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Abstract

Recent investigations indicate that innate immune “danger-signaling” pathways mediate metal

implant debris induced-inflammatory responses, e.g. NALP3 inflammasome. How the physical

characteristics of particles, (size, shape and chemical composition) affect this inflammatory

reactivity remains controversial. We examined the role of Cobalt-Chromium-Molybdenum

(CoCrMo) alloy particle shape and size on human macrophage phagocytosis, lysosomal

destabilization, and inflammasome activation. Round/smooth vs. irregularly shaped/rough

CoCrMo-alloy particles of ~1µm and 6 to 7µm diameter were investigated for differential

lysosomal damage and inflammasome activation in human monocytes/macrophages. While

spherical/smooth 1µm CoCrMo-alloy particles did not measurably affect macrophage IL-1β
production, irregular 1µm CoCrMo-alloy particles induced significant IL-1β increases over

controls. Both round/smooth particles and irregular CoCrMo-alloy particles that were 6 to 7µ min

size induced >10-fold increases in IL-1β production compared to similarly shaped smaller

particles (p<0.05). Larger irregular particles induced a greater degree of intracellular lysosomal

damage and a >3-fold increase in IL-1β vs. similarly sized round/smooth particles (at an equal

dose, particles/cell). CoCrMo-alloy particle-size-induced IL-1β production was dependent on the

lysosomal protease Cathepsin B, further supporting lysosomal destabilization as causative in

inflammation. Phagocytosable larger/irregular shaped particles (6µm) demonstrated the greatest

lysosomal destabilization (observed immunofluorescently) and inflammatory reactivity when

compared on an equal dose basis (particles/cell) to smaller/spherical 1µm particles in vitro.
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INTRODUCTION

It is well established that soluble and particulate metal debris from orthopedic implants

induce a local inflammatory response mediated by resident and recruited immune cells (i.e.,

monocytes, macrophages, and T lymphocytes)(1–5). Key inflammatory cytokines in this

monocyte/macrophage response to particulate and soluble metal debris are PGE-2, IL-1β,

IL-6, and TNFα (3; 6–8). The Nalp3 inflammasome “danger signaling” pathway was

previously identified as an initial and central mechanism by which monocytes/macrophages

react to soluble and particulate implant debris-induced cellular damage (8), initiating an

inflammatory cascade of events that begin with the secretion of the potent pro-inflammatory

cytokine IL-1β. While the Nalp3 inflammasome pathway is a well established mechanism of

immune recognition of cellular damage by several non-pathogenic agents (i.e., vaccine

adjuvants, silica, asbestos, uric acid, and cholesterol crystals), the precise intracellular

danger signal or combination of signals that trigger Nalp3 oligomerization, and thus

inflammasome assembly and secretion of IL-1β, remains unknown. Some reports indicate

potassium efflux from distressed cells as a possible trigger of Nalp3 oligomerization and

pathway activation, while others showed that reactive oxygen species (ROS) produced by

endo-lysosomes and/or mitochondria are essential for Nalp3 activation (9–11). Recent

studies reported that monocyte/macrophage phagocytosis of particulate agents can activate

the Nalp3 inflammasome pathway due to lysosomal rupture and leakage of the protease

cathepsin B into the cytoplasm (12–14), suggesting that cathepsin B could be an important

lysosomal danger signal detected by Nalp3 in the cytosol of cells under mechanical stress.

Previous studies showed that biomaterial debris type, size, and shape influence subsequent

tissue bio-reactivity, suggesting that different debris types induce differential inflammatory

responses (15–18). While all types of debris induce some degree of biologic reactivity,

particulate debris <10 µm is of greater concern because it can be readily phagocytosed by

single cells and lead to a stronger inflammatory reaction (2; 8). However, debate continues

on exactly what size particle produces the greatest inflammatory response for different

materials and shapes and under what conditions (19–22) Thus, it remains contentious as to

which specific size(s) and/or dose of particles (particles/cell or particles/tissue volume) are

maximally inflammatory (7; 23; 24). Though heavily digested tissues and processed

simulator fluids show debris from metal-on-metal implants as small as ~5 nm, the particle

sizes in both implant simulator fluids and in peri-implant tissues range from 5nm to 100’s of

microns in diameter with the typically observed in the 0.02–5 micron range (25–28).

