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Abstract
Cobalt alloy debris has been implicated as causative in the early failure of some designs of

current total joint implants. The ability of implant debris to cause excessive inflammation via

danger signaling (NLRP3 inflammasome) vs. pathogen associated pattern recognition

receptors (e.g. Toll-like receptors; TLRs) remains controversial. Recently, specific non-con-

served histidines on human TLR4 have been shown activated by cobalt and nickel ions in

solution. However, whether this TLR activation is directly or indirectly an effect of metals or

secondary endogenous alarmins (danger-associated molecular patterns, DAMPs) elicited

by danger signaling, remains unknown and contentious. Our study indicates that in both a

human macrophage cell line (THP-1) and primary human macrophages, as well as an in
vivomurine model of inflammatory osteolysis, that Cobalt-alloy particle induced NLRP3

inflammasome danger signaling inflammatory responses were highly dominant relative to

TLR4 activation, as measured respectively by IL-1β or TNF-α, IL-6, IL-10, tissue histology

and quantitative bone loss measurement. Despite the lack of metal binding histidines H456

and H458 in murine TLR4, murine calvaria challenge with Cobalt alloy particles induced sig-

nificant macrophage driven in vivo inflammation and bone loss inflammatory osteolysis,

whereas LPS calvaria challenge alone did not. Additionally, no significant increase (p<0.05)

in inflammation and inflammatory bone loss by LPS co-challenge with Cobalt vs. Cobalt

alone was evident, even at high levels of LPS (i.e. levels commiserate with hematogenous

levels in fatal sepsis, >500pg/mL). Therefore, not only do the results of this investigation

support Cobalt alloy danger signaling induced inflammation, but under normal homeostasis

low levels of hematogenous PAMPs (<2pg/mL) from Gram-negative bacteria, seem to have

negligible contribution to the danger signaling responses elicited by Cobalt alloy metal

implant debris. This suggests the unique nature of Cobalt alloy particle bioreactivity is strong
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enough to illicit danger signaling that secondarily activate concomitant TLR activation, and

may in part explain Cobalt particulate associated inflammatory and toxicity-like reactions of

specific orthopedic implants.

Introduction
Recent studies have shown Cobalt alloy implant debris are the central cause of unexpected early
failures associated with certain designs of metal-on-metal (MoM) hip joint replacements [1–3].
The pathophysiological reasons for this are different than the “normal” slow inflammatory failure
of implants over their expected 15–20 years of use. It is well established that over the long term
(>15 years) particulate plastic and metal debris cause implant failure by inducing a subtle but
persistent innate macrophage inflammatory responses (i.e. granulomas) that slowly invades the
bone-implant interface, leading to bone resorption and eventual painful loosening of the implant
[4–7]. This slow inflammatory response is attributed primarily to monocyte/macrophage reactiv-
ity to phagocytosed particles. Previous reports show the NLRP3 inflammasome danger signaling
pathway plays a central role as a sensor and transducer of stress and danger signals (Danger asso-
ciated molecular patterns, DAMPs) into inflammatory signals in the cytosol of antigen present-
ing cells (APCs) after contact with certain non-biological challenge agents such as alum, asbestos
and implant debris [6;8–13]. Previous in vitro and in vivo studies of cobalt ions have shown tox-
icity responses occur at relatively low concentrations<1mM [3;6;14]. Cobalt alloy debris has
been established to elicit inflammasome danger signaling, a mechanism central to innate mono-
cytes/macrophage based pro-inflammatory responses (i.e. from initial lysosomal destabilization
and NADPH oxidase induction of ROS, to NLRP3-ASC olgiomerization, and Caspase-1 conver-
sion of pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18, respectively) [9;13;15]. However, the
relative degree to which PAMP associated Toll-like receptor (TLR) signaling is directly or indi-
rectly capable of potentiating Cobalt related inflammasomemediated inflammation has not been
established for this highly reactive type of implant debris.

Prototypical PAMPs produced by Gram-negative (i.e. lipopolysaccaride, LPS) bacteria are recog-
nized by cell surface TLR4 [16]. The role of TLRs in regulating immune reactivity to implant debris
remains controversial in general and unknown for particulate Cobalt alloy debris in the submicron
to micron size range. Previous studies have shown that soluble (ionic) metal challenge (e.g. Nickel
ions) can cause TLR4 activation that is dependent on human TLR4 histidine pocket residues H456
and H458 [17]. Some reports show both Nickel and Cobalt ions challenge can facilitate TLR4
homodimerization independent of MD2 [18] while others show evidence of MD2 dependence in
metal ion TLR4 activation [19]. It has also been reported that metal particulate implant debris may
be insufficient to activate TLRs [20;21] of macrophages/histiocytes in peri-prosthetic tissues [22;23].

However, these past investigations do not examine the relative activation of inflammasome
danger signaling vs. TLR4 activation vs. others, given it has also been shown that the concen-
trations of metal used in these previous studies (>0.5mM) are potent inflammasome activators
[6;24]. To further confuse the issue, recent studies have shown that activation of danger signal-
ing by DAMPs can induce the release of endogenous stress signals (such as High mobility
group box 1 protein and heat shock protein 60) that can activate the TLR4 pathway [25–31].
This calls into question whether past reports of metal activated TLR’s do so directly or indi-
rectly through endogenous danger signaling induced stress signals. Thus, distinguishing
between which mechanism(s) dominates at clinically relevant challenge concentrations are
critical to understanding cobalt induced inflammation/pathogenesis. This distinction is impor-
tant for mitigating implant debris immune reactivity, given inhibition of PAMP signaling
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through TLR4 has been put forward as a means to combat debris induced inflammation and
aseptic osteolysis [20;21]. However, the relative degree to which interfering with TLR4 activa-
tion vs. NLRP3 inflammasome reactivity to inhibit reactivity to implant debris remains
unknown. It is unclear if pharmacologic blocking of TLRs would be effective target(s) to miti-
gate implant debris induced inflammation/osteolysis.

Does TLR activation dominate Cobalt-alloy particulate induced inflammation/pathology as
compared to NLRP3 inflammasome? To determine if TLR activation due to Cobalt alloy particles
dominate subsequent inflammation and inflammatory bone loss, clinically relevant Cobalt alloy
particulate debris either alone or combined with LPS (TLR4 ligand) were used as challenge agents
with: 1) a human monocyte/macrophage cell line (THP-1), 2) primary humanmonocytes/mac-
rophages and 3) an established mouse calvaria model of inflammatory bone loss (murine TLR4
lacks human histidine residues associated with soluble metal -TLR binding [17]). Cobalt alloy
and LPS testing was conducted under both normal, inflammasome inhibited and TLR4 inhibited
conditions (i.e. neutralizing antibodies to TLR4), while measuring downstream DAMP and
PAMP inflammation in vitro (IL-1β and TNF-α) and inflammatory bone loss in vivo.

Materials and Methods

Ethics Statement
This study and consent process received approval from the Rush University Institutional
Review Board (10052606-IRB01-CR02). Participants provided their written consent to partici-
pate in this study. All participants were 18 years of age or older.

Animal Research: C57BL/6 male mice (12 weeks old) were purchased from the Jackson Lab-
oratory (Bar Harbor, Maine) and kept under pathogen-free conditions. All experiments were
carried out under the guidelines of the Institutional Animal Care and Use committee at Rush
University Medical Center. The protocol was approved by the committee on the Ethics of Ani-
mal Experiments of Rush University Medical Center (IACUC Number: 13–065) and all in our
study was conducted adhering to the institution’s guidelines for animal husbandry, and fol-
lowed the guidelines and basic principals in the Public Health Service Policy on Humane Care
and Use of Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals,
United States Institute of Laboratory Animal Resources, National Research Council. All efforts
were made to minimize suffering; all manipulations were performed under medetomidine/
ketamine anesthesia and mice were sacrificed by cervical dislocation after anesthesia.

Media and Challenge Agents
Human monocyte cell line THP-1 (ATCC) were cultured with RPMI 1640 supplemented with
L-Glutamine, Penicillin, Streptomycin, 25 mMHepes (Lonza, Walkersville, MD USA) and
10% heat inactivated fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT). Human pri-
mary monocytes/macrophages were cultured in RPMI 1640 supplemented with L-Glutamine,
Penicillin, Streptomycin, 25 mMHepes and 10% heat inactivated autologous serum.

