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Abstract

Background The macrophage and lymphocyte response

to wear debris contributes to the failure of some joint

replacements. Costimulatory molecule expression by par-

ticle-containing macrophages is an evidence for antigen

presentation. The NFjB transcription factors are regulators

of costimulatory molecules and are present in tissue near

failed joint prostheses. The tissue localisation of NFjB and

the expression of these factors and costimulatory molecules

by U937 cells stimulated with nano- and microparticles are

reported, together with the effects of an NFjB inhibitor

(sc514).

Materials and methods The tissue localisation of RelA,

RelB, c-rel, p50, p52 and NF-IL6 was examined by

immunohistochemistry in samples from 15 patients with

failure of metal against polyethylene total hip replace-

ments. The expression of these NFjB factors by U937 cells

stimulated with microparticles (CoCr, diamond) and

nanoparticles (diamond) was examined by quantified RT-

PCR. Lipopolysaccharide provided positive controls while

negative controls had no additions to culture. Inhibition of

NFjB activity by sc-514 was studied. The expression of

costimulatory molecules (CD80, CD86 and HLA-DR) was

evaluated in parallel cell culture studies by tricolour flow

cytometry.

Results and discussion Immunohistochemistry of tissue

showed the highest expression for NF-IL6 (32.56 ± 11.61

per cent), RelA (33.66 ± 9.98 per cent) and p52

(32.07 ± 12.90 per cent), then RelB (22.63 ± 7.49

per cent), c-rel (14.07 ± 6.72 per cent) and p50

(13.07 ± 5.99 per cent). NF-IL6 was localised to mac-

rophages, RelB to RFD1? dendritic cells. U937 cells

showed an increased expression of all NFjB factors

(p \ 0.01) in response to CoCr and diamond microparti-

cles. Only RelA and c-rel (p \ 0.01) were increased by

one diamond nanoparticle and p52 and c-rel (p \ 0.01) by

another nanoparticulate diamond. Inhibition by sc-514 of

RelA, c-rel and p50 expression occurred with all four

particles, p52 was decreased for all diamond particles (but

not CoCr) and RelB was not inhibited with any of the

particles. CD86 and HLA-DR expression were upregu-

lated by microparticles (CoCr, diamond) (p � 0.01) with

lower levels (significant) of these molecules found with

diamond nanoparticles. CD80 expression was much less

than CD86 and HLA-DR. Costimulatory molecule

expression in the bone-implant interface indicates antigen

presentation by macrophages. Functional studies with

U937 monocytes show the same molecules expressed on

exposure to micro- and nanoparticles. Highest values

occur with CoCr while the smallest diamond nanoparti-

cles are the least stimulatory. NFjB expression gives an

insight into the immunogenic potential of the different

particles.
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Abbreviations

APC Antigen presenting cell

BSA Bovine serum albumin

C/EBP-beta CCAAT enhancer binding protein-beta

CD Cluster of differentiation (classification

system for cellular surface molecules; as

in CD68, CD80)

CoCr Cobalt chromium alloy

D1, D2, DB Diamond particles according to own

laboratory notation

DC Dendritic cell

ECD Equivalent circle diameter

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

HLA Human leucocyte antigen (HLA-DR is an

MHC class II cell surface receptor)

IKKb IjB (inhibitor of NFb) kinase beta

IL1 Interleukin 1

IL10 Interleukin 10

LPS Lipopolysaccharide

M–M Joint replacement prosthesis in which

metal articulates against metal

M–P Joint replacement prosthesis in which

metal articulates against polyethylene

NF-IL6 Nuclear transcription factor for

interleukin 6

NFjB Nuclear factor kappa-light-chain-

enhancer of activated B cells, a family

of protein factors that control the

transcription of DNA

p value Probability value

PBS Phosphate buffered saline

PE R-Phycoerythrin

PE-cy5 Phycoerythrin coupled with the

indotricarbocyanine dye, cy5

RelA, RelB,

c-rel, p50, p52

Individual names given to NFjB proteins

which are transcription factors

RHD Rel homology domain

rtp Room temperature

RT-PCR Reverse transcription polymerase chain

reaction

SD Standard deviation

THR Total hip replacement

TiAlV Titanium–aluminium–vanadium alloy

TNFa Tumour necrosis factor alpha

Introduction

‘There is at bottom only one genuinely scientific treatment

for all diseases, and that is to stimulate the phagocytes’

(The Doctor’s Dilemma, George Bernard Shaw, Act 1).