Although the inflammasome “danger signaling” pathway is involved in debris reactivity(8;

29), it remains unknown to what extent size and shape (surface texture) can induce

inflammasome activation and if this occurs via lysosomal rupture and destabilization.

We hypothesized that increasing size, dose, and surface irregularity would induce more

inflammasome mediated inflammation (IL-1β production) by inducing a greater degree of

lysosomal damage (cellular mechanical strain) after phagocytosis. We tested this hypothesis

by challenging a human macrophage cell line (THP-1) and primary human monocytes/

macrophages with increasing dose, increasing size, and increasing surface irregularity of

CoCrMo-alloy particles, and measured lysosomal destabilization-mediated IL-1β secretion
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using Nalp3 inflammasome pathway specific target blockers and confocal microscopy of

lysosome destabilization.

MATERIALS AND METHODS

Media and Challenge Agents

Growth media for the human primary monocytes or cell lines (THP-1 (ATCC) was RPMI

1640 supplemented with L-Glutamine, Penicillin, Streptomycin, 25mM Hepes (Lonza,

Walkersville, MD), and 10% heat inactivated fetal bovine serum (FBS; Hyclone

Laboratories, Logan, UT) or 10% heat inactivated autologous serum.

The particles used in this study were comprised of clinically available CoCrMo alloy

commonly used in hip and knee implants. Four types of particles were used: 1.1 µm (ECD)

Irregularly shaped CoCrMo-alloy particles (ASTM F75) ; 6.3 µm (ECD) Irregularly shaped

CoCrMo-alloy particles (ASTM F75) ; 1.4 µm (ECD) Smooth shaped CoCrMo-alloy

particles (ASTM F75); and 7.3 µm (ECD) Smooth shaped CoCrMo-alloy particles (ASTM

F75).

All particle powders were analyzed by Low Angle Laser Light Scattering (LALLS,

Microtrac X-100), which measures millions to billions of particles (Fig. 1). Irregularly

shaped alloy particles were produced by gas atomization (prior to implant casting) and high-

speed cyromilled under proprietary methods (BioEngineering Solutions Inc., Oak Park, IL)

using commercially available and packaged total hip replacement femoral heads (Zimmer

Inc, Warsaw IN). While simulator fluids and peri-implant tissue-digests have shown metal

particles as small as 5–10 nm (30; 31), currently nanoparticles have not been identified in

virgin tissue sections (due to the practical difficulty associated with detecting particles in

non-digested tissue sections under high power SEM or TEM). In contrast, individual

particles and particle agglomerates in the 0.1, 1, 10, and 100 micron ranges are well

established and identified in tissue sections (and tissues digests) of failed implants,

particularly in those of failed metal-on-metal implants (32–39). Thus the midranges of these

well documented sizes (i.e. µm) was selected due to its commercial availability, the ability to

efficaciously use similar sized particles of different surface topology (validated by SEM and

LALLS), and the long history of histologically identifiable particles within retrieved tissues.

All CoCrMo-alloy particles were endotoxin cleaned and tested (<0.01eU, Kinetic QCL) and

sterilized by steam sterilization. Controls were Alum (a particle/adjuvant Nalp3

inflammasome positive control), zVAD (Selective blocker of caspase-1 activity), and

CA-074-Me (selective Cathepsin B inhibitor), (Sigma-Aldrich).

Cell Purification

Blood samples were obtained intravenously from healthy volunteers with IRB approved

informed consent (Rush University). Peripheral blood mononuclear cells (PBMCs) were

isolated by Ficol gradient separation and collected for further purification. Peripheral blood

CD14+ monocytes were isolated from PBMCs by negative selection with a specific

magnetic bead antibody cocktail to CD3, CD7, CD16, CD19, CD56, CD123, and
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Glycophorin A (Miltenyi Biotec). Isolated human primary monocytes were assessed for

>90% purity using FACS.

Cell Culture and Blocking Experiments

THP-1 monocytes were differentiated into macrophages by culturing 2.0×105 monocytes in

48 well plates with a phorbol ester (TPA) for 18–24 hrs (determined previously to yield

maximal inflammasome macrophage/monocyte responses) (8). Newly differentiated

macrophages were challenged with: irregularly shaped CoCrMo-alloy particles of 6µm diam

(large) and 1um (small) (ASTM F-75) at a 0.25:1, 0.5:1, and 1:1(particles:cell) ratio; and

round CoCrMo-alloy particles of 6µm diam (large) and 1 µm (small) (ASTM F-75) at a .