LPS (TLR4 positive control), PAb Control (control isotype) and PAb-hTLR4 (polyclonal anti-
body to human TLR4), Z-VAD-FMK (inhibitor of caspase-1 activation in NLRP3 induced cells)
(InvivoGen), and selective lysosomal Cathepsin-B inhibitor (CA-074-Me) (Sigma-Aldrich) were
used in challenged monocytes/macrophages. The mean particle sizes of Cobalt-alloy (Cobalt-
alloy, approx 60%Co, 28%Cr,<6%Molybdenum,<1%Nickel, ASTM F75) particles were charac-
terized by using low angle laser light scattering (LALLS) and Scanning Electron Microscopy
(SEM). Cobalt-alloy particles had a mean diameter of 0.88 μm diameter ECD (>95% less than
2μm,>80% less than 1 μm, range 0.2–11μm diameter ECD, BioEngineering Solutions Inc., Oak
Park, IL). This size of particulate debris has been shown to be clinically relevant and able to
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induce inflammatory responses in innate immune cells [6;32]. Subsequent to characterization,
particles were cleaned, sterilized, and tested for endotoxin levels before use in experiments
(<0.01 eU, Kinetic QCL, Bioengineering Solutions Inc, Oak Park, IL). Challenge concentrations
were previously determined to be non-toxic after 24 hours of challenge [6;33].

Cell Purification
Blood samples were obtained intravenously from healthy volunteers (n = 5) under Rush Uni-
versity IRB-approved informed consent. Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized whole blood from donors by Ficol gradient separation. Human
peripheral blood CD14+ monocytes were subsequently purified from the collected buffy coats
(PBMCs fraction) using EasySep magnet according to the manufacturer’s instructions for Easy-
Sep Human CD14 Positive Selection Kit (Stemcell Technologies Cat. Number 18058).

Cell Culture and Blocking Experiments
Trypan Blue Stain exclusion method was performed to determine cell viability over 90% for all
experiments and cells were subsequently plated in 48-well plates/0.5mL/well. Human THP-1
monocytes and isolated human primary monocytes were differentiated into macrophages by
culturing 2.0×105 monocytes in 48 well plates with either phorbol ester (TPA 200nM) or
MCSF (50ng/mL) respectively, for 18–24 hours and then washed and rested for 24 hours prior
to metal challenge (as determined previously to yield maximal inflammasome monocyte/mac-
rophage responses)[6;33]. Newly differentiated macrophages were challenged with TLR4 LPS
and/or with cobalt-alloy particles for 20 hours at 37°C 5% CO2. Supernatants were subse-
quently analyzed for mature IL-1β, TNF-α, IL-6 and IL-10 production. PAb Control (proper
control for use with PAb-hTLR4), PAb-hTLR4 at 4 ug/mL were added with THP-1 cells and
human primary monocytes/macrophages one hour prior to challenge as a control isotype or to
neutralize human TLR4-induced cellular activation, respectively. Cathepsin-B inhibitor
(10uM) or ZVAD-FMK (20uM) was added to THP-1 cells or human primary monocytes/mac-
rophages one hour prior to challenge to block the effects of cytosolic lysosomal Cathepsin-B on
NLRP3 activation or caspase-1 activation respectively [11;24].

Mouse cell culture: Thioglycollate-induced peritoneal macrophages were obtained 4 days
after an intraperitoneal injection of 1 ml 3% thioglycollate medium in male wild- type C57BL/
6. Cells were harvested by flushing the peritoneal cavity with 10 ml ice-cold sterile PBS. Cells
were seeded on tissue culture plates at a density of 1X106 cells/well in 24-wells plates. Cells
were cultured in complete RPMI-1640 medium. After 3 h adhesion, non-adherent cells were
removed and the remaining peritoneal macrophages were analyzed for cytokine production
after 24 h of challenge agents (performed in triplicate).

ELISA
Sandwich ELISAs for human IL-1β, TNF-α, IL-6 and IL-10 were used to detect challenged THP-
1 and human primary cells using manufacturer’s instructions (R&D systems). Sandwich ELISAs
for mouse IL-1β and TNF-α were used to detect challenged isolated peritoneal macrophages
using manufacturer’s instructions (R&D systems). Graphical data is shown as the mean concen-
tration of cytokines (+SEM) of three independent experiments, each performed in triplicate.

Confocal Microscopy
THP-1 monocytes (ATCC) were cultured in RPMI-1640 10% fetal bovine serum (FBS)
(Hyclone Laboratories, Inc) and differentiated into macrophages by culturing 5.0 × 105 in glass
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chamber slide with phorbol ester (TPA) for 18–24 hrs. Differentiated THP-1 macrophages
challenged with Cobalt alloy particles and incubated at 37°C for 4 hrs with 15μg/ml DQ Oval-
bumin (Invitrogen) and were subsequently fixed with histochoice, washed with PBS, mounted
(vectasheild) prior to confocal imaging (Zeiss LSM 510, 488nm).

Calvarial Osteolysis Model
All in vivo murine studies performed were approved by Rush University Institutional Ani-
mal Care Committee. Wild type male mice C57BL/6 were obtained from Jackson Laborato-
ries (Bar Harbor, ME). 12 week old male C57BL/6 mice were shaved prior to calvaria
surgery, and the area was sterilized with 70% ethanol and iodine. Mice were then treated
with one of 4 regimens (a) sham-surgery (sterile PBS), (b) 5 μg/mL LPS TLR4 agonist, (c)
Cobalt-alloy particles at a dose 2 mg/mouse calvaria (d) Cobalt-alloy particles + LPS. Cal-
varia were dosed with 2 mg of Cobalt-alloy particles by making a midline sagittal incision
over the calvaria, exposing the intact periosteum. MicroCT and Osteolysis Analysis: 3D-CT
was performed with an isometric resolution of 9 um. Areal osteolysis was determined at 10
days post-op by scanning isolated calvaria in a Scanco40 (ScanCo Medical, Basserdorf, Swit-
zerland) transferred to an Amira 5.2 (TGS, Mercury Computer Systems, Inc., San Diego,
CA) then image analyzed using ImageJ for % osteolysis within a circular control volume of
approx 1cm located medially (reported as the means of n = 5 mice per group with SEM of
one individual experiment).

Tissue Histology
Wild-type calvaria were removed and fixed in 4% paraformaldehyde for 48 hours, followed by
decalcifying in 10% EDTA for 4 days and paraffin embedding. Sections (5 mm) were cut and
H&E staining was performed. Photomicrographs were taken at an original magnification of
×100 or ×400. Inflammatory infiltration in midsaggital suture areas was quantified from five
images per animal with SigmaScan Pro Image analysis version 5.0.0 software.

Four-micrometer thick sections of calvaria were collected at the depth at which the presence
of particles was detected within the calvarial tissue. The sections were mounted on glass slides
and subsequently HE staining was performed. HE-stained specimens were photographed digi-
tally using a standard high-quality light microscope (Leica, Wetzlar, Germany). The image was
oriented with the midline suture in the middle of the field. The sections were coded and
blinded prior to analysis. Histomorphometric measurements were performed with the image
analysis software Aperio1 (LeicaTM, Wetzlar, Germany).

Statistical Analysis
Comparison of two groups was performed using Students t test. The comparison of more
than two data sets was performed using one-way ANOVA, using the Prism 6.0 program
(GraphPad, San Diego, CA). Statistical difference was considered significant at p < 0.05.
Note: �/�� in graphical figures represents statistical significance of challenged group to
respective control.

Results

TLR4 agonist and Cobalt-alloy particles induce THP-1 macrophage
dose responses of IL-1β and TNF-α
Dose responses were assessed using a human macrophage (THP-1) cell line with increasing
concentrations of LPS and Cobalt-alloy particles (increasing particle:cell ratio). Both IL-1β and
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TNF-α secretion were measured 20 hours post exposure. Both challenge agents induced con-
centration-dependent secretion of IL-1β and TNF-α in THP-1 cells (Fig 1). Although IL-1β
secretion in response to TLR4 ligand LPS, demonstrated maximal response at 50ng/mL (Fig
1A). While, TNF-α response to LPS challenge was the most significant at the highest concen-
tration 500ng/mL (Fig 1B). All further in vitro experiments using TLR4 ligand LPS were per-
formed however, at standard concentration of 100ng/mL.

A similar concentration-dependent response was observed for Cobalt-alloy induced IL-1β
and TNF-α production in THP-1 macrophages (Fig 1C and 1D). TNF-α secretion however,
peaked at a dose of 5:1 (particle:cell). Accordingly, all further in vitro experiments were per-
formed with this specific Cobalt-alloy particle to cell ratio. Cobalt-alloy particles independent
of PAMP challenge were able to induce macrophage activation (i.e. without addition of LPS)
and doses of particles greater than 5 particles per cell induced less responses, consistent with
previously reported toxicity responses [6;33]. However, Cobalt alloy particle induced inflam-
matory responses as determined by IL-1β and TNF-α secretion in vitro were not as pro-inflam-
matory relative to TLR4 PAMP agonist despite high levels of PAMP agonist (LPS) used at
levels corresponding to sepsis (>500pg/mL) [34;35] (Fig 1). This demonstrates that a distinct
TLR agonist (LPS) as well as sterile Cobalt-alloy particles can each independently trigger pro-
inflammatory cytokine release in THP-1 human macrophages in a dose response manner.

TLR4 agonist LPS and Cobalt-alloy particles in THP-1 Macrophages induce significantly
elevated secretion of IL-1β, TNF-α and IL-10, while only Cobalt particles significantly increase
IL-1β without concomitant IL-10 increase.

