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Abstract

Aseptic loosening of total joint replacements is driven by a macrophage-mediated inflammatory
reaction to implant-derived wear particles. Phagocytosis of implant debris has been suggested to
activate the NLRP3 inflammasome leading to secretion of interleukin (IL)-1 S. However, factors
and molecular mechanisms driving the particle-induced inflammasome activation are yet to be
fully elucidated. In this study, we investigated the inflammasome response of human primary
macrophages to titanium, chromium, and molybdenum particles /n vitro. We observed that
particles alone were not sufficient to induce IL-1 g secretion, but an additional priming signal—
such as bacterial lipopolysaccharide (LPS)—was required to license the inflammasome activation.
By using specific inhibitors against the inflammasome signaling pathway, we demonstrate that the
particle-induced IL-1 8 secretion depended upon activation of the NLRP3 inflammasome. We
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further hypothesized that tumor necrosis factor (TNF) could substitute for LPS as a priming signal,
and found that particle stimulation together with preceding TNF treatment resulted in
inflammasome-dependent IL-1 g production as well. Our results show that the NLRP3
inflammasome mediates wear particle responses in human primary macrophages, and its activation
does not necessarily require the presence of bacterial components, but can be induced under
aseptic conditions by TNF priming.
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1. Introduction

Aseptic loosening remains a major long-term complication of total joint replacements and is
expected to affect an increasing number of patients [1]. This process, primarily driven by
implant-derived wear particles, results in a slowly progressive inflammatory osteolysis,
jeopardizing the stability of the prosthesis [2]. Due to ongoing wear between implant
components, particles are continuously generated and dispersed in the periprosthetic tissues.
Consequently, accumulating particulate debris activates macrophages of the innate immune
system and the debris becomes engulfed by these phagocytes [3]. To eliminate any
potentially dangerous substances and recruit further immune cellsto the insult site,
macrophages secrete multiple inflammatory mediators [4,5]. Despite an intense immune
response, wear particles en-dure the enzymatic degradation of macrophages and sustain the
inflammatory stimulus [6]. As a result, macrophage-mediated inflammation develops into a
chronic foreign body reaction invading the bone-implant interface [7]. Eventually, this
condition increases local bone resorption over bone formation and leads to loosening of the
implant.

Although the established model of aseptic loosening is widely accepted, the exact
mechanisms of wear particle-induced macrophage activation remain obscure. Some foreign
body particulate materials, such as asbestos and silica, have been shown to activate the
NLRP3 (NLR family pyrin domain containing 3) inflalmmasome—a large intracellular
machinery mediating the activation of interleukin (IL) =1 £[8,9]. Indeed, IL-1 S represents
one of the most potent pro-inflammatory cytokines and has been identified as a product of
wear particle-stimulated macrophages [5,10]. Since IL-1 S promotes osteoclast function as
well, IL-1 gis considered a key cytokine in the pathogenetic cascade of aseptic loosening
[11]. However, few studies have characterized the underlying mechanisms of NLRP3
inflammasome activation leading to wear particle-induced I1L-1 g secretion [12-15].
Furthermore, these studies have been conducted primarily with murine macrophages or cell
lines.

IL-1 Bis first synthesized as a precursor protein (pro-IL-1 £) with the production of
biologically active IL-1 g strictly regulated by inflammasomes [16]. Among these, the
NLRP3 inflammasome is the most versatile [16]. The cytosolic NLRP3 protein belongs to
the NLR (nucleotide-binding oligomerization domain-like receptor or NOD) family of

Acta Biomater. Author manuscript; available in PMC 2020 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jamsen et al.

Page 3

pattern recognition receptors capable of sensing various intracellular aberrations such as ion
flows, mitochondrial dysfunction, or phagosome rupture [17]. These physiological
alterations may result from a diverse array of endo- or exogenous stressors—reportedly also
from phagocytosed biomaterial wear particles [12-15]. Upon activation, NLRP3 triggers the
assembly of the multimeric inflammasome complex. Subsequent interactions between
recruited adaptor proteins ASC (apoptosis-associated speck-like protein containing a
caspase-recruitment domain) and pro-caspase-1 lead to autocleavage and formation of active
caspase-1. Ultimately, this proteolytic enzyme cleaves precursor protein pro-IL-1 ginto the
mature secreted form.

General consensus agrees that activation of the inflammasome requires two distinct signals
[18].Inadditiontotheac-tual inflammasome-activating signal detected by NLRP3, a nuclear
factor-xkB (NF-xB) activating priming signal is needed. This NF-?B-mediated priming
licenses the NLRP3 inflammasome by initiat-ing the synthesis of pro-IL-1 Sand NLRP3
itself. Only together can these two signals activate the inflammasome assembly and induce
IL-1 Bsecretion from macrophages. To date, it remains uncertain whether wear particles
alone can provide both of these signals, or whether an additional NF-&B activating priming
signal is required. Bacterial lipopolysaccharide (LPS) has been suggested to work in tandem
with particles to activate the NF-&B signaling thus licensing the inflammasome, but the
amount of LPS in the aseptic interface remains controversial [19-21]. Moreover, the
inflammasome-activating potential of different prosthesis materials remains unexamined in a
uniform study setting.