25:1, .5:1, and 1:1 ratios for 24 hrs. Supernatants were analyzed for mature IL-1β production

subsequently. Caspase-1 inhibitor zVAD (20uM) or Cathepsin B inhibitor were added with

THP-1 cells and human primary monocytes during metal challenge cultures to block

caspase-1 cleavage of pro-IL-1β or to block the effects of cytosolic lysosomal Cathepsin B

on Nalp3 activation respectively.

ELISA

Sandwich ELISAs for IL-1β (R&D systems) were used to detect metal-induced THP-1 and

human primary monocyte/macrophage mature IL-1β secretion using manufacturer’s

instructions.

Luminex Assays

Metal-induced IL-1β by THP-1 monocytes and human primary monocytes were analyzed

with Luminex suspension multiplex array technology. Supernatants from metal-challenged

monocytes were collected 24 hrs after initial metal challenge and frozen at –80 C°.

Monocyte/macrophage supernatants were then thawed and analyzed for IL-1β
concentrations with a pro-inflammatory-bead based cytokine array kit (Invitrogen). All

Luminex assays were analyzed in triplicates with manufacturer’s provided buffers and

protocols.

Stealth RNA Interference (RNAi)

To determine if down regulating the inflammasome pathway in macrophages/monocytes

diminished the inflammasome responses by all challenge agents (and that other mechanisms

were not responsible for cytokine production), RNAi was transfected into a THP-1 human

macrophage cell line to knock down inflammasome proteins (Nalp3, ASC). THP-1 cells

(2.5×105) were transfected with 10 nM RNAi using Lipofectamine RNAimax transfection

reagent following manufacturer’s protocols (Invitrogen). THP-1 cells were transfected with

RNAi for 48 hrs before fresh media and metal challenge agents were introduced into the

culture system. Non-treated, Mock RNAi-treated, Nalp3 RNAi-treated and ASC RNAi-

treated THP-1 were challenged with: irregularly shaped particles of 6µm and 1µm diam

(ASTM F-75) at a 0.25:1, 0.5:1, and 1:1particles:cell ratio for 24 hrs.
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Confocal Microscopy

THP-1 monocytes (ATCC) were cultured in RPMI-1640 10% fetal bovine serum (FBS)

(Hyclone Laboratories, Inc) at 37°C and 0.5% Co2 and differentiated into macrophages by

culturing 2.5 × 105 in a four well glass chamber slide with phorbol ester (TPA) for 18–24

hrs. Differentiated THP-1 macrophages challenged with particles and incubated at 37°C for

3 hrs with 15µg/ml DQ Ovalbumin (Invitrogen) were fixed with histochoice for 30 mim,

washed 4x (PBS), mounted (vectasheild) and imaged (Zeiss LSM 510, 488nm).

Statistical Analysis

A two-tailed t-test was used to determine significance in cytokine production in THP-1 cells

and human primary monocytes/macrophages. Paired t-test was used to determine

significance in cytokine secretion between metal-treated and non-treated human primary

monocytes/macrophages as a group (n=5).

RESULTS

CoCrMo-alloy particle-induced monocyte/macrophage IL-1β secretion is caspase-1
dependent

IL-1β secretion increased with increasing concentrations of 6 um round CoCrMo-alloy

particles (positive dose responses) and induced a modest production of IL-1β (up to 523

pg/ml) compared to untreated controls and smaller 1um round particles at any dose (p<0.05)

(Fig. 2A). Smaller (1um) round particles did not induce a significant increase in IL-1β
production even at the highest concentration tested (10:1 particles:cell) (Fig. 2A). In contrast

to small 1um round particles, small 1um irregular particles induced a significant increase in

IL-1β production (up to 234 pg/mL) with increasing concentrations of particles vs. untreated

controls (p < 0.05) (Fig. 2B). Large 6um irregular particles also induced a concentration

dependent effect on IL-1β production (up to 2468 pg/mL), which was significantly higher

than untreated controls and higher than the effect induced by their large round particle

counterpart (523 pg/mL) (Fig. 1B).