THP-1 differentiated macrophages were challenged with Cobalt-alloy particles alone (parti-
cles:cell = 5:1), Cobalt-alloy/LPS+ and LPS (100ng/mL) for 20 hours. All challenge agents sig-
nificantly increased inflammasome mediated IL-1β levels in THP-1 macrophages (Fig 2A).

Fig 1. TLR4 LPS and Cobalt-alloy particles induce THP-1 macrophage secretion of IL-1β and TNF-α in
a dose dependant manner. IL-1β and TNF-α cytokine production was assessed after THP-1 differentiated
macrophages were challenged with (A-B) increasing concentrations of TLR4 agonist LPS and (C-D)
increasing dose of Cobalt-alloy (particles to cells ratio) for 20 h and was quantified by ELISA. Cobalt induced
significantly less IL-1β and TNF-α than TLR agonist LPS. Note: * indicates p<0.05 respective to control and
** represents significance at p<0.01 respective to 0ng/mL.

doi:10.1371/journal.pone.0160141.g001
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However, Cobalt alloy did not significantly increase TNF-α production (Fig 2B). The dual
challenge of Cobalt-alloy/LPS+ significantly increased both IL-1β and TNF-α production
above that of Cobalt-alloy implant debris alone, but was not significantly above LPS alone
(100ng/mL). IL-10 was significantly increased to both Cobalt-alloy/LPS+ and LPS (Fig 2C). In
contrast, Cobalt particle challenge did not significantly affect IL-10 release. Inflammasome
activation by Cobalt alloy particles due to lysosomal destabilization was supported when
observed in THP-1 macrophages challenged for 4 hrs with Cobalt particles and incubated with
DQ ovalbumin simultaneously. Cobalt alloy particles in THP-1 cells demonstrated lysosomal
destabilization as indicated by large diffuse pools of DQ ovalbumin fluorescence co-localized
with Cobalt alloy particles (Fig 2D). This data shows that phagocytosed Cobalt particles
resulted in lysosomal destabilization, that in turn likely activates the inflammasome, as demon-
strated by the significant increase of IL-1β levels, consistent with previous reports [11;24].

Fig 2. TLR4 agonist LPS and Cobalt-alloy particles in THP-1 Macrophages induce significantly elevated secretion of
IL-1β, TNF-α and IL-10, while only Cobalt particles significantly increase IL-1βwithout concomitant IL-10 increase. (A)
IL-1β (B) TNF-α (C) and IL-10 cytokine production was assessed after THP-1 differentiated macrophages were challenged
with Cobalt-alloy particles (particles:cell = 5:1), Cobalt-alloy/LPS+, and LPS (100ng/mL) for 20 h and was quantified by
ELISA. (D) THP-1 macrophages were challenged with Co-alloy particles and incubated with 15μg/ml DQ ovalbumin
simultaneously for 4 hrs and subsequently were fixed and evaluated for the presence of large pools of dispersed DQ
ovalbumin fluorescence co-localized with particles, indicative of lysosomal destabilization. Note: * p<0.05 compared to
control macrophages.

doi:10.1371/journal.pone.0160141.g002
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These data support the contention that Cobalt-alloy particles alone induce an immune
response via NLRP3 inflammasome dependent mechanism, not TLR4 signaling pathway,
unless complexed with LPS.

Blocking inflammasome danger signaling was more effective than
attempts to block TLR4 in both THP-1 human monocytes and
macrophages challenged with Cobalt-alloy particles
Endotoxin free Cobalt-alloy particles and Cobalt-alloy particles complexed with TLR4 LPS
(Cobalt-alloy/LPS+) significantly induced IL-1β and TNF-α secretion in both THP-1 differen-
tiated macrophages (Fig 3A and 3B) and monocytes (Fig 3C and 3D) when compared with
isotype control antibody challenge (PAb control;�p<0.05). Because Cobalt ions have been
shown to disrupt maturation of monocytes[36], a total of 48 hours of differentiation was used
(24 hrs with TPA and 24 hours rest) prior to addition of metal challenge. A known potent
inflammasome inhibitor, Cathepsin-B inhibitor significantly decreased IL-1β (�p<0.05 com-
pared to respective PAb control and PAb TLR4 treated THP-1 cells; Fig 3A and 3C) in
response to Cobalt alloy challenge agents. Moreover, the Cathepsin-B inhibitor was signifi-
cantly more effective in attenuating IL-1β to Cobalt-alloy and Cobalt-alloy/LPS+ challenge
compared to PAb TLR4 treated THP-1 human macrophages (Fig 3A). In contrast to IL-1β pro-
duction, TNF-α increases were relatively unaffected by blocking with Cathepsin-B inhibitor or
PAb TLR4 for Cobalt or Cobalt/LPS+ treated cells (Fig 3B), suggesting Cobalt-induced endoge-
nous danger signals may activate a TLR4 related NFκB pathway without extracellular TLR4
activation or, alternatively, that Cobalt may activate TLR4 receptors in a manner circumvent-
ing PAb TLR4 blocking. However, this latter case is less likely given the significantly increased
TNF-α response to LPS over that of Cobalt alloy alone or Cobalt/LPS+ and is less likely given
the result of similar testing in undifferentiated monocytes.

Undifferentiated THP-1 monocytes produced significantly increased IL-1β and TNF-α pro-
duction in response to all challenge agents (Fig 3C and 3D). Surprisingly, PAb TLR4 treatment
augmented IL-1β responses of monocytes to all challenge agents except LPS alone (i.e. Cobalt-
alloy particles and Cobalt-alloy/LPS+; Fig 3C). It is not known why the PAbTLR4 acted to
increase IL-1β and not TNF-α when Cobalt-challenged alone or with LPS. THP-1 monocytes
do not readily possess phagocytosis abilities, especially when compared with differentiated
THP-1 cells[37]. The Cobalt-PAbTLR4 stimulatory effect was limited to danger signaling type
activity (IL-1β) and not TLR related NFĸB/TNF-α. There are several possibilities for this. It
may be related to 1) changes in altered propensity for lysosome destabilization/phagocytosis
(i.e. ability to internalize particles), or 2) could be due to the ease with which stored IL-1β in
monocyte vesicles can be released or 3) could be related to a more complex ability of metals to
bind PAbTLR and gain entry to the cell. These possibilities are speculative and require further
investigation that is currently beyond the scope of this work.

Cobalt induced endogenous DAMP activation of the TLR4 related NFκB pathway, was sup-
ported by Cathepsin-B inhibitor strongly decreasing both IL-1β and TNF-α secretion (Fig 3C and
3D) to Cobalt-alloy particles and Cobalt-alloy/LPS+ challenge (compared to PAb TLR4). Overall,
THP-1 monocytes were a magnitude less inflammatory compared differentiated THP-1 macro-
phages at 20 hours (as assessed by only IL-1β levels, Fig 3). While LPS induced TNF-α release was
an order of magnitude greater in differentiated THP-1s when compared to THPmonocytes. This
was not the case for Cobalt induced TNF-α (where levels were not differentiation dependent) and
thus, suggests a different mechanism of TNF-α release than LPS (TLR4). Collectively, these data
indicate that innate monocyte/macrophage reactivity to implant debris is dominated by inflamma-
some activation as evidenced by the potent inhibitory effect of Cathepsin-B on IL-1β production.
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This argument is strengthened when comparing the relative inhibition of Cathepsin-B to neutraliz-
ing antibodies to TLR4 (despite the possibility of in-efficacious blocking of TLR4 to Cobalt alloy
via PAb TLR4). Moreover, endotoxin free particles were sufficient for THP-1 macrophage activa-
tion alone or when co-challenged with PAMP ligand of TLR4.