In the present study, we investigated the ability of titanium (Ti), chromium (Cr), and
molybdenum (Mo) particles to activate the NLRP3 inflammasome in human primary
macrophages. The inflammasome activation was assessed /in vitro by using gRT-PCR and
Western blot analyses, and by measuring the production of IL-1 g from culture media with
ELISA. We hypothesized that IL-1 g secretion would depend upon a co-stimulatory priming
signal and different events related to activation of the NLRP3 inflammasome. We further
asked whether tumor necrosis factor (TNF) could replace LPS as a priming signal and
license macrophages for the particle-inducedinflammasomeactivation.

2. Materials & methods

2.1.

Particle sterilization

Commercially available particles of common implant materials were purchased from Alfa
Aesar (Titanium powder, Product No. 00681; Chromium powder, Product No. 41797;
Molybdenum powder, Product No. 10030; Alfa Aesar, Ward Hill, MA). Titanium particles
were sterilized with five alternating treatments of 0.1 N NaOH in 95% ethanol and 25%
nitric acid as introduced by Ragab et al. [22]. Chromium and molybdenum particles were
cleaned with three overnight washes in 70% ethanol followed by heat sterilization in 175 °C
oven for 3 h. Particles were suspended in sterile water, and their endotoxin decontamination
was verified using EndoLISA (detection limit 0.05 endotoxin units (EU)/mL; ELISA-based
Endotoxin Detection Assay, Hyglos, Bernried am Starnberger See, Germany), a limulus
amebocyte lysate (LAL) assay kit (detection limit 0.1 EU/mL; Pierce LAL Chromogenic
Endotoxin Quanti-tation Kit, Waltham, MA) and HEK-Blue hTLR4 Cells (InvivoGen, San
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Diego, CA). These Toll-like receptor (TLR) 4 reporter cells were cultured in DMEM
medium (Gibco, Waltham, MA) supplemented with 10% fetal bovine serum (FBS, Gibco)
and 1% Penicillin-Streptomycin antibiotic solution (Gibco), and exposed to particles for 24
h. Proportional to TLR4 activation, production of secreted embryonic alkaline phosphatase
(SEAP)was assessed from the culture medium with QUANTI-Blue detection reagent
(InvivoGen)fol-lowing the manufacturers instructions.

For endotoxin detection, particles were analyzed at concentrations corresponding to doses
used in cell culture: 2.3 mg/mL for Ti, 3.6 mg/mL for Cr, and 5.1 mg/mL for Mo. LPS levels
of the particle solutions remained below the detection limits of EndoLISA and LAL assays,
and particle-challenged HEK-Blue cells indicated an SEAP activity comparable to untreated
controls. Using the LAL assay, particles were also measured with LPS (from Escherichia
coli 0111:B4, Sigma, Saint Louis, MO) spikes resulting in recovery rates of 100% for Ti,
27% for Cr, and 16% for Mo. Proper function of TLRA4 reporter cells was verified using
ultrapure LPS (logarithmic standard curve starting from 0.1 EU/mL; from £. co/i0111:B4,
InvivoGen) and TLR4 inhibitor CLI-095 (1 pg/mL, InvivoGen), and as studied with
particles, recovery of LPS (InvivoGen) spikes was 99% for Ti, 73% forCr, and 86% for Mo.

2.2. Transmission electron microscopy (TEM)

Particle size and shape were assessed by TEM. 5-ul droplets of the metal particle dispersions
were pipetted on formvar/carbon 200 mesh grids (FCF200-CU, Electron Microscopy
Sciences, Hatfield, PA), and dried by removing excess water using a filter paper (Whatman,
Little Chalfont, UK). TEM imaging was performed using a transmission electron
microscope (JEM-1400, JEOL, Tokyo, Japan) operated at 80 keV acceleration voltage in
bright-field mode.

2.3. Monocyte isolation and macrophage differentiation

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of
healthy volunteers, who had signed an informed consent. Buffy coats were by-products of
blood preparation intended for clinical use, and their allocation for scientific purposes was
approved by the Finnish Red Cross Blood Service (Helsinki, Finland). Blood donors
comprised of 30 women and 15 men with a mean age of 33 years (range 18-64) for females
and 42 years (range 21-67) for males. As qualified for blood donation, donors had no major
illnesses or medications.