These phenomena depended on inflammasome activation as determined by concomitant

treatment with ZVAD, an inhibitor of Caspase-1 (which cleaves pro- IL-1β into IL-1β).

Addition of the caspase-1 inhibitor abolished secretion of IL-1β in response to all CoCrMo-

alloy particle challenges (Fig. 2A-B). These data establish that the differences in particle

size, shape, and dose that induce differential IL-1β secretion are Caspase-1 dependent

(inflammasome activated). To confirm the reduction in IL-1β in THP-1 macrophages in the

presence of capase-1 inhibitor ZVAD, we tested whether soluble and particulate metal-

induced IL-1β secretion in primary human monocytes/macrophages (n=3) was also

abolished in the presence of caspase-1 inhibitor (Fig. 2C). Co and Cr ions induced

significantly more IL-1β secretion than Ni in human primary monocytes/macrophages.

These data imply that metal particle-induced IL-1β production in human THP-1 and human

primary monocytes are in part to released metal ions and is fully or partially dependent on

the active form of Caspase-1.
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Round and irregular CoCrMo-alloy particle-induced IL-1β secretion in THP-1 cells is Nalp3
dependent

Consistent with previous caspase-1 inhibition results, THP-1 cells that were knocked down

for Nalp3 expression had a significant (p<0.05) decrease in IL-1β production compared to

their Mock siRNA-treated control cells (Fig 3A,B). ASC knockdown induced a more

modest, but significant decrease in IL-1β secretion for irregular particles and a non-

significant decrease for round particles.

Round, but not irregular CoCrMo-alloy particle-induced IL-1β production is dependent on
macrophage phagocytosis

While cytochalasin D inhibited macrophage phagocytosis of both round and irregular

particles as illustrated by lack DQ Ova-Albumin uptake by THP-1 cells (Fig.4 C), it only

inhibited the production of IL-1β in round particle-treated macrophages (Fig. 4A).

Treatment with cytochalasin D inhibited phagocytosis, but did not inhibit the production of

IL-1β in irregular particle treated macrophages (Fig. 4B). Similar results were obtained from

human primary monocytes, where cytochalasin D treated monocytes/macrophages had a

decrease in IL-1β production in response to round particles, but not to irregular particles

(data not shown). IL-1β production despite blockage of phagocytosis of irregularly shaped

particles implicates differential ion release from different types of CoCrMo-alloy particles

(irregular vs. round) (40).

Round and irregular CoCrMo-alloy particle-induced lysosomal destabilization and leakage

Particulate challenge agents phagocytosed by macrophages can lead to destabilization, and

the extent of lysosomal damage can be assessed using confocal microscopy. DQ ovalbumin

is internalized by cells simultaneously with particles into the phagolysosomal compartment

and fluoresces in the lysosome acidic environment. Large fluorescent pools of DQ

ovalbumin in the cytosol of cells are indicative of compromised lysosomal compartments

that have leaked the fluorescent protein (Fig. 5). While THP-1 cells not treated with particles

did not exhibit significant fluorescence pools in the cytosol (no lysosomal damage), round

and irregular particles showed increased lysosomal damage as indicated by large fluorescent

areas in particle-treated cells. These results show that both round and irregular particles can

induce lysosomal destabilization in THP-1 macrophages.

CoCrMo-alloy particle-induced IL-1β in human macrophages is cathepsin B dependent

While THP-1 cells showed a more robust IL-1β response to irregular particles, the cathepsin

B inhibitor reduced IL-1β to almost control/background levels (p<0.05) (Fig. 6). Human

primary monocytes (n=4) exhibited a similar response where round particles increased IL-1β
production that was completely abolished in the presence of cathepsin B inhibitor. Irregular

particles induced higher production of IL-1β compared to untreated controls and the

presence of Cathepsin B inhibitor also abolished IL-1β production (Fig. 6C). These data

suggest that Cathepsin B is a key activator of the IL-1β inflammasome response to both

round and irregular particles.
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DISCUSSION

We found that CoCrMo-alloy particle size, shape, and number induces differential

macrophage IL-1β production dependent on several inflammasome “danger signaling”

pathway components. The data support our hypothesis that irregularly shaped particles and

larger sized particles (at equal dose) will induce more IL-1β than spherical/smooth or

smaller particles due to a greater degree of lysosomal damage and inflammasome activation

after phagocytosis. Particle number and shape influenced the degree of inflammatory

response at the molecular level related to the seeming propensity to disrupt lysosome

integrity (i.e cathepsin B leakage into the cytosol, and Caspase 1 activity). This provides

insight into how different types of debris generated from the degradation of metal implants

can induce different inflammatory responses.