Fig 3. Blocking inflammasome danger signaling wasmore effective than attempts to block TLR4 in both THP-1 humanmonocytes and
differentiated macrophages challenged with Cobalt-alloy particles. IL-1β and TNF-αwas assessed after (A-B) THP-1 differentiated macrophages
and (C-D) THP-1 monocytes were challenged with Cobalt-alloy particles (particles:cell = 5:1), Cobalt-alloy/LPS+, and LPS in the presence of either PAb
isotype matched control antibody (4μg/mL), PAb-hTLR4 (4μg/mL), or Cathepsin-B inhibitor (10uM) for 20 hours. Cathepsin B danger signal
(inflammasome) blocking for Cobalt alloy [6] significantly decreased IL-1β responses to all challenges, more than TLR blocking in both macrophages
(A-B) and monocytes (C-D). Note: */** p<0.05 to each treatment groups respective control values

doi:10.1371/journal.pone.0160141.g003
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Biological responses to Cobalt-alloy particles in human primary
differentiated macrophages induce significantly elevated secretion of
both pro and anti-inflammatory cytokines, only when combined with LPS
We challenged human primary differentiated macrophages (n = 4) for 20 h and subsequently
measured protein secretion of IL-1β, TNF-α, IL-6 and a key anti-inflammatory cytokine IL-10
(Fig 4). Both IL-1β and TNF-α were significantly elevated in response to only Cobalt-alloy par-
ticles (Fig 4A and 4B). In contrast, IL-6 and IL-10 were non-significantly increased, with levels
similar to that of control (non-stimulated cells; Fig 4C and 4D). While the greatest increase in
pro-inflammatory cytokines IL-1β, TNF-α and IL-6 was observed in response to the combined
challenge of Cobalt particles with TLR4 LPS, Cobalt-alloy/LPS+, demonstrating a synergistic
effect (i.e. greater than additive) of this dual challenge. However, only LPS challenge alone
induced the anti-inflammatory cytokine IL-10, even over combined Cobalt-alloy/LPS+ human
primary macrophages (Fig 4D). These results demonstrate that pleiotropic responses of
Cobalt-alloy particles (vs. TLR4 agonist LPS) that significantly induce both IL-1β and TNF-α
in human primary macrophages, but fail to induce NFκB dependent IL-6 and IL-10. The com-
bined indication of synergistic responses when Cobalt particles and LPS are combined along
with the absence of IL-10 upon Cobalt only exposure, both support a differential mechanism of
activation and provide further support for separate inflammasome dominated activation by
Cobalt implant debris (NLRP3 inflammasome vs. TLR4 pathway).

Blocking TLR4 does not significantly decrease IL-1β and TNF-α
response of human primary monocyte/macrophages to Cobalt-alloy
particles
TLR activation has been previously shown to prime the activation of NLRP3 through the
induction of NLRP3 expression in macrophages [38–40]. Thus, if Cobalt alloy particles were
activating both NLRP3 and TLR4, inhibition of TLR4 would likely dramatically decrease IL-1β
production, whereas the downstream inhibitor of inflammasome activation ZVAD-FMK sig-
nificantly reduced IL-1β levels by 80% (Fig 5A). The addition of PAb TLR4 non-significantly
reduced the levels of IL-1β response to Cobalt-alloy (Fig 5A). However, the addition of TLR4

Fig 4. Biological responses to Cobalt-alloy particles in human primary differentiated macrophages induce significantly elevated secretion of
both pro and anti-inflammatory cytokines, only when combined with known TLR4 agonist LPS. (A) IL-1β (B) TNF-α (C) IL-6 and (D) IL-10
cytokine production was assessed after human primary differentiated macrophages (n = 4) were challenged for 20 h with Cobalt-alloy particles
(particles:cell = 5:1), Cobalt-alloy/LPS+, and LPS. Note: ** p<0.05 to each treatment groups respective control values.

doi:10.1371/journal.pone.0160141.g004
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neutralizing antibody failed to reduce TNF-α production to Cobalt-alloy particles alone,
instead, TNF-α levels were augmented (Fig 5B); indicating down-stream blocking of Cobalt
alloy induced lysosomal destabilization etc and subsequent danger signaling may not effectively
mitigate endogenous danger signaling of NFκB activity and subsequent TNF-α production.

An in vivo murine calvarial model of particle-induced osteolysis
demonstrates Cobalt-alloy particulate can induce significant
inflammatory bone loss, independent of TLR4 activation
A previously established mouse calvarial model of osteolysis [41;42], was used to asses inflam-
matory bone loss caused by Cobalt-alloy particles +/- LPS implanted in WT (C57BL/6) 12
week old male mice over the calvarial surface. At 10 days post-treatment, calvaria were
retrieved and analyzed for bone resorption by both histology and quantitative microCT. Histo-
logical evaluation (H&E staining) of the murine calvaria of tissue proximal to particle place-
ment showed the potential of Cobalt particles to induce an inflammatory panus and the
potential of this panus to invade the bone interface (Fig 6). Histological 2D analysis also
showed that Cobalt-alloy/LPS+ resulted in the greatest inflammatory/osteolytic effect as mea-
sured by the thickness of the remaining peri-implantation calvarial bone, which was 54.85 um
across in comparison to control bone at 193.8 um, Cobalt-alloy particles at 101.8 um (Fig 7).
Quantitative uCT analysis demonstrated that Cobalt-alloy particles alone were sufficient to
elicit a potent bone resorbing inflammatory tissue (Fig 8A and 8B).Moreover, TLR4 LPS at a
high concentration alone (LPS at 5 μg/mL), had minimal effect and exhibited non-significantly
increased bone resorption (compared to control, i.e. PBS only) in WT mice (Fig 8). In contrast,
both Cobalt-alloy particles and Cobalt-alloy/LPS+ induced significantly greater bone resorp-
tion when compared to saline challenged control groups (Fig 8). Mice lack histidine pocket res-
idues H456 and H458 in their TLR4 responsible for binding soluble Cobalt [17], thus, resultant
inflammatory bone loss due to Cobalt particles alone were not attributable to TLR4 binding,
and further demonstrated the dramatic potential of Cobalt alloy particles on the

Fig 5. Blocking TLR4 does not significantly decrease IL-1β and TNF-α response of human primary monocyte/macrophages to
Cobalt-alloy particles. (A) IL-1β and (B) TNF-α secreted by human primary monocytes/macrophages (n = 5) challenged with Cobalt-alloy
particles (particles:cell = 5:1), LPS or Alum (NLRP3 inflammasome activator) for 20 h, with or without ZVAD-FMK (caspase-1 inhibitor) or PAb
TLR4 antibody and was quantified by ELISA. Cytokine levels with use of PAb TLR4 are represented as percent increase as compared to
respective control cells and averaged as a group. Note: * p<0.05 to each treatment groups respective control values.

doi:10.1371/journal.pone.0160141.g005
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pathophysiology of inflammatory osteolysis independent of TLR4 activation. Although,
Cobalt-alloy/LPS+ induced the most bone loss with 5 fold increase over controls (25% osteoly-
sis), it was non-significantly greater compared to Cobalt-alloy alone (Fig 8), further mitigating
the in vivo role of TLR4 in the pathophysiology of Cobalt induced osteolysis.

Similar results were also observed using murine peritoneal macrophages challenged with
Cobalt-alloy particles (particles:cell = 5:1), Cobalt-alloy/LPS+ and LPS (100ng/mL) for 20 h
using IL-1β and TNF-α production as outcome measures (Fig 8C). Cobalt-alloy particles sig-
nificantly induced pro-inflammatory responses. Cobalt-alloy/LPS+ synergistically increased
IL-1β compared to either Cobalt particles or LPS challenge alone but not TNF-α. Despite the
previous contention that both Nickel and Cobalt ions do not activate murine TLR4 (due to
lack in histidine residues), our data reveals that Cobalt alloy particles are independently capable
of inducing a potent inflammatory and osteolytic effect and that the addition of LPS does not
significantly augment this response compared to Cobalt particles alone. Therefore, the in vivo
murine data indicates that TLR4 signaling pathway is not likely the dominant mechanism by

Fig 6. Hematoxylin and eosin staining of C57BL/6 mouse calvarial tissue and bone thickness 10 d post-op
that either received (n = 1/5 represented per group): (A) sham-surgery (sterile PBS), showing no signs of
inflammation or significant osteolysis with remaining bone thickness at 193.8 um or (B) 2 mg/mouse calvaria
of endotoxin-free Cobalt-alloy particles, with inflammatory infiltrate into the calvarial bone identified by arrows
and osteolysis with remaining bone thickness at 101.8 um.

doi:10.1371/journal.pone.0160141.g006
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which Cobalt alloy particles exert their proinflammatory effects, but rather it is NLRP3 inflam-
masome produced IL-1β, as IL-1β and not TNF-α was associated with inflammatory bone loss.

Discussion
Our results indicate that Cobalt alloy implant debris alone or complexed with clinically
extreme levels of the TLR4 ligand LPS, do not preferentially activate TLR4 induced inflamma-
tion compared to NLRP3 inflammasome danger signaling (IL-1β). Blocking TLR4 did not
effectively decrease the inflammatory response of human monocytes/macrophages when chal-
lenged with Cobalt alloy, as would be expected if cobalt particles primarily induced TLR stimu-
lation. Instead, blocking of the inflammasome pathway (via both Cathepsin B inhibitor and
ZVAD-FMK) was highly effective in suppressing innate monocytes/macrophage inflammatory
mediated responses to Cobalt alloy challenge. These responses to Cobalt alloy challenge differs
from other types of implant debris (e.g. Polymers and Titanium) which have demonstrated
TLR4 LPS has the capability to aggravate the inflammatory response when LPS dosed in vitro
and in vivo at levels equivalent or greater than that associated with fatal sepsis [20;34;35;43].
But clinical applicability of using extremely high levels of endotoxin (commiserate or greater
than that associated with sepsis) may not best indicate the primary mechanisms of inflamma-
tion at clinically more relevant levels of hematogenous endotoxin contamination.