This paper reports research in which there is stimulation

of the phagocytes. Sir John Charnley observed that the

presence of macrophages is ‘a tissue reaction which no

implant surgeon can lightly dismiss’ (Charnley 1979). The

macrophage response to foreign particles has considerable

significance in the context of joint replacement surgery. It

is completely topical as concerns are expressed over the

effects of metal wear particles from replaced joints and the

possibility of adverse immunological reactions.

Wear occurs at the bearing surfaces of every artificial

joint giving rise to particulate debris which may also be

formed by abrasion or corrosion of components (Revell

2008). Particles accumulate in the synovial fluid from

which they are cleared by the phagocytic cells of the

synovium and removed via the lymphatics to local lymph

nodes (Vernon-Roberts and Freeman 1976). The actual

identification of lymphatic vessels in the synovium and

implant interface has recently been achieved (Jell et al.

2006). Dissemination of particles to distant sites including

the spleen is well recognised (Revell 1982; Case et al.

1994; Bae et al. 1996). Continuity between the synovial

fluid and the tissue fluid surrounding the implant with

particle migration by fluid pressure mechanisms has been

described (Aspenberg and Van der Vis 1998). Particles are

found in the bone-implant interface distant from the

articulating surfaces in the absence as well as presence of

implant loosening and bone loss (Revell 2008).

Macrophages and the closely related multinucleate giant

cells (MNGCs) predominate in the bone-implant interface

of failed joint replacements regardless of the type of par-

ticle present. At least 24 different pro-inflammatory

cytokines and other mediators are produced by these cells

in relation to wear debris (Revell 2008, 2012). Apart from

physically removing debris from the tissues, macrophages

initiate immunological reactions in partnership with lym-

phocytes. The presence of lymphocytes in the infiltrate

related to joint prostheses was noted over 30 years ago by

Vernon-Roberts and Freeman (1976). Lalor and her col-

leagues (Lalor et al. 1990, 1991; Lalor and Revell 1993)

were among the first to recognise their significance at the

implant interface of metal implants and to suggest an

immunological process. It is now clear that a proportion of

cases coming to revision surgery, be they metal against

polyethylene (M–P) or metal against metal (M–M) articu-

lations, have a significant lymphocytic component to the

peri-implant infiltrate (Lalor et al. 1991; Salter et al. 1992;

Lalor and Revell 1993; Al-Saffar et al. 1994; Revell and
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Al-Saffar 1994; Davies et al. 2005; Willert et al. 2005; Park

et al. 2005; Milosev et al. 2006; Toms et al. 2008; Ma-

hendra et al. 2009). That the interaction between

lymphocytes and macrophages involves interplay through

cytokines and other mediators is undoubted, but the pos-

sibility of antigen presentation also needs to be considered.

The presence of the costimulatory molecules (CD80,

CD86, CD28) on these two cells in peri-implant tissues is

salient (Bainbridge et al. 2001; Farber et al. 2001; Altaf

et al. 2003) as is HLA-DR expression which is indicative of

antigen presenting cell (APC) activation.

Costimulatory molecule expression on the cell surface is

greatly influenced by activity of the NFjB transcription

factors. Ligation of costimulatory molecule cell surface

receptors provides an activation signal for NFjB and in

turn, NFjB acts as a regulator of costimulatory molecule

expression. The interaction between APC and T cells

causes NFjB activation in both cell types (Kane et al.

2002). The NFjB family (RelA, RelB, c-rel, p50 and p52)

lies at the heart of immune response regulation. These

factors exist as heterodimers latently held in the cytoplasm

of cells by inhibitory proteins, IjB, which upon activation

are phosphorylated by the IjB Kinase (IKK) complex,

resulting in the nuclear translocation of NFjB. The IKK

complex consists of two catalytic subunits, IKKa and

IKKb, and a regulatory component, called NFjB essential

modulator (NEMO) or IKKc. Both IKKa and IKKb can

phosphorylate IjB. IKK influences NFjB activation by

either the canonical or the non-canonical pathway. The

canonical pathway plays an important role in the activation

of innate immunity and inflammation. It involves the

activation of IKKb in response to inflammatory mediators

with the phosphorylation and degradation of IjBa and

consequent nuclear translocation of NFjB. RelA, p50 and

c-rel are activated via the canonical pathway, whereas the

transcriptional activity of p52 and RelB is dependant upon

the non-canonical pathway. This pathway leads to the

activation of NFjB under the control of IKKa, activation

of which leads to the ubiquitination of p100 and conse-

quent generation of p52. This NFjB factor forms a

heterodimer with RelB, so that the non-canonical pathway

is involved in the nuclear translocation of RelB: p52

complexes.