It was previously established that the phagocytosis of non-biological particulate challenge

agents, such as the vaccine adjuvant alum, induce lysosomal destabilization that leads to

cathepsin B leakage in the cytosol and subsequent activation of the Nalp3 inflammasome

that results in IL-1β secretion (13). Given that metal implant particles induce the

inflammasome/IL-1β (6; 8; 41), we tested the degree to which factors such as particle

number, size, and shape dictate inflammasome mediated IL-1β production in human

macrophages. Larger round CoCrMo-alloy particles (6µM diam), induced a significant

increase in IL-1β at low particle concentrations. In contrast smaller round particles (1 µM

diam) did not induce IL-1β in THP-1 cells at any particle concentration tested (up to 10

particles per cell). This difference was also true of irregular (granular) smaller (1µM) and

larger (6 µM) particles where larger particles induced significantly higher IL-1β (p<0.05) at

an equal dose basis in THP-1 cells. It was not surprising that increased size resulted in an

increased inflammatory response on an equal dose basis for both smooth and irregular

geometries given that these sizes represent a 5to 25% increase in proportion compared to the

20µm diam of a non-spread monocyte/macrophage. However, the extreme non-proportional

increase in inflammatory response over this size range suggests both non-linearity of

response and the existence of a “sensitivity to size” threshold in the range of 1 to 10 µm.

Caspase-1 inhibitor zVAD diminished macrophage production of IL-1β to background

control levels in response to both round and irregular particles. However, IL-1β production

when challenged with highest concentration of large irregular particles was not reduced in

the presence of Cytochalasin D (phagocytosis inhibitor). This suggests that increasing

particle burden (particularly by larger particles) can potentially reach a threshold where

alternate inflammatory or toxic pathways may be mediated by increased metal ion exposure

and not by phagocytosis of the particle itself. This phenomenon could be explained by the

fact that irregularly shaped particles have a greater surface area compared to the smooth

surface of round particles and thus a greater propensity to release metal ions. Initial testing

shows evidence that irregularly shaped particles release a higher concentration of metal ions

into the surrounding environment compared to round particles (data not shown). The

complex relationship between metal ion release and particle topology needs further

characterization. We also showed that the presence of high ionic concentrations in addition

to the particulate challenge agent can induce different mechanisms of inflammation and/or
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toxicity (soluble vs. particulate challenge agents) that can potentially overwhelm the cellular

inflammatory response (6; 8).

Danger signaling is a central immune mechanism that helps form an effective immune

response to pathogen and non-pathogen derived cell damage, where lysosomal

destabilization occurs from phagocytosis of particulate non-pathogenic challenge agents

leading to Nalp3 inflammasome IL-1β production (13; 42; 42; 43). Here we have extended

this type of reactivity to include implant debris and more importantly to vary in accordance

with the surface geometries more able to destabilize intracellular lysosomes, i.e. increasing

particle size and roughness (Fig. 7).

Lysosomal destabilization and leakage of proteases like Cathepsin B result in Nalp3

inflammasome activation and subsequent IL-1β production. Shape-dependent macrophage

lysosomal destabilization to CoCrMo-alloy particles was further demonstrated by blocking

this key lysosomal protease and observing abolished production of IL-1β. However, when

increasing size, dose, and irregularity stop producing a commiserate increase in cell remains

unknown and, given our results, is likely material and environment specific. Because it

remains largely unknown which implant designs produce different shaped metal debris, the

clinical utility of our results cannot be used (as yet) to predict the reactivity of one design

over another. However, more generally, our results suggest that nano-debris (or other small

sized particles) that are less likely to destabilize intracellular lysosomal compartments are

also less likely to generate IL-1β mediated inflammatory responses. Thus, as metal particles

decrease in size the greater the contribution of metal ions to the overall induction of IL-1β
mediated responses and less important is that of particulate-specific effects. Further efforts

are required to confirm this relationship, and testing is underway using nano-metallic

particles and ions.