Fig 7. Hematoxylin and eosin staining of C57BL/6 mouse calvarial tissue and bone thickness 10 d post-op
that either received (n = 1/5 represented per group): (A) sham-surgery (sterile PBS), (B) 2 mg/mouse calvaria
of endotoxin-free Cobalt-alloy particles, (C) 5 μg/mL LPS or (D) Cobalt-alloy/LPS+. Measurements represent
remaining bone thickness.

doi:10.1371/journal.pone.0160141.g007
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Purportedly, to produce substantial amounts of IL-1β in vitro, monocytes/macrophages
need to be primed with an initial PAMP stimulus, such as LPS, to generate accumulation of
pro-IL-1β [44]. We and others have demonstrated that endotoxin free Cobalt and Titanium
alloy metals can induce IL-1β release in the absence of PAMP-TLR stimulation. Therefore,
metal debris as DAMP mediators alone, are sufficient to induce in vivo aseptic inflammatory
responses and osteolysis [21;45;46]. Additionally, TLR4 LPS co-challenge failed to illicit signifi-
cantly different responses from Cobalt alloy alone in our murine osteolysis model; further indi-
cating Cobalt alloy as potent inflammatory activator independent of known mechanisms of
Cobalt-TLR4 PAMPs binding.

Past investigation has shown that lysosomal destabilization is a critical process for Cobalt
alloy activation of NLRP3 inflammasome [6]. Cobalt debris induces lysosomal damage with
leakage of Cathepsin-B protease that leads to the activation of NLRP3 inflammasome and sub-
sequent IL-1β secretion [46]. To clearly determine if this specific intracellular phenomenon has

Fig 8. An in vivo murine calvarial model of particle-induced osteolysis demonstrates Cobalt-alloy debris co-
challenge with TLR4 induces osteolysis but not more than Cobalt alloy alone. C57BL/6 12 wk old male mice either
received (n = 5 per group): (1) sham-surgery (sterile PBS), (2) 2 mg/mouse calvaria of endotoxin-free Cobalt-alloy particles,
(3) 5 μg/mL LPS or (4) Cobalt-alloy/LPS+. 10 days later, calvaria were retrieved and analyzed by microCT. (A)
Representative images (n = 1/5) and (B) Graphical representation of the percentage decrease in bone thickness relative to
sham controls (average of n = 5 per group). (C) IL-1β and TNF-α cytokine production by isolated peritoneal male C57BL/6
macrophages after 20 h of in vitro challenge (performed in triplicate). Note: * p<0.05.

doi:10.1371/journal.pone.0160141.g008
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a dominant role in an immune response to Cobalt implant debris in combination with TLR4
ligand LPS, we inhibited a key lysosomal protease Cathepsin-B in human THP-1 macrophages
and monocytes. We found blocking this lysosomal protease demonstrated significantly reduced
IL-1β production to both challenge with Cobalt alloy alone and Cobalt alloy with LPS. Addi-
tionally, inhibiting the inflammasome pathway via ZVAD-FMK (inhibit caspase-1) was highly
effective in mitigating Cobalt particle inflammasome mediated IL-1β. In contrast, TLR4 inhibi-
tion was non-effective in comparison to inflammasome specific blocking, given it did not sig-
nificantly decrease IL-1β or TNF-α responses to Cobalt alloy challenge, in primary human
monocytes/macrophages. That TNF-α production was increased by use of both ZVAD-FMK
and PAb TLR4 with Cobalt alloy indicates that NLRP3 inflammasome and NFκB pathway are
not mutually exclusive, and that there is complexity of cross-talk between the two signaling
pathways and that more upstream blocking from NLRP3, such as inhibiting lysosomal Cathep-
sin B, more effectively decreases cross reactivity with the NFκB pathway and may be a potential
strategy to mitigate particle induced inflammatory osteolysis.

IL-10 is a potent anti-inflammatory cytokine that limits excessive inflammation and pro-
motes endotoxin LPS clearance in macrophages [47;48]. It has also been shown that chronic
stimulation of both TLR2 and TLR4, induces IL-10 production that in turn negatively regulates
NLRP3 inflammasome activation and mediated IL-1β secretion to circumvent overt inflamma-
tion[49]. Therefore, if Cobalt alloy induced TLR stimulation, then significantly increased levels
of IL-10 secretion would also be expected, as was observed with LPS challenge. However, IL-10
was not significantly elevated in response to Cobalt alloy challenge. Collectively, these results
further support our hypothesis that innate immune mediated inflammatory responses to
Cobalt alloy is primarily danger signal mediated (NLRP3 inflammasome) when compared to
TLR4 receptor activation.

Additionally, Cobalt alloy was able to induce extreme inflammatory bone loss in vivo despite
the fact that murine TLR4 does not possess the histidine residues that have been previously
reported to bind Nickel and Cobalt ions by human TLR4 [17;18;50]. And while Cobalt-alloy
particles alone were able to induce inflammatory osteolysis in vivo, LPS alone was not. Micro-
CT and histological analysis of the calvaria tissue proximal to Cobalt challenge alone or when
combined with LPS, showed similar degrees of inflammatory bone loss and tissue invading the
bone and causing osteolysis. These in vivo findings are consistent with our in vitro observations
and indicate that Cobalt-alloy implant debris act as a highly potent danger signal acting
through the inflammasome pathway to produce IL-1β and that this DAMP alone is sufficient
to cause inflammatory osteolysis. Previous in vivo studies of polymeric particle induced inflam-
matory osteolysis, also indicated that DAMP induced danger signaling alone was able to induce
inflammatory osteolysis, where Caspase-1 (critical to inflammasome activation) deficient mice
demonstrated significantly less bone loss compared to wild type mice in response to calvaria
challenge with endotoxin-free PMMA particles [45].

Our results only seemingly contrast with previous investigations of other types of metal
implant debris [20;43;51], because adherent PAMPs to titanium particles (LPS) were observed
to increase their biological reactivity in vitro and in vivo when investigated only from the per-
spective of one pathway, that of NFκΒ dependent TNF-α production. Additionally, previous
investigations generally use in vitro doses of endotoxin that exceed serum levels associated with
fatal sepsis (>500pg/mL), and may not optimally model the clinical process of inflammation to
implant debris, where exposure to PAMPs, if any, is extremely low when there is no evidence
of an infection (<2pg/mL) [34;35]. The lack of additional inflammatory reactivity (IL-1β or
TNF-α or bone loss) when the TLR agonist LPS was combined with Cobalt alloy in our study
at levels as high as that associated with hematogenous sepsis (>500pg/mL) [34;35] point to a
minimal role for TLR activation in the pathogenesis of Cobalt alloy in orthopedic and non-
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orthopedic applications. This contention is supported clinically by previous reports of inherent
genetic variations (i.e. polymorphisms) within the genes encoding IL-1 in people with more
implant debris induced osteolysis [52;53]. These past studies together with our current data
suggest the use of TLR inhibitors (or other downstream targets) may not be an effective phar-
macologic means to mitigate implant debris reactivity in the presence or absence of subclinical
levels of bacterial products to prevent/intervene with aseptic osteolysis and implant loosening.

It is unlikely that physiologic effects of metals (and toxins, stimulants etc in general) are lim-
ited to the actions of any single cellular pathway. And it is important to note the proliferation
of pathway specific research may inappropriately reflect the reality of particular challenge
agents, where the more dominant action and potency of many pathways must be compared to
clearly assess likely physiologic consequences. The relative DAMP vs. PAMP effects of Cobalt
alloy particles in this study may represent an example of this kind of comparative pathway
research. The highly pleiotropic nature of Cobalt binding to different proteins and the myriad
effects of cobalt on macrophages, may be summarized as DAMPS, PAMPs and as general tox-
ins (such as inducing hypoxia like cell responses), Fig 9. Evidence for all three types of reactivity
has been reported. We have previously demonstrated that Cobalt alloy is a potent stimulus of
inducing a hypoxic microenvironment that results in HIF-1α accumulation and stabilization
[3]. We have also previously reported the relative genotoxicity of cobalt (and other orthopedic
metals) on bone and immune cells and found that genotoxicity can occur but generally only at
levels that are extremely toxic and have induced greater than 50% cell necrosis [14;54]. It has
also been demonstrated that that Nickel and Cobalt ions can induce IL-8 production via
human TLR4 activation [17;55]. However, it has also been reported that hypoxia can result in
up-regulation of both TLR4 expression and IL-8 production and thus, whether this TLR4

Fig 9. A general schematic showing the effects of Cobalt alloy particulate onmacrophages acting
directly and indirectly on three major pro-inflammatory innate immune pathways: 1) general toxins
(such as inducing hypoxia like cell responses), 2) as danger associated molecular patterns, DAMPs
(inflammasome induced activation), and 3) interacting with the pathogen associated molecular pattern
(PAMP) pathway of TLR4.