According to a previously introduced protocol [23],buffycoat blood was diluted in Ca/Mg-
free phosphate-buffered saline (PBS), added on top of Ficoll-Paque PLUS (GE Healthcare,
Chicago, IL) density gradient medium, and centrifuged to form a PBMC layer. Mononuclear
cells were collected and repeatedly washed with PBS for four times. After the final wash,
freshly isolated monocytes were suspended in DMEM medium (Sigma) supplemented with
1% Penicillin-Streptomycin antibiotic solution (Gibco). Cells were counted using a TC20
automated cell counter (Bio-Rad, Hercules, CA) and plated onto 24-well culture plates
(Greiner CELL-STAR, Kremsmiinster, Austria) at a concentration of 1.5 x 108 cells/well.
Cells were allowed to attach for one hour in a humidified + 37 °C incubator at 5% CO», until
rinsed twice with PBS to remove non-adherent cells. Attached monocytes were
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differentiated into macrophages during a seven-day culture in macrophage serum-free
medium (macrophage-SFM, Gibco) supplemented with 100 U/mL penicillin, 100 pg/mL
streptomycin, and 10 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF,
Mil-tenyi Biotec, Bergisch Gladbach, Germany).

2.4. Macrophage stimulation

Inflammasome priming was induced by culturing macrophages for one hour in the presence
of either 1 pg/mL LPS (Sigma) or 100 ng/mL TNF (R&D Systems, Minneapolis, MN).
Where appropriate, medium of LPS- and TNF-primed macrophages was supplemented for
another hour with established inhibitors against NLRP3 inflammasome components or its
recognized upstream activating events: leakage of cathepsin B from lysosomes, formation of
mitochondrial reactive oxygen species (mtROS), and potassium (K*) efflux. Two small-
molecule inhibitors CY-09 (30 uM, Glixx Laboratories Inc, Southborough, MA) and
MCC950 (1 uM, Avistron, Bude, UK) were used to directly inhibit NLRP3 [24,25], whereas
Z-YVAD-FMK (25 uM, Santa Cruz Biotechnology, Dallas, TX) was employed to block the
function of caspase-1. Intracellular perturbations sensed by NLRP3 were inhibited using 25
UM pan-cathepsin inhibitor CA-074-Me (Calbiochem, San Diego, CA) primarily for
cathepsin B, 200 pM MitoTEMPO (Sigma) for mtROS, and 130 mM KClI for K* efflux. For
the latter, the effect of increased osmolarity was assessed by including a control group
treated with 260 mM sorbitol. Working concentrations of LPS and TNF were determined
according to previous reports [23,26], whereas the inhibitor concentrations were optimized
in our laboratory.

Following the priming step and addition of a specific inhibitor, macrophages were
challenged for eight hours with an equal volume of Ti, Cr, or Mo particles. All experiments
were conducted in duplicate wells maintaining the presence of priming and inhibiting agents
in the medium with the particles. After particle exposure, culture supernatants were
collected, and macrophages were disrupted by adding RLT Plus lysis buffer (Qiagen,
Valencia, CA). Cell viability was immediately measured from the media using a lactate
dehydrogenase (LDH) detection kit (Roche Diagnostics, Mannheim, Germany). Remaining
media and cell lysates were stored at - 75°C for later use.

An optimal particle concentration for macrophage stimulation was determined in
preliminary experiments, in which we assessed particle doses ranging from 0.1 to 0.5 mm?3/
well and an exposure time up to 24 h. Taking into account the dose-dependent inflammatory
responses and cytotoxicity, an eight-hour stimulation time with a particle load of 0.25 mm?3/
well was chosen for further experiments. In all conditions, phagocytosis of particles was
verified by microscopy (Supplementary Video 1).

2.5. gRT-PCR

Total RNA (ribonucleic acid) was extracted and purified from cell lysates by using RNeasy
Mini Kit (Qiagen) according to the manufacturers instructions. The amount of RNA was
measured with NanoDrop 1000 spectrophotometer (Thermo scientific, Wilmington, DE) and
1 pg of RNA from each sample was reverse transcribed into complimentary DNA (cDNA)
using iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR was performed in
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LightCycler (Roche) instrument from a reaction mix containing 5 ng of sample cDNA, a
pair of human forward and reverse primers (Supplementary Table 1), and HOT FIREPol
EvaGreen qPCR Su-perMix reagent (Solis BioDyne, Tartu, Estonia). Results were
normalized to geometric mean of housekeeping genes ribosomal protein lateral stalk subunit
PO (RPLPO), hypoxanthine phosphoribosyltransferase 1 (HPRT1), and beta-2-microglobulin
(B2M), and obtained using the comparative Ct method.

2.6. Enzyme-Linked immunosorbent assay (ELISA)

The concentration of cytokines IL-1 B, TNF, IL-6, IL-1Ra, and IL-18 was measured from
the culture supernatants using ELISA DuoSet kits (R&D) and high protein binding affinity
96-well microplates (SpectraPlate-96 HB, Perkin Elmer, Waltham, MA) following the
manufacturers protocol.

2.7. Western blotting

For immunoblot analyses, PBMCs were plated onto 6-well culture plates at a concentration
of 6 x 10° cells/well and differentiated into macrophages as described above. Mature
macrophages were primed with 1 pg/mL LPS and challenged with metal particles for eight
hours at a concentration of 1.0 mm?3/well. The experiments were run in triplicate wells
accompanied by appropriate control groups. Culture media were removed, and adherent
macrophages were treated with Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA)
containing protease and phosphatase inhibitors (cOmplete Protease Inhibitor Cocktail,
Roche; Phosphatase Inhibitor Mini Tablets, Pierce Biotechnology, Waltham, MA). While
keeping the plates on ice, cells were scraped, and lysates from triplicate wells were
combined. Samples were stored at - 75 °C for later use.