While the scope of this investigation is limited to particulate debris associated with

CoCrMo-alloy implants, the application of our data to other implant metals, ceramics, and

polymers is supported by our and others previous work (8; 44; 45). Understanding the

danger signal components triggered by particulate debris that activate the Nalp3

inflammasome is of paramount importance given the millions of people with total joint

replacements and the one million people in the U.S. with a metal-on-metal implant.

Understanding specific cellular triggers of inflammasome involvement in particle-induced

inflammation, such as lysosome destabilization, is key to designing better implants (e.g.,

evaluating the relative ability of CoCrMo-alloy vs. Ti-alloy particles to induce this response)

and incorporating this pathway into therapeutic strategies to pharmacologically treat debris-

induced inflammation/hypersensitivity by interrupting the initiation of inflammation (e.g.,

blocking inflammasome activation by blocking Cathepsin-B activation in the cytosol or

IL-1β potentiation).
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Figure 1.
(Left Panels) Scanning electron micrographs show the 2 sizes (~1 µm and 6 µm) of round

and irregularly shaped CoCrMo-alloy particles used to challenge cells (Note: Bars=10 µm).

(Right Panels) Associated Low Angle Laser Light Scattering generated number distributions

show the range of sizes for each particle sizes and shape challenge.
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Figure 2.
THP-1 cells were treated with increasing concentrations of 1µM or 6 µM smooth (A) or

rough (B) particles in the presence or absence of caspase-1 inhibitor Z-VAD C) Human

primary monocytes/macrophages (n=4) were treated with 0.1 mM Cobalt (CoCl2),

Chromium (CrCl3), Molybdenum (MoCl5), Nickel (NiCl2) and 6 µM Co-Cr-Mo alloy

particles (10:1 Particles:cell) for 16 hrs. * denotes significance between ZVAD treated cells

vs. no ZVAD treatment for THP-1 and for human primary monocytes/macrophages. Bars
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indicate significance at p < 0.05 between metal particle/ion treated cells vs. non-treated

controls.
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Figure 3.
THP-1 cells were not-transfected (Mock) or transfected with RNAi constructs specific for

Nalp3 and ASC for 48 hrs to allow for Nalp3 and ASC knock down. Nalp3 RNAi, ASC

RNAi or Mock-transfected THP-1 cells were subsequently challenged with or without

(negative control) 6 µM irregular (A) or round (B) particles, for 16hrs (Alum = positive

control). * denotes significance at p < 0.05.
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Figure 4.
THP-1 cells were pre-treated with Cytochalasin D for 4 hrs and challenged with 6 µM round

(A) or irregular (B) particles . THP-1 cell secretion of IL-1β was analyzed 24 hrs after

culture. (C) THP-1 phagocytosis inhibition was confirmed by confocal microscopy 24 hrs

after culture. * denotes significance at p < 0.05.
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Figure 5.
THP-1 macrophages were challenged with and without 6µM irregular or round particles and

incubated with 15µg/ml DQ ovalbumin simultaneously for 4 hrs. THP-1 macrophages were

fixed and evaluated for the presence or absence of large pools of DQ ovalbumin

fluorescence indicative of lysosomal destabilization. White arrows indicate lysosomal

destabilization.
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FIGURE 6.
THP-1 cells were treated with increasing 6 µM smooth (A) or rough (B) particles at 2

concentrations in the presence or absence of cathepsin B inhibitor; IL-1β was measured after

16 hrs of challenge. C) Freshly isolated human primary monocytes/macrophages (n=4) were

treated with 6 µM Cobalt-alloy smooth (A) or rough (B) particles for 24 hrs. Alum was used

as positive control for cathepsin B- induced IL-1β production.
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Figure 7.
Small 1 µM round or large 6 µM irregular particles are internalized by macrophages through

active phagocytosis. While small 1 µM round particles do not induce a measurable response,

large 6 µM irregular particles induce lysosomal destabilization leading to the release of

Cathepsin B from the compromised lysosome. Cathepsin B acts as a danger signal to

activate the Nalp3 –ASC inflammasome complex of proteins leading to the activation of

Caspase-1 and cleavage of pro- IL-1β into active IL-1 β, which is subsequently released

from the cell to exert its pro-inflammatory functions.
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