doi:10.1371/journal.pone.0160141.g009
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induced IL-8 is a primary or secondary effect of Cobalt is not known [56;57]. Therefore, it is
possible that previous investigations of observed cobalt induced IL-8 may have been due to
Cobalt toxicity responses eliciting a hypoxia state and increased endogenous alarmins/DAMPs
(i.e. HMGB1, HSP60), rather than direct TLR4 activation. This underscores the need to assess
metal (and other) challenge agents relative activation of different pathways such as the DAMP
vs. PAMP pathways involved in innate immune reactivity. In vitro and in vivo Cobalt alloy
bioreactivity in the current study was shown strong enough to illicit danger signaling pro-
inflammatory responses that dominated any concomitant TLR activation at concentrations of
metal that were not toxic (>90% viability but with the likelihood of additionally induced stress
signals, e.g. HIF-1α). This unique DAMP response profile of Cobalt alloy (or its degradation
products) may explain the unique unexpected pathogenicity of some current metal on metal
articulating orthopedic implants. This cobalt specific bioreactivity has important implications
for mediating both orthopedic and generalized forms of Cobalt pathogenecity. Alternatively,
this unique Cobalt-specific reactivity may have possible positive applications where strong
danger signaling is desired in such applications as vaccine adjuvant (e.g. as a mercury substi-
tute) and immunostimulation modalities for cancer therapy. However, this may be overly risky
given the possibility of autoimmune and adaptive immune responses (metal hypersensitivity)
and cobalt related organ-specific pathologies.

In summary, our in vitro and in vivo data indicate that Cobalt alloy particles induce macro-
phage inflammation and that blocking danger signaling completely abrogated these responses,
whereas attempts to block TLR4 had little to no effect and that in vivo responses in mice lack-
ing histidine residues for binding Cobalt, demonstrated TLR4 independent extreme inflamma-
tory bone loss. High doses of the TLR4 agonist LPS combined with Cobalt-alloy particles did
act synergistically in differentiated primary human macrophages, to produce high levels of IL-
1β, TNF-α, IL-6 and IL-10, while Cobalt alone failed to induce IL-10 responses, indicating the
synergistic interaction of the PAMP vs. DAMP pathways (Fig 9). In vivo cobalt alone indepen-
dent of TLR4 induce extreme inflammatory bone loss and the addition of LPS did not signifi-
cantly contribute to this response, despite the use of TLR agonists (LPS) at levels higher than
those found systemically in fatal sepsis [34;35]. Orthopedic implant failures due to excessive
innate immune reactivity to Cobalt debris are likely inflammasome driven and may be the
result of direct and secondary DAMPs as well as other specific toxicity responses (e.g. hypoxia
[3]) but are not likely dominated by TLR4 involvement/activation.

Acknowledgments
Research reported in this publication was supported by the National Institute of Arthritis and
Musculoskeletal and Skin Diseases of the National Institutes of Health under Award Number
AR060782. The content is solely the responsibility of the authors and does not necessarily rep-
resent the official views of the National Institutes of Health.

Author Contributions
Conceived and designed the experiments: LS NH. Performed the experiments: LS SL KM NH.
Analyzed the data: LS SL KM NH. Contributed reagents/materials/analysis tools: LS SL KM JJ
NH. Wrote the paper: LS NH.

References
1. Bosker BH, Ettema HB, van RM, BoomsmaMF, Kollen BJ, Maas M, et al. Pseudotumor formation and

serum ions after large head metal-on-metal stemmed total hip replacement. Risk factors, time course
and revisions in 706 hips. Arch Orthop Trauma Surg 2015 Mar; 135(3):417–25. doi: 10.1007/s00402-
015-2165-2 PMID: 25663048

Danger Signaling Out Competes TLR Activation in Cobalt Particle Mediated Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0160141 July 28, 2016 17 / 20

http://dx.doi.org/10.1007/s00402-015-2165-2
http://dx.doi.org/10.1007/s00402-015-2165-2
http://www.ncbi.nlm.nih.gov/pubmed/25663048


2. Madl AK, Liong M, Kovochich M, Finley BL, Paustenbach DJ, Oberdorster G. Toxicology of wear parti-
cles of cobalt-chromium alloy metal-on-metal hip implants Part I: Physicochemical properties in patient
and simulator studies. Nanomedicine 2015 Mar 3.

3. Samelko L, Caicedo MS, Lim SJ, la-Valle C, Jacobs J, Hallab NJ. Cobalt-alloy implant debris induce
HIF-1alpha hypoxia associated responses: a mechanism for metal-specific orthopedic implant failure.
PLoS One 2013; 8(6):e67127. doi: 10.1371/journal.pone.0067127 PMID: 23840602

4. Dalal A, Pawar V, McAllister K, Weaver C, Hallab NJ. Orthopedic implant cobalt-alloy particles produce
greater toxicity and inflammatory cytokines than titanium alloy and zirconium alloy-based particles in
vitro, in human osteoblasts, fibroblasts, and macrophages. J Biomed Mater Res A 2012 Aug; 100
(8):2147–58. doi: 10.1002/jbm.a.34122 PMID: 22615169

5. Hallab NJ, McAllister K, Brady M, Jarman-Smith M. Macrophage reactivity to different polymers demon-
strates particle size- and material-specific reactivity: PEEK-OPTIMA((R)) particles versus UHMWPE
particles in the submicron, micron, and 10 micron size ranges. J Biomed Mater Res B Appl Biomater
2011 Nov 21.

6. Caicedo MS, Desai R, McAllister K, Reddy A, Jacobs JJ, Hallab NJ. Soluble and particulate Co-Cr-Mo
alloy implant metals activate the inflammasome danger signaling pathway in human macrophages: A
novel mechanism for implant debris reactivity. J Orthop Res 2008 Dec 22; 27(7):847–54.

7. Goodman SB. Wear particles, periprosthetic osteolysis and the immune system. Biomater 2007 Dec;
28(34):5044–8.

8. Jacobs JJ, Hallab NJ, Urban RM, Wimmer MA. Wear particles. J Bone Joint Surg Am 2006 Apr; 88
Suppl 2:99–102. PMID: 16595453

9. Dostert C, Petrilli V, Van BR, Steele C, Mossman BT, Tschopp J. Innate immune activation through
Nalp3 inflammasome sensing of asbestos and silica. Science 2008 May 2; 320(5876):674–7. doi: 10.
1126/science.1156995 PMID: 18403674

10. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, et al. The NALP3 inflamma-
some is involved in the innate immune response to amyloid-beta. Nat Immunol 2008 Aug; 9(8):857–65.
doi: 10.1038/ni.1636 PMID: 18604209

11. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. Silica crystals and aluminum
salts activate the NALP3 inflammasome through phagosomal destabilization. Nat Immunol 2008 Aug;
9(8):847–56. doi: 10.1038/ni.1631 PMID: 18604214

12. Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J. Activation of the NALP3 inflammasome
is triggered by low intracellular potassium concentration. Cell Death Differ 2007 Sep; 14(9):1583–9.
PMID: 17599094

13. Petrilli V, Dostert C, Muruve DA, Tschopp J. The inflammasome: a danger sensing complex triggering
innate immunity. Curr Opin Immunol 2007 Dec; 19(6):615–22. PMID: 17977705

14. Caicedo M, Jacobs JJ, Reddy A, Hallab NJ. Analysis of metal ion-induced DNA damage, apoptosis,
and necrosis in human (Jurkat) T-cells demonstrates Ni(2+) and V(3+) are more toxic than other metals:
Al(3+), Be(2+), Co(2+), Cr(3+), Cu(2+), Fe(3+), Mo(5+), Nb(5+), Zr(2+). J Biomed Mater Res A 2007
Nov 29; 86:905–13.

15. Ting JP, Willingham SB, Bergstralh DT. NLRs at the intersection of cell death and immunity. Nat Rev
Immunol 2008 May; 8(5):372–9. doi: 10.1038/nri2296 PMID: 18362948

16. Janeway CA Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol 2002; 20:197–216.
PMID: 11861602

17. Schmidt M, Raghavan B, Muller V, Vogl T, Fejer G, Tchaptchet S, et al. Crucial role for human Toll-like
receptor 4 in the development of contact allergy to nickel. Nat Immunol 2010 Sep; 11(9):814–9. doi: 10.
1038/ni.1919 PMID: 20711192

18. Raghavan B, Martin SF, Esser PR, Goebeler M, Schmidt M. Metal allergens nickel and cobalt facilitate
TLR4 homodimerization independently of MD2. EMBORep 2012 Dec; 13(12):1109–15. doi: 10.1038/
embor.2012.155 PMID: 23059983

19. Oblak A, Pohar J, Jerala R. MD-2 Determinants of Nickel and Cobalt-Mediated Activation of Human
TLR4. PLoS One 2015; 10(3):e0120583. doi: 10.1371/journal.pone.0120583 PMID: 25803856

20. Greenfield EM, Beidelschies MA, Tatro JM, Goldberg VM, Hise AG. Bacterial pathogen-associated
molecular patterns stimulate biological activity of orthopaedic wear particles by activating cognate Toll-
like receptors. J Biol Chem 2010 Oct 15; 285(42):32378–84. doi: 10.1074/jbc.M110.136895 PMID:
20729214

21. Pearl JI, Ma T, Irani AR, Huang Z, RobinsonWH, Smith RL, et al. Role of the Toll-like receptor pathway
in the recognition of orthopedic implant wear-debris particles. Biomater 2011 Aug; 32(24):5535–42.