Cell lysates were thawed, and their protein concentration was measured using a BCA protein
assay kit (Pierce) as per the manufacturers instructions. An equal amount of protein from
each sample (40 ug) was loaded on gels prepared using TGX FastCast Acrylamide Solutions
(Bio-Rad). Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF)
membrane (Millipore, Billerrica, MA). The blotted PVDF membranes were blocked with
tris-buffered saline containing 0.05% Tween 20 (TBST) and 5% milk for one hour at room
temperature, after which membranes were incubated overnight at + 4 °C with antibodies
against human IL-1 8 (1:400, Santa Cruz Biotechnology), NLRP3 (1:10 0 0, AdipoGen, San
Diego, CA), and caspase-1 (1:10 0 0, AdipoGen). HRP-conjugated goat-anti-mouse or goat-
anti-rabbit immunoglobulins were used as secondary antibodies (1:2000, Dako, Glostrup,
Denmark). The band intensities were quantified by Bio-Rad ChemiDoc MP imaging system
and normalized to the intensity of total protein staining on PVDF membrane per lane using
stain free technology. This method utilizes polyacrylamide gels containing compounds that
modify tryptophan residues in the loaded samples enabling highly sensitive visualization of
the protein loading and transfer onto the PVDF membrane [27].

2.8. Caspase-Glo 1 assay

To detect active caspase-1 released in the culture medium, a bioluminescent assay (Caspase-
Glo 1 Inflammasome Assay, Promega, Madison, WI) was performed following the
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manufacturers protocol. In principle, supernatants were mixed with assay reagent 1:1 and
incubated for one hour at room temperature. All conditions were run in duplicates, and the
luminescence was measured using a plate-reading luminometer (Tecan, Mé&nnedorf,
Switzerland).

2.9. Statistical analyses

Statistical comparison between the experimental groups was conducted with repeated
measures one-way analysis of variance (ANOVA) and Holm-Sidaks post hoc tests using
GraphPad Prism version 8 (GraphPad Software, La Jolla, CA). Post hoc analyses were
performed separately for each particle material with experimental conditions comprising of
at least four independent donors. Paired #test was used to study statistical significances for
TNF-induced pro-IL-1 B expression, and for the particle-related secretion of TNF, IL-6,
IL-1Ra, and IL-18. P-value of 0.05 was selected as the threshold for significance. Results are
presented as mean + standard error of mean (SEM).

3. Results

3.1. Characterization of metal particles

3.2.

TEM imaging confirmed the particle shape roundish yet irregularly angular (Fig. 1a—c).
Analysis of 600 particles revealed an aver-age particle size of 1.6 = 1.1 um (range 0.1-7.5
pum, median 1.3 um) for Ti particles, and a diameter of 1.4 + 0.9 um (range 0.2-5.6 pm,
median 1.0 pm) for Mo particles. Measurement of 400 Cr particles indicated a mean
diameter of 1.7 + 1.0 um (range 0.3-7.2 um, median 1.5 um). Particles of this size range are
phagocytable for macrophages and have been used in previous /n vitro studies [2]. Similar
particles have also been identified in periprosthetic tissues around aseptically loosened total
joint replacements [28,29].

Inflammasome priming was required for particle-induced IL-1 B production

Using ELISA, we detected no IL-1 S secretion from macrophages challenged with wear
particles alone. Instead, particle stimulation together with preceding LPS priming led to
significant IL-1 g production in a dose-dependent manner (Fig. 2). Increasing concentrations
of Ti and Mo particles enhanced the amount of IL-1 S secreted, whereas a high dose of Cr
particles diminished the cytokine release. A particle volume of 0.25 mms3 per well was
therefore selected for subsequent experiments. LPS stimulation alone induced small and
consistent IL-1 g production as well.

3.3. LPS priming upregulated the expression of pro-IL-1 g and NLRP3

As studied by gRT-PCR, we found that particles alone initiated neither pro-IL-1 8 nor
NLRP3 expression from macrophages. In contrast, LPS-primed cells increased the
messenger RNA (mMRNA) expression of these markers with or without the addition of metal
particles (Fig. 3a-b). This phenomenon was further verified by Western blot analysis: While
LPS priming resulted in elevated amounts of pro-IL-1 gand NLRP3 proteins, these
components could not be detected in macrophages challenged with particles alone (Fig. 3c—
d). Interestingly, Mo particles in conjunction with LPS induced higher mRNA expression
and protein levels of both pro-1L-1 gand NLRP3 when compared to Ti or Cr particles.
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3.4. IL-1 B secretion depended upon activation of the NLRP3 inflammasome

