bar in Fig. 2B).
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FIGURE 2. Biological responses induced by titanium particles with adher-
ent LTA. Control stimuli included the supernatant obtained by centrifuging
the titanium particles with adherent LTA. A, TNFa protein secretion was mea-
sured in cultures of RAW264.7 cells. The results (means = S.E. of three exper-
iments) are presented as percentages of TNFa protein secretion following
stimulation with soluble LTA (S. aureus, 2 ug/ml). The asterisks denote p <
0.001 compared with groups without asterisks. B, TNFae mRNA expression was
measured in bone marrow macrophages isolated from wild type mice,
TLR2™/~ mice, TLR4 /™ mice, or double knock-out mice lacking both TLR2
and TLR4. The results (means =+ S.E. of three experiments) are presented as
percentages of TNFa expression following stimulation with titanium particles
with adherent LTA. The asterisks denote p < 0.001 compared with groups
without asterisks. Ti, titanium; wt, wild type; KO, knock-out; adh, adherent;
“endo-free”, endotoxin-free.
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FIGURE 3. Biological responses induced by titanium particles with adher-
ent LPS. A, TNFa mRNA expression was measured in bone marrow macro-
phages isolated from wild type mice, TLR2 ™/~ mice, TLR4 /™ mice, or double
knock-out mice lacking both TLR2 and TLR4. The results (means = S.E. of three
experiments) are presented as percentages of TNFa expression following
stimulation with titanium particles with adherent LPS. The asterisks denote
p < 0.005 compared with groups without asterisks. Band C, TNFa protein and
soluble LPS were measured following incubation of RAW264.7 cells with
endotoxin-free titanium particles, titanium particles with adherent LPS, or
highly purified soluble LPS (E. coli 0111:B4; InvivoGen). The results (means =
S.E. of three experiments) are presented as percentages of TNFa protein
(B) or soluble LPS (C) following stimulation of RAW264.7 cells with 100
ng/ml LPS. The asterisks denote p < 0.001 compared with groups without
asterisks. Ti, titanium; wt, wild type; KO, knock-out; adh, adherent; “endo-
free”, endotoxin-free.

The results in this paragraph show that adherent LT A increases
the biological activity of orthopaedic wear particles by activat-
ing TLR2.

Particles with adherent LPS also induced significantly larger
TNFa responses than endotoxin-free particles from both wild
type bone marrow macrophages and RAW264.7 macrophages
(compare red bars with gray bars in Figs. 3, A and B). The mag-
nitude of this response is similar to that induced by 100 ng/ml of
soluble LPS (white bars in Fig. 3B). Moreover, the response is
not due to release of LPS from the particles during the experi-
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ments because particles with adherent LPS induced substantial
TNFa production (red bar in Fig. 3B) but did not release detect-
able amounts of LPS into the culture media (red bar in Fig. 3C).
Finally, this response depends on TLR4 because it does not
occur in macrophages from TLR4 /" mice (green bar in Fig.
3A), whereas TLR2 deficiency does not affect the response (blue
barin Fig. 3A). Polymyxin B binds and inactivates LPS (39 —41).
We found that polymyxin B blocks the biological activity of
particles with adherent LPS (Fig. 44) and, as expected, of solu-
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FIGURE 4. Polymyxin B (PMB) inhibits responses to titanium particles
with adherent LPS (A, solid symbols) and responses to soluble LPS (B,
solid symbols). A, TNFa secretion was measured in cultures of RAW264.7 cells
stimulated with titanium particles with adherent LPS. The results (means =+
S.E. of three experiments) are presented as percentages of TNFa secretion
induced in the absence of PMB. The asterisks denote p < 0.001 compared with
groups without PMB. B, TNFa secretion was measured in cultures of
RAW264.7 cells stimulated with soluble LPS (E. coli K12, 100 ng/ml; Invitro-
gen). The results (means = S.E. of three experiments) are presented as per-
centages of TNFa secretion induced in the absence of PMB. The open symbols
depict controls in the absence of titanium particles. The asterisks denote p <
0.001 compared with groups without asterisks. Ti, titanium; adh, adherent.
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ble LPS (Fig. 4B). The results in this paragraph show that adher-
ent LPS increases the biological activity of orthopaedic wear
particles by activating TLR4. In contrast to the results in Fig.
4A, we and others found that polymyxin B does not substan-
tially inhibit the biological activity of orthopaedic wear particles
with adherent bacterial debris (Fig. 5, A and B) (42). However,
we also found that polymyxin B does not substantially inhibit
the biological activity of LPS when it is embedded in bacterial
membranes (Fig. 5, C-E). Thus, polymyxin B experiments are
only interpretable when particles with purified LPS are exam-
ined rather than particles with adherent bacterial debris.