Danger Signaling Out Competes TLR Activation in Cobalt Particle Mediated Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0160141 July 28, 2016 18 / 20

http://dx.doi.org/10.1371/journal.pone.0067127
http://www.ncbi.nlm.nih.gov/pubmed/23840602
http://dx.doi.org/10.1002/jbm.a.34122
http://www.ncbi.nlm.nih.gov/pubmed/22615169
http://www.ncbi.nlm.nih.gov/pubmed/16595453
http://dx.doi.org/10.1126/science.1156995
http://dx.doi.org/10.1126/science.1156995
http://www.ncbi.nlm.nih.gov/pubmed/18403674
http://dx.doi.org/10.1038/ni.1636
http://www.ncbi.nlm.nih.gov/pubmed/18604209
http://dx.doi.org/10.1038/ni.1631
http://www.ncbi.nlm.nih.gov/pubmed/18604214
http://www.ncbi.nlm.nih.gov/pubmed/17599094
http://www.ncbi.nlm.nih.gov/pubmed/17977705
http://dx.doi.org/10.1038/nri2296
http://www.ncbi.nlm.nih.gov/pubmed/18362948
http://www.ncbi.nlm.nih.gov/pubmed/11861602
http://dx.doi.org/10.1038/ni.1919
http://dx.doi.org/10.1038/ni.1919
http://www.ncbi.nlm.nih.gov/pubmed/20711192
http://dx.doi.org/10.1038/embor.2012.155
http://dx.doi.org/10.1038/embor.2012.155
http://www.ncbi.nlm.nih.gov/pubmed/23059983
http://dx.doi.org/10.1371/journal.pone.0120583
http://www.ncbi.nlm.nih.gov/pubmed/25803856
http://dx.doi.org/10.1074/jbc.M110.136895
http://www.ncbi.nlm.nih.gov/pubmed/20729214


22. Lahdeoja T, Pajarinen J, Kouri VP, Sillat T, Salo J, Konttinen YT. Toll-like receptors and aseptic loosen-
ing of hip endoprosthesis-a potential to respond against danger signals? J Orthop Res 2010 Feb; 28
(2):184–90. doi: 10.1002/jor.20979 PMID: 19725103

23. Tamaki Y, Takakubo Y, Hirayama T, Konttinen YT, Goodman SB, YamakawaM, et al. Expression of
Toll-like receptors and their signaling pathways in rheumatoid synovitis. J Rheumatol 2011 May; 38
(5):810–20. doi: 10.3899/jrheum.100732 PMID: 21324962

24. Caicedo MS, Samelko L, McAllister K, Jacobs JJ, Hallab NJ. Increasing both CoCrMo-alloy particle
size and surface irregularity induces increased macrophage inflammasome activation in vitro poten-
tially through lysosomal destabilization mechanisms. J Orthop Res 2013 Oct; 31(10):1633–42. doi: 10.
1002/jor.22411 PMID: 23794526

25. Lamkanfi M, Sarkar A, VandeWL, Vitari AC, Amer AO, Wewers MD, et al. Inflammasome-dependent
release of the alarmin HMGB1 in endotoxemia. J Immunol 2010 Oct 1; 185(7):4385–92. doi: 10.4049/
jimmunol.1000803 PMID: 20802146

26. Lu B, Wang H, Andersson U, Tracey KJ. Regulation of HMGB1 release by inflammasomes. Protein
Cell 2013 Mar; 4(3):163–7. doi: 10.1007/s13238-012-2118-2 PMID: 23483477

27. Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. J Leukoc Biol 2007 Jan;
81(1):1–5.

28. Hirsiger S, Simmen HP, Werner CM, Wanner GA, Rittirsch D. Danger signals activating the immune
response after trauma. Mediators Inflamm 2012; 2012:315941. doi: 10.1155/2012/315941 PMID:
22778496

29. Sloane JA, Blitz D, Margolin Z, Vartanian T. A clear and present danger: endogenous ligands of Toll-
like receptors. Neuromolecular Med 2010 Jun; 12(2):149–63. doi: 10.1007/s12017-009-8094-x PMID:
19830599

30. Park JS, Gamboni-Robertson F, He Q, Svetkauskaite D, Kim JY, Strassheim D, et al. High mobility
group box 1 protein interacts with multiple Toll-like receptors. Am J Physiol Cell Physiol 2006 Mar; 290
(3):C917–C924. PMID: 16267105

31. Vabulas RM, hmad-Nejad P, da CC, Miethke T, Kirschning CJ, Hacker H, et al. Endocytosed HSP60s
use toll-like receptor 2 (TLR2) and TLR4 to activate the toll/interleukin-1 receptor signaling pathway in
innate immune cells. J Biol Chem 2001 Aug 17; 276(33):31332–9. PMID: 11402040

32. Hallab NJ, Jacobs JJ. Biologic effects of implant debris. Bull NYU Hosp Jt Dis 2009; 67(2):182–8.
PMID: 19583551

33. Caicedo MS, Pennekamp PH, McAllister K, Jacobs JJ, Hallab NJ. Soluble ions more than particulate
cobalt-alloy implant debris induce monocyte costimulatory molecule expression and release of proin-
flammatory cytokines critical to metal-induced lymphocyte reactivity. J Biomed Mater Res A 2010 Jun
15; 93(4):1312–21. doi: 10.1002/jbm.a.32627 PMID: 19844976

34. Casey LC, Balk RA, Bone RC. Plasma cytokine and endotoxin levels correlate with survival in patients
with the sepsis syndrome. Ann Intern Med 1993 Oct 15; 119(8):771–8. PMID: 8379598

35. Opal SM, Scannon PJ, Vincent JL, White M, Carroll SF, Palardy JE, et al. Relationship between plasma
levels of lipopolysaccharide (LPS) and LPS-binding protein in patients with severe sepsis and septic
shock. J Infect Dis 1999 Nov; 180(5):1584–9. PMID: 10515819

36. Paladini F, Cocco E, Potolicchio I, Fazekasova H, Lombardi G, Fiorillo MT, et al. Divergent effect of
cobalt and beryllium salts on the fate of peripheral blood monocytes and T lymphocytes. Toxicol Sci
2011 Feb; 119(2):257–69. doi: 10.1093/toxsci/kfq328 PMID: 20974702

37. Takashiba S, Van Dyke TE, Amar S, Murayama Y, Soskolne AW, Shapira L. Differentiation of mono-
cytes to macrophages primes cells for lipopolysaccharide stimulation via accumulation of cytoplasmic
nuclear factor kappaB. Infect Immun 1999 Nov; 67(11):5573–8. PMID: 10531202

38. Bauernfeind F, Hornung V. Of inflammasomes and pathogens—sensing of microbes by the inflamma-
some. EMBOMol Med 2013 Jun; 5(6):814–26. doi: 10.1002/emmm.201201771 PMID: 23666718

39. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. Cutting edge: NF-kap-
paB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by
regulating NLRP3 expression. J Immunol 2009 Jul 15; 183(2):787–91. doi: 10.4049/jimmunol.0901363
PMID: 19570822

40. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. NLRP3 inflammasomes
are required for atherogenesis and activated by cholesterol crystals. Nature 2010 Apr 29; 464
(7293):1357–61. doi: 10.1038/nature08938 PMID: 20428172

41. Green JM, Hallab NJ, Liao YS, Narayan V, Schwarz EM, Xie C. Anti-oxidation treatment of ultra high
molecular weight polyethylene components to decrease periprosthetic osteolysis: evaluation of osteo-
lytic and osteogenic properties of wear debris particles in a murine calvaria model. Curr Rheumatol Rep
2013 May; 15(5):325. doi: 10.1007/s11926-013-0325-3 PMID: 23532463