To study the role of inflammasome activation in particle-induced IL-1 § secretion, we
treated LPS-primed macrophages with different inhibitors of NLRP3 inflammasome
pathway. Using ELISA assay, we observed that direct inhibition of NLRP3 by either CY-09
or MCC950 significantly diminished the IL-1 S release (Fig. 4a—b). With Cr particles
intensifying IL-1 g secretion to a higher degree, also the inhibitory effect appeared stronger
on Cr-challenged macrophages. A similar response profile was seen when inhibiting
caspase-1 or cathepsin B by Z-YVAD-FMK or CA-074-Me, respectively; these inhibitors
reduced the amount of IL-1 g secreted in an equally effective manner (Fig. 4c—d). Inhibition
of K* efflux by high extracellular K* concentration also suppressed the particle-induced
IL-1 B production (Fig. 4e). The potential effect of increased osmolarity was evaluated by
inclusion of sorbitol control groups; particle-stimulated macrophages maintained higher 1L-1
B levels in otherwise highly osmotic medium (Fig. 4e). Neu-tralization of mtROS with
mitochondria-targeting anti-oxidant MitoTEMPO only slightly mitigated the amount of IL-1
B secreted with no statistical significance observable (Fig. 4f). Macrophages treated with
inhibitors alone secreted IL-1 S comparable to the level of corresponding control cells
(Supplementary Fig. 1). Based on LDH release, cytotoxicity induced by particles, priming
stimuli, or inhibitors was considered non-significant (Supplementary Fig. 2).

3.5. LPS-primed macrophages increased caspase-1 release after particle stimulation

Inflammasome activation was further confirmed by studying the release of active caspase-1
from cell culture supernatants. Using a luminescence assay, we observed that LPS-primed
macrophages showed an enhanced release of active caspase-1 in response to metal particles
when compared to cells without a priming signal (Fig. 5a). Surprisingly, Cr particles alone
induced some degree of caspase-1 secretion as well. Without LPS priming, however, IL-1 8
secretion from particle-challenged macrophages remained undetectable (Fig. 5b).Using gel
electrophoresis, we observed that neither LPS priming nor particle treatment affected the
protein expression of pro-caspase-1. Regardless, no active caspase-1 could be detected from
the cell lysates (data not shown).

3.6. TNF priming enabled particle-induced NLRP3 activation and IL-1 B secretion

In search of a sterile agent that could replace LPS as a priming signal for particle-induced
IL-1 B production, we found that TNF priming resulted in enhanced pro-1L-1R and NLRP3
expressions at mMRNA level (Fig. 6a—b). Whereas pro-1L-18 expression was elevated still at
nine hours after the initiation of TNF priming, NLRP3 expression proved to be transient and
attenuated already by the four-hour time point. Together with particle stimulation, an
elevated IL-1 g secretion became evident (Fig. 6¢). This finding oc-curred for all materials
studied with Cr particles again inducing the highest levels of IL-1 Srelease. Inhibition of
NLRP3 and caspase-1 reduced the particle-related IL-1 g secretion also from TNF-primed
macrophages (Fig. 6d-¢).

3.7. Metal particles alone elicited secretion of other inflammatory cytokines

As analyzed by ELISA, we discovered that metal particles were able to initiate the secretion
of TNF, IL-6, IL-1Ra, and IL-18 without the need of an additional priming signal (Fig. 7a—
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d). Interestingly, Mo particles markedly increased the release of TNF and IL-6, whereas
IL-18 production was enhanced to the highest degree by Cr particles. LPS priming further
intensified the secretion of I1L-18, which proved to be inflammasome-mediated as inhibition
of NLRP3 decreased the secretion of this pro-inflammatory cytokine (Fig. 7e—f).

4. Discussion

Excessive and prolonged IL-1 g production has been associated with many chronic
inflammatory conditions causing progressive tissue damage [30,31]. This scenario seems to
prevail in aseptic loosening as well, due to wear debris activation of the innate immune
system. Indeed, IL-1 Bis considered an essential pro-inflammatory mediator driving
osteolysis at the bone-implant interface [5]. However, the underlying cellular mechanisms
leading to wear particle-induced IL-1 g production remain incompletely understood.
Therefore, we challenged human primary macrophages with particles from common implant
materials, and characterized their effects on priming and activation of the NLRP3
inflammasome pathway—an established regulator of IL-1 g secretion.

We observed that macrophages stimulated with metal particles alone elicited no observable
IL-1 Bsecretion. While the production of pro-1L-1 gand NLRP3 also remained absent,
these findings indicate that none of the particles was able to induce NLRP3 inflammasome
priming. These results are in line with two recent studies, in which sterile Ti particles
induced neither NF-xB activation nor IL-1 g secretion from murine macrophages [32,33].
At the same time, our results are different from previous reports, in which Ti and CrMo alloy
particles, without an additional priming signal, induced macrophage-mediated IL-1 8
secretion [10,12,15]. While these /n vitro studies were performed under different
experimental conditions likely contributing to priming of cells, traces of endotoxin
contamination on particle surfaces could also be one explanation for this discrepancy.
Indeed, commonly used endotoxin detection assays are sensitive to inhibition by test sample,
and may be interfered with implant particles. This can lead to false negative results and
misinterpretation of wear particle responses. Rather poor recovery of LPS spikes with Cr
and Mo particles in our LAL assay further demonstrates this issue.