This paper describes studies of NFjB expression in

response to particles, firstly by demonstrating the presence

of these transcription factors in the bone-implant interface

and secondly by reporting cell culture experiments in

which the expression of these molecules by monocytes is

examined. The effect of an inhibitor of NFjB activation on

the in vitro response to particle ingestion is also described.

Evaluation of costimulatory molecule expression by U937

cells serves to complete the link to the in vivo findings. The

size and composition of particles is considered, since those

generated by M–P and M–M articulations differ. The for-

mer are mostly micrometre in size (Yamac 1999; Iwaki

et al. 2000), while nanoparticles have been shown to be

released by M–M joints (Doorn et al. 1998).

Materials and methods

Tissue localisation of NFjB transcription factors

Immunohistochemistry

Bone-implant interface tissue was obtained from 15

patients (7 M, 8 F, age 41–93 years) undergoing revision

of M–P THR (Zimmer CPT) for aseptic loosening after

implantation for 36–252 months with ethical committee

approval. Eleven cases were first and four were second

revisions. There was no microbiological evidence of

infection in any of these cases. Samples were anonymised

throughout. Tissue [acetabular (n = 8); femoral (n = 7)]

was snap frozen in liquid nitrogen/isopentane and stored in

liquid nitrogen. Tissue sections were stained for NF-IL6,

RelA, RelB, c-rel, p50, p52, CD3, RFD1 and CD68 using

the alkaline phosphatase streptavidin (APS) technique.

Briefly, cryostat sections (5 lm) were fixed in acetone at

rtp for 10 min, blocked with PBS/BSA (0.1 %), then

treated with primary antibodies in PBS/BSA at optimum

dilutions, followed by biotinylated secondary antibody

(1:100) (rtp) (1 h) and APS (1 h). Optimum dilutions (1:50

for all primary antibodies except CD68 (1:100) and CD3

(1:25) were determined by titration studies with known

control tissue (lymph node, tonsil). Sections were devel-

oped using Fast Red staining before viewing with

conventional light microscopy.

Double-labelling immunofluorescence

Acetone-fixed PBS/BSA blocked frozen sections (5 lm)

from the same clinical cases were incubated with the pri-

mary rabbit antibodies against RelB or NF-IL6 combined

with one or other primary mouse anti-human CD68 or

RFD1 antibodies. Antibodies from two different species

were used to avoid cross-reactivity. Washed sections were

incubated (1 h) (rtp) with fluorescent-tagged secondary

antibodies [goat anti-rabbit (1:50) (Texas red) and goat

anti-mouse (1:50) (FITC)], then Vectashield mounted and

viewed by fluorescence (u/v light) and laser confocal

microscopy.

Quantitation

The percentage of positive cells in both immunolabelling

studies was calculated after counting eight high-power
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fields (HPF) (X63). Reproducibility was checked (for

8XHPF) by plotting the cumulative mean percentage val-

ues for positive cells against the number of HPF counted.

Statistical analysis was performed using the Student t test.

That cells containing transcription factors were of a par-

ticular type was confirmed non-quantitatively by double-

labelled immunofluorescence.

In vitro response of U937 cells to CoCr and diamond

particles: NFjB expression

Cells of the U937 cell line (LGC Promochem, UK) were

cultured in 24 well plates in RPMI 1640 containing 10 %

heat inactivated fetal calf serum (FCS), 1 % streptomycin

and 5 % L-glutamine, passaged for 7 days, then after

washing (HBSS) and viability counting, resuspended to

1 9 106 cells/ml and cultured in 24 well plates. Cells were

challenged with CoCr particles (Goodrich, Cambridge) at a

concentration of 2.5 particles/cell, diamond