Danger Signaling Out Competes TLR Activation in Cobalt Particle Mediated Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0160141 July 28, 2016 19 / 20

http://dx.doi.org/10.1002/jor.20979
http://www.ncbi.nlm.nih.gov/pubmed/19725103
http://dx.doi.org/10.3899/jrheum.100732
http://www.ncbi.nlm.nih.gov/pubmed/21324962
http://dx.doi.org/10.1002/jor.22411
http://dx.doi.org/10.1002/jor.22411
http://www.ncbi.nlm.nih.gov/pubmed/23794526
http://dx.doi.org/10.4049/jimmunol.1000803
http://dx.doi.org/10.4049/jimmunol.1000803
http://www.ncbi.nlm.nih.gov/pubmed/20802146
http://dx.doi.org/10.1007/s13238-012-2118-2
http://www.ncbi.nlm.nih.gov/pubmed/23483477
http://dx.doi.org/10.1155/2012/315941
http://www.ncbi.nlm.nih.gov/pubmed/22778496
http://dx.doi.org/10.1007/s12017-009-8094-x
http://www.ncbi.nlm.nih.gov/pubmed/19830599
http://www.ncbi.nlm.nih.gov/pubmed/16267105
http://www.ncbi.nlm.nih.gov/pubmed/11402040
http://www.ncbi.nlm.nih.gov/pubmed/19583551
http://dx.doi.org/10.1002/jbm.a.32627
http://www.ncbi.nlm.nih.gov/pubmed/19844976
http://www.ncbi.nlm.nih.gov/pubmed/8379598
http://www.ncbi.nlm.nih.gov/pubmed/10515819
http://dx.doi.org/10.1093/toxsci/kfq328
http://www.ncbi.nlm.nih.gov/pubmed/20974702
http://www.ncbi.nlm.nih.gov/pubmed/10531202
http://dx.doi.org/10.1002/emmm.201201771
http://www.ncbi.nlm.nih.gov/pubmed/23666718
http://dx.doi.org/10.4049/jimmunol.0901363
http://www.ncbi.nlm.nih.gov/pubmed/19570822
http://dx.doi.org/10.1038/nature08938
http://www.ncbi.nlm.nih.gov/pubmed/20428172
http://dx.doi.org/10.1007/s11926-013-0325-3
http://www.ncbi.nlm.nih.gov/pubmed/23532463


42. Merkel KD, Erdmann JM, McHugh KP, Abu-Amer Y, Ross FP, Teitelbaum SL. Tumor necrosis factor-
alpha mediates orthopedic implant osteolysis. Am J Pathol 1999 Jan; 154(1):203–10. PMID: 9916934

43. Greenfield EM, Bi Y, Ragab AA, Goldberg VM, Nalepka JL, Seabold JM. Does endotoxin contribute to
aseptic loosening of orthopedic implants? J BiomedMater Res B Appl Biomater 2005 Jan 15; 72
(1):179–85. PMID: 15449253

44. Ward JR, West PW, Ariaans MP, Parker LC, Francis SE, Crossman DC, et al. Temporal interleukin-
1beta secretion from primary human peripheral blood monocytes by P2X7-independent and P2X7-
dependent mechanisms. J Biol Chem 2010 Jul 23; 285(30):23147–58. doi: 10.1074/jbc.M109.072793
PMID: 20495003

45. Burton L, Paget D, Binder NB, Bohnert K, Nestor BJ, Sculco TP, et al. Orthopedic wear debris mediated
inflammatory osteolysis is mediated in part by NALP3 inflammasome activation. J Orthop Res 2013
Jan; 31(1):73–80. doi: 10.1002/jor.22190 PMID: 22933241

46. Caicedo MS, Samelko L, McAllister K, Jacobs JJ, Hallab NJ. Increasing both CoCrMo-alloy particle
size and surface irregularity induces increased macrophage inflammasome activation in vitro poten-
tially through lysosomal destabilization mechanisms. J Orthop Res 2013 Oct; 31(10):1633–42. doi: 10.
1002/jor.22411 PMID: 23794526

47. Guarda G, Braun M, Staehli F, Tardivel A, Mattmann C, Forster I, et al. Type I interferon inhibits interleu-
kin-1 production and inflammasome activation. Immunity 2011 Feb 25; 34(2):213–23. doi: 10.1016/j.
immuni.2011.02.006 PMID: 21349431

48. Grutz G. New insights into the molecular mechanism of interleukin-10-mediated immunosuppression. J
Leukoc Biol 2005 Jan; 77(1):3–15. PMID: 15522916

49. Gurung P, Li B, Subbarao Malireddi RK, Lamkanfi M, Geiger TL, Kanneganti TD. Chronic TLR Stimula-
tion Controls NLRP3 Inflammasome Activation through IL-10 Mediated Regulation of NLRP3 Expres-
sion and Caspase-8 Activation. Sci Rep 2015; 5:14488. doi: 10.1038/srep14488 PMID: 26412089

50. Tyson-Capper AJ, Lawrence H, Holland JP, Deehan DJ, Kirby JA. Metal-on-metal hips: cobalt can
induce an endotoxin-like response. Ann Rheum Dis 2013 Mar; 72(3):460–1. doi: 10.1136/
annrheumdis-2012-202468 PMID: 23076072

51. Bi Y, Collier TO, Goldberg VM, Anderson JM, Greenfield EM. Adherent endotoxin mediates biological
responses of titanium particles without stimulating their phagocytosis. J Orthop Res 2002 Jul; 20
(4):696–703. PMID: 12168657

52. Gordon A, Greenfield EM, Eastell R, Kiss-Toth E, Wilkinson JM. Individual susceptibility to peripros-
thetic osteolysis is associated with altered patterns of innate immune gene expression in response to
pro-inflammatory stimuli. J Orthop Res 2010 Sep; 28(9):1127–35. doi: 10.1002/jor.21135 PMID:
20225323

53. Gordon A, Kiss-Toth E, Stockley I, Eastell R, Wilkinson JM. Polymorphisms in the interleukin-1 receptor
antagonist and interleukin-6 genes affect risk of osteolysis in patients with total hip arthroplasty. Arthritis
Rheum 2008 Oct; 58(10):3157–65. doi: 10.1002/art.23863 PMID: 18821666

54. Hallab NJ, Vermes C, Messina C, Roebuck KA, Glant TT, Jacobs JJ. Concentration- and composition-
dependent effects of metal ions on humanMG-63 osteoblasts. J Biomed Mater Res 2002 Jun 5; 60
(3):420–33. PMID: 11920666

55. Lawrence H, Deehan D, Holland J, Kirby J, Tyson-Capper A. The immunobiology of cobalt: demonstra-
tion of a potential aetiology for inflammatory pseudotumours after metal-on-metal replacement of the
hip. Bone Joint J 2014 Sep; 96-B(9):1172–7. doi: 10.1302/0301-620X.96B9.33476 PMID: 25183586

56. Kim SY, Choi YJ, Joung SM, Lee BH, Jung YS, Lee JY. Hypoxic stress up-regulates the expression of
Toll-like receptor 4 in macrophages via hypoxia-inducible factor. Immunology 2010 Apr; 129(4):516–
24. doi: 10.1111/j.1365-2567.2009.03203.x PMID: 20002786

57. Mishra KP, Jain S, Ganju L, Singh SB. Hypoxic Stress Induced TREM-1 and Inflammatory Chemokines
in Human Peripheral Blood Mononuclear Cells. Indian J Clin Biochem 2014 Apr; 29(2):133–8. doi: 10.
1007/s12291-013-0345-9 PMID: 24757292

Danger Signaling Out Competes TLR Activation in Cobalt Particle Mediated Inflammation

PLOS ONE | DOI:10.1371/journal.pone.0160141 July 28, 2016 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/9916934
http://www.ncbi.nlm.nih.gov/pubmed/15449253
http://dx.doi.org/10.1074/jbc.M109.072793
http://www.ncbi.nlm.nih.gov/pubmed/20495003
http://dx.doi.org/10.1002/jor.22190
http://www.ncbi.nlm.nih.gov/pubmed/22933241
http://dx.doi.org/10.1002/jor.22411
http://dx.doi.org/10.1002/jor.22411
http://www.ncbi.nlm.nih.gov/pubmed/23794526
http://dx.doi.org/10.1016/j.immuni.2011.02.006
http://dx.doi.org/10.1016/j.immuni.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21349431
http://www.ncbi.nlm.nih.gov/pubmed/15522916
http://dx.doi.org/10.1038/srep14488
http://www.ncbi.nlm.nih.gov/pubmed/26412089
http://dx.doi.org/10.1136/annrheumdis-2012-202468
http://dx.doi.org/10.1136/annrheumdis-2012-202468
http://www.ncbi.nlm.nih.gov/pubmed/23076072
http://www.ncbi.nlm.nih.gov/pubmed/12168657
http://dx.doi.org/10.1002/jor.21135
http://www.ncbi.nlm.nih.gov/pubmed/20225323
http://dx.doi.org/10.1002/art.23863
http://www.ncbi.nlm.nih.gov/pubmed/18821666
http://www.ncbi.nlm.nih.gov/pubmed/11920666
http://dx.doi.org/10.1302/0301-620X.96B9.33476
http://www.ncbi.nlm.nih.gov/pubmed/25183586
http://dx.doi.org/10.1111/j.1365-2567.2009.03203.x
http://www.ncbi.nlm.nih.gov/pubmed/20002786
http://dx.doi.org/10.1007/s12291-013-0345-9
http://dx.doi.org/10.1007/s12291-013-0345-9
http://www.ncbi.nlm.nih.gov/pubmed/24757292