Despite these concerns, our results obtained with human primary macrophages and TLR4
reporting HEK-Blue cells imply that no biologically significant amount of endotoxin
remained on particles used in the current study. On the contrary, pretreatment with LPS
dramatically enhanced secretion of IL-1 8 from macrophages suggesting a co-stimulatory
priming step necessary for particle-induced inflammasome activation. Increased expressions
of pro-1L-1 gand NLRP3 at both mRNA and protein levels verify inflammasome priming
by LPS treatment. In fact, bacterial LPS stands as a well-documented TLR4 ligand that
primes the inflammasome through activation of transcrip-tion factor NF-xB [34], and it is
commonly used as a priming agent in the field of inflammasome research. To examine the
particle-induced inflammasome activation in more de-tail, further experiments were
performed using LPS as a priming signal.

Whereas macrophage responses to Ti and Mo particles proved tobe dose-dependent, the
highest concentration of Cr particles reduced the amount of IL-1 Sreleased. While this
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result was not due to increased cytotoxicity, it is possible that a negative feedback response
restricted the effect of an overwhelming particle load. Given that the particle shape and size
were similar between different materials, this discrepancy may also originate from
unidentified, chromium-specific physico-chemical factors. Conversely, with the selected
dose of 0.25 mm?3/well, Cr particles actually induced the most vigorous IL-1 8 secretion
throughout the experiments. Hence, it seems that apart from the particle dose, also the
material itself affects the magnitude of inflammasome activation. Regardless, particles of
every material substantially increased secretion of IL-1 8 from LPS-primed macrophages
suggesting their potential to provide the actual inflammasome-activating signal.

In subsequent mechanistic studies, we demonstrate that the particle-related IL-1 g secretion
depended upon activation of the NLRP3 inflammasome. Since NLRP3 inflammasome is
activated by structurally and chemically divergent triggers, it has emerged that instead of
detecting each particular activator separately, NLRP3 receptor in fact responds to common
cellular stress-signals caused by these stimuli [17]. NLRP3 activation has been closely
linked at least with production of mtROS, K* efflux, and lysosomal destabilization followed
by cathepsin B release [17,35]. The latter occurs especially from phagocytosis of particulate
matter and has been suggested as a means for implant wear to activate the inflammasome
[15,36]. As pan-cathepsin inhibition reduced the amount of IL-1 S released, this proposal is
further supported by our results. In addition, the current study highlights the importance of
NLRP3 itself, K* efflux, and caspase-1 in particle-induced IL-1 Bsecretion; all of these
components were needed for a pronounced activation of the NLRP3 inflammasome cascade
(Fig. 8). WhilealsomtROS have been suggested to participate in particle-related
inflammatory reaction, their inhibition had no significant effect on IL-1 g secretion. These
products might be more pertinent regarding non-phagocytable particles larger than 20 um in
size [37].

To verify complete inflammasome activation, active caspase-1 was further shown from
culture supernatants of particle-challenged macrophages. Indeed, inflammasome activation
results in formation of membrane pores that allow not only the secretion of IL-1 8, but also
the release of the entire NLRP3 inflammasome complex including active caspase-1 [38,39].
This phenomenon was consistent with the absence of active intracellular caspase-1, and with
low levels of cytosolic NLRP3 protein in Cr-challenged macrophages, which eventually
induced the strongest inflammasome activation. Compared to stimulation with particles
alone, addition of LPS increased formation of active caspase-1 emphasizing once again the
relevance of a separate priming signal. After all, inhibition of caspase-1 effectively
decreased IL-1 g secretion indicating activation and involvement of this enzyme in particle-
induced inflammasome activation.

Even though LPS intensifies macrophage responses to wear particles, its role in the
pathogenesis of aseptic loosening remains de-bated. On the one hand, endotoxins may be
released into circula-tion from infection foci or due to increased intestinal permeability [40].
In this case, LPS tends to localize onto foreign surfaces such as joint replacement
components or wear particles, and there by likely contributes to implant loosening [41,42].
On the other hand, evidence for the presence of LPS remains somewhat inconclusive and it
is also possible that endotoxins are not required for the development of peri-implant
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osteolysis. Indeed, although a recent study found endotoxin in periprosthetic tissues,
endotoxin levels remained undetectable in majority of the samples collected around
aseptically loosened joint replacements [43]. Therefore, we studied whether TNF as an
alternative sterile agent could provide an adequate priming signal to license the particle-
induced inflammasome activation.