DISCUSSION

The primary conclusions of this study are that 1) PAMPs
adhere to the titanium particles, 2) adherent PAMPs increase
the biological activity of the particles, and 3) the PAMPs do this
by activating their cognate TLRs. These conclusions are con-
sistent with the hypothesis that PAMPs produced by subclinical
levels of bacteria contribute to particle-induced osteolysis
in aseptic loosening of orthopaedic implants (6 -10). Limita-
tions of this study include that we only examined two PAMPs
(LPS and LTA) and two TLRs (TLR2 and TLR4). Further
studies will therefore be needed to determine whether other
PAMPs and other TLRs can also contribute to the biological
activity of orthopaedic wear particles. Future studies would also
be needed to assess the potential role of other PAMP-binding
receptors, such as Nod1l and Nod2 (43).

Deficiency of either TL2 or TLR4 significantly reduced the
biological activity of titanium particles with adherent bacterial
debris both in vitro and in vivo. The
dependence on TLR4 is consistent
with our previous demonstration
that the bacterial debris adherent to
these particles contains high levels
of LPS from Gram-negative bacteria
(27). The dependence on TLR2
could be caused by debris from
either Gram-negative or Gram-
positive bacteria (44). Additional
evidence that the biological activity
of the particles with adherent bacte-
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FIGURE 5. PMB does not inhibit responses to titanium particles with adherent bacterial debris (A and B)
or to heat killed E. coli (C-E). TNFa protein secretion was measured following incubation in the presence or
absence of PMB of RAW264.7 cells with titanium particles with adherent bacteria (A and B), heat-killed E. coli
K12 (Invitrogen) (Cand D), or heat-killed E. coli0111:B4 (InVivogen) (E). The results (means = S.E. of three or four
experiments) are presented as percentages of TNFa secretion induced in the absence of PMB. In A, the solid
symbols depict groups stimulated with titanium particles, and the open symbols depict controls without stim-
ulation. In B, D, and E, the solid symbols depict groups incubated in the presence of PMB, and the open symbols
depict controls without PMB. In C, the solid symbols depict groups stimulated with E. coli, and the open symbols
depict controls without stimulation. None of the groups with PMB are statistically different from the matched

group without PMB. Tj, titanium; adh, adherent.
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- 100 rial debris is dependent on both

TLR2 and TLR4 is provided by the
finding that these particles had no
detectable effect on macrophages
lacking both TLR2 and TLR4, which
was similar to the lack of effect of
the endotoxin-free particles on wild
type macrophages. Similarly, the
particles with adherent bacterial
debris had in vivo effects on mice
lacking both TLR2 and TLR4 that
were equivalent to the effects of
endotoxin-free particles on wild
type mice.

Our results support the hypothe-
sis that TLRs are activated by wear
particles with adherent PAMPs dur-
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Hypothesis #1:
PAMPs are required to activate
TLRs by orthopaedic wear particles;
alarmins are NOT sufficient
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FIGURE 6. Summary of hypotheses depicting TLR activation by orthopae-
dic wear particles. See text for details.

ing aseptic loosening of orthopaedic implants (Hypothesis #1
depicted in Fig. 6). However, in addition to recognizing PAMPs,
TLRs also act as receptors for a variety of endogenous mole-
cules known as alarmins or endogenous danger-associated
molecular patterns (45, 46). One of the best studied alarmins is
heat shock protein 60 (Hsp60). It has been reported that ortho-
paedic wear particles induce monocytes to release Hsp60 (17),
and the authors of that study proposed that the released Hsp60
may be responsible for activation of TLRs during aseptic loos-
ening and that PAMPs are not required (Hypothesis #2 in Fig.
6). When assessing that hypothesis, it is important to take into
account that at least some of the effects of many alarmins,
including Hsp60, on TLR activation are due either to contami-
nation of the preparations with bacterial PAMPs or to interac-
tions between alarmins and PAMPs (47-52). Nonetheless,
whether PAMPs or alarmins are primarily responsible for TLR
activation in aseptic loosening remains controversial (17, 19).
Three lines of evidence from our study argue strongly against
the second hypothesis. First, if alarmins produced in response
to the particles are sufficient to activate the TLRs and PAMPs
are not required, then TLRs should contribute to the activity of
endotoxin-free particles. However, we found that osteolysis is
induced equivalently by endotoxin-free particles in wild type
mice and in mice lacking TLR2 and/or TLR4 (gray bars in Fig.
1A). Thus, alarmins are not sufficient to activate these TLRs in
the murine calvarial model system. Similar experiments were
not possible in cell culture because the endotoxin-free particles
do not induce significant responses by the bone marrow macro-
phages (Figs. 2 and 3, A and B) (16, 38). Second, if alarmins
produced in response to the particles are sufficient to activate
the TLRs and PAMPS are not required, then noncognate TLRs
should contribute to the activity of particles with adherent
PAMPs. However, we found that particles with adherent LTA,
the TLR2 ligand, induce similar responses by wild type macro-
phages and macrophages lacking TLR4 (red and green bars in
Fig. 2B). Similarly, particles with adherent LPS, the TLR4
ligand, induce similar responses by wild type macrophages and
macrophages lacking TLR2 (red and blue bars in Fig. 3A). Thus,
alarmins produced in response to the particles are not sufficient
to activate either TLR2 or TLR4 in these cell cultures. Third, if
alarmins produced in response to the particles are sufficient to
activate the TLRs and PAMPs are not required, then polymyxin
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B, which binds and inactivates LPS (39 —41), should not affect
the biological activity of particles with adherent LPS. However,
we found that polymyxin B blocks the biological activity of par-
ticles with adherent LPS (Fig. 44). Thus, all three lines of evi-
dence argue against the hypothesis that alarmins are sufficient
for TLR activation during aseptic loosening (Hypothesis #2 in
Fig. 6) and instead support the hypothesis that PAMPs are
required for TLR activation during aseptic loosening (Hypoth-
esis #1 in Fig. 6).

Although our results argue against the hypothesis that
alarmins are sufficient to activate TLRs during aseptic loosen-
ing (Hypothesis #2 in Fig. 6), they do not exclude the possibility
that alarmins might act together with the PAMPs and TLRs
during aseptic loosening or that alarmins might contribute
to the osteolysis induced by the endotoxin-free particles that
was independent of TLR activation or to the residual osteol-
ysis that occurred in the TLR-deficient mice in response to
the particles with adherent bacterial debris (Fig. 14). One
potential mechanism is that alarmins might directly stimulate
post-translational processing of pro-IL-183 and pro-IL-18 by
the inflammasome (53). However, it has been demonstrated
recently that phagocytosis of a wide variety of types of particles
directly activates inflammasome processing by causing disrup-
tion of phagosomal membranes (21, 53-57). In those studies,
priming with soluble PAMPs was required to induce transcrip-
tion and translation and thereby generate the pro-cytokines to
be processed by the inflammasome. A possible exception to this
paradigm is that endotoxin-free monosodium urate crystals
have been reported to directly stimulate TLR2 and TLR4 (58).
However, other workers have reported conflicting data (59),
and a third group has reported intermediate results (60). Irre-
spective of whether monosodium urate crystals directly acti-
vate TLRs, orthopaedic wear particles with adherent PAMPs
may be able to perform both functions by stimulating TLR sig-
naling to induce transcription and translation and by activating
inflammasome processing. Indeed, one of the studies of phago-
somal disruption showed that LPS incorporation into the sur-
face of poly(lactic-co-glycolic acid) particles substantially
increased stimulation of IL-13 secretion (55). Although inflam-
masome processing was not examined in the current study, we
have previously shown that secretion of mature IL-18 is sub-
stantially increased by adherence of PAMPs to orthopaedic
wear particles and that this depends on TLR activation (16), and
other investigators have shown that stimulation of IL-13 secre-
tion by orthopaedic wear particles depends on inflammasome
processing (61, 62). An interesting variation on this model is
reflected in the recent demonstration that TLR2 is activated by
alkane polymers released into peri-prosthetic tissue by particles
of ultra high molecular weight polyethylene, whereas the ultra
high molecular weight polyethylene particles themselves dis-
rupt phagosomal membranes and thereby activate inflamma-
some processing (21, 63). Because ultra high molecular weight
polyethylene particles are the predominant type of particles in
most aseptic loosening patients (64), the released alkane poly-
mers may act together with bacterially derived PAMPs to acti-
vate TLRs in these patients.

Our results also demonstrate that the LPS accumulation
induced by implantation of endotoxin-free particles (14, 15) is
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not required for the osteolysis that occurs within 7 days in
murine calvaria because it is not reduced in mice that lack TLRs
(gray bars in Fig. 1A). Nonetheless, LPS accumulation may con-
tribute to osteolysis that occurs over a longer time frame, for
example in other animal models or in patients with aseptic
loosening.

In conclusion, this study demonstrated that TLR activation
by PAMPs such as LPS and LTA contributes to inflammatory
responses induced by orthopaedic wear particles in cell culture
and murine models of aseptic loosening of orthopaedic im-
plants. Future studies are needed to determine the relative
importance of PAMPs and TLR activation in patients with
aseptic loosening.
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