Previous studies have identified TNF capable of priming NLRP3 inflammasome by
activating the NF-&B via cytokine receptor-mediated signaling pathway [44,45]. This pro-
inflammatory cytokine is also produced by particle-challenged macrophages and,
importantly, its presence in the aseptic interface tissue has been widely recognized [46-48].
Together with TNF priming, we found that particles were able to induce increased IL-1 8
secretion from human macrophages in an environment devoid of any bacterial constituents.
This TNF-related IL-1 g production proved to be NLRP3 inflammasome-dependent as well.
In comparison with LPS, TNF led to weaker priming and activation of the inflammasome,
which is in line with previous studies and fits the clinical picture of a low-grade peri—-implant
inflammation slowly leading to osteolysis [26]. These results suggest that LPS may not be
necessary for wear particle-mediated inflammasome activation, but also TNF can provide
the priming signal required for IL-1 S secretion (Fig. 8). Of note, along with inflammasome
components NLRP3, ASC, and caspase-1, these two cytokines have been identified from the
aseptic interface together—correlating with each other and to the severity of osteolysis [46—
50]. These findings further underline ther ela-tionship between TNF and IL-1 gin wear
particle-mediated inflammation.

We acknowledge selected doses of LPS and TNF higher than physiologically relevant.
Nevertheless, such doses have been previously used to enable inflammasome priming, and
the need to overload certain stimulants is generally admitted as a shortcoming of /n vitro
studies. Particle concentrations used might also be higher than found in periprosthetic
tissues, but these doses were verified non-cytotoxic and optimal for this cell culture model.
Moreover, inhibition of NLRP3 inflammasome components and its upstream activating
events did not entirely block the particle-induced IL-1 g or IL-18 secretion. As complete
inhibition is difficult to achieve, these results reflect the compromise between inhibitor
efficiency and cytotoxicity due to adverse effects of exaggerated inhibitor concentrations.
Since several upstream activating events may simultaneously contribute to inflammasome
activation, inhibition of one event at a time can result in incomplete inhibition as well. While
both Cr and Mo particles activated the NLRP3 inflammasome, no direct conclusions can be
made for the inflammasome activating potential of CrMo alloy particles. The proposed
stimulatory effects of Co2* and other metal ions, as well as cobalt based implant debris also
remain speculative [51,52].

To validate our cell culture model, macrophage responses to metal wear particles were
further characterized by analyzing the secretion of inflammatory mediators other than 1L-1
B. In line with previous reports, cytokines of both pro- and anti-inflammatory nature were
detected from culture supernatants [4,5]. Even though production of pro-inflammatory
cytokine IL-18 is associated with inflammasome activation as well [18], this cytokine was
observed in culture media already without a co-stimulatory priming signal. Particle-induced
secretion of mature IL-18 was likely allowed by ready-madepro-IL-18 mRNA, which unlike
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IL-1 B precursor, is con-stitutively expressed and does not need a priming signal [53].
Particles also induced secretion of TNF, yet by eight-hour time point, its concentrations
remained considerably lower than required for inflammasome priming in our cell culture
model.

While TNF secretion would likely be increased over time, a multiplicity of additional
macrophage stimulating factors can contribute to TNF production and its effects /n vivo.
Besides accumulating wear particles, complex tissue signaling at the aseptic interface could
further enhance TNF secretion from macrophages and increase their activation in response
to TNF. In addition to macrophages, TNF may also originate from several other cell types
including monocytes, endothelial cells, lymphocytes, and fibroblasts. It is noteworthy that
LPS is an extremely potent activator of TNF production as well. Thus, its involvement in
both TNF secretion and direct inflammasome priming cannot be ruled out. Indeed, although
neither TNF nor particles themselves seem to stimulate TLRs, these receptors have been
proposed to play a role in the pathogenesis of aseptic loosening [54]. Thus, besides TNF,
LPS or other danger signals might still contribute to inflammasome priming through TLR
signaling. Since all these environmental signals could not be modeled in our experimental
set up, future studies on this subject are warranted /in vivo.

Taken together, this study shows that the NLRP3 inflammasome mediates metal wear
particle responses in human primary macrophages. Metal particles themselves, however,
remained insufficient to prime the inflammasome, and an additional priming signal was
therefore needed. Importantly, the presence of LPS was not necessarily required, but
inflammasome activation could be induced under truly aseptic conditions by TNF priming.
These results highlight the role of NLRP3 inflammasome in metal particle-induced
inflammation, and provide a concept of TNF-related IL-1 S secretion in this context.
Regardless of the priming signal, inhibition of the NLRP3 inflammasome activation appears
a promising means to prevent development of aseptic loosening.
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Statement of Significance

This study was conducted to elucidate the molecular mechanisms of metal particle-
induced IL-1 B secretion in human primary macrophages. Production of this pro-
inflammatory mediator from wear particle-activated macrophages has been associated
with increased bone loss around total joint replacements—a condition eventually
requiring revision surgery. Our results confirm that together with a co-stimulatory
priming signal, particles of common implant metals elicit macrophage-mediated IL-1 8
secretion through activation of the NLRP3 inflammasome pathway. We also present a
concept of TNF priming in this context, demonstrating that the particle-related IL-1 S8
secretion can take place in a truly sterile environment. Thus, inhibition of inflammasome
signaling appears a means to prevent wear particle-induced inflammation and
development of peri—prosthetic osteolysis.
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Fig. 1.

Transmission electron microscopy (TEM) of metal particles. The appearance and size-
distribution of (a) Ti, (b) Cr, and (c) Mo particles were assessed by TEM imaging. Scale
bars 5 pm.
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Fig. 2.
Dose-response of particle-challenged macrophages. Human primary macrophages (/7= 6)

were primed with LPS and stimulated for eight hours with increasing concentrations of Ti,
Cr, and Mo particles. IL-1 g secretion induced by particle doses of (V1) 0.1, (V2) 0.25, and
(V3) 0.5 mm?3/well was determined from culture supernatants by ELISA.
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Fig. 3.

The expression of pro-1L-1 gand NLRP3. Priming effects of LPS and particles alone on
macrophages (7= 4) were analyzed by gRT-PCR and Western blotting. The relative mMRNA
expression of (a) pro-1L-1 gand (b) NLRP3, and the production of intracellular (c) pro-1L-1
Band (d) NLRP3 proteins were determined after an eight-hour stimulation with Ti, Cr, and
Mo particles. Representative Western blot images are included with * illustrating statistically
significant difference between indicated conditions (p < 0.05).
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Fig. 4.
Inhibition of NLRP3 inflammasome activation. LPS-primed macrophages were treated with

inhibitors of NLRP3 inflammasome pathway, and challenged with Ti, Cr, and Mo particles
for eight hours. Inhibition of inflammasome components (a-b) NLRP3 and (c) caspase-1,
and upstream inflammasome activating signals (d) cathepsin B, (€) K* efflux, and (f) mtROS
were assessed by studying the IL-1 g secretion from culture media with ELISA. A control
group of sorbitol-treated macrophages was included to take into account the effect of
increased osmolarity. In graphs (b) and (e) 7=5, whereas other experiments were performed
with 7= 4. * indicates statistical significance between the conditions (p < 0.05).
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Fig. 5.

Activation of caspase-1. Human primary macrophages (n7 = 5) were primed with LPS and
challenged with Ti, Cr, and Mo particles for eight hours. () The release of active caspase-1
was measured from culture supernatants using a luminescence assay, and (b) the
corresponding IL-1 B secretion was determined by ELISA. * represents statistical
significance between indicated conditions (p < 0.05).
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Fig. 6.
The effect of TNF priming. Human primary macrophages were cultured in the presence of

TNF up to nine hours, after which the relative mRNA expression of (a) pro-IL-1 8 (n=3)
and (b) NLRP3 (7= 4) was assessed by qRT-PCR analysis. (c) TNF-primed macrophages (7
= 5) were exposed to an eight-hour stimulation with Ti, Cr, and Mo particles, and the IL-1 8
secretion was assessed by ELISA. (d-€) Particle-induced IL-1 g secretion from TNF-primed
cells (n= 4) was further modified by inhibition of NLRP3 and caspase-1. Data in graphs (a)
and (b) are presented as fold change compared to untreated control, whereas results from
experiments (d) and (e) are shownas percentage of particle-induced IL-1 g secretion. *
indicates statistically significant differences between groups (p < 0.05).
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Inhibition of NLRP3

Particle-induced secretion of inflammatory cytokines. Unprimed human primary
macrophages were challenged with Ti, Cr, and Mo particles for eight hours, and the
secretion of (a) TNF, (b) IL-6, (c) IL-1Ra, and (d) IL-18 was analyzed from culture
supernatants using ELISA assays. LPS-primed macrophages were treated with NLRP3
inhibitors and exposed to an eight-hour particle stimulation as well; the inhibitory effects of
(e) CY-09 and (f) MCC950 on particle-induced 1L-18 secretion were assessedby ELISA. In
graphs (a-c) n= 8, whereas experiments illustrated in graphs (d-f) were performed with n7=
4. # illustrates statistical significance for particle stimulation, and* represents significant

difference between indicated conditions (p < 0.05).
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Fig. 8.

Schematic view of the wear particle-induced inflammasome activation. 1. An NF-xB
activating priming signal such as LPS or TNF is required to synthesize NLRP3 and pro-IL-1
Bthus licensing macrophages for the NLRP3 inflammasome activation. 2. Recognition of
foreign body particulate material results in particle phagocytosis and formation of
phagolysosomes. Subsequent intracellular aberrations including 3. leakage of lysosomal
protease cathepsin B and 4. outflow of potassium (K*) are sensed by the NLRP3 receptor. 5.
Upon activation, NLRP3 triggers the assembly of the inflammasome complex by recruiting
specific adaptor proteins. 6. NLRP3 inflammasome eventually generates active caspase-1,
which cleaves precursor protein pro-IL-1 ginto the secreted form. 7. Mature IL-1 Sis
released from the cell through membrane pores formed after the inflammasome activation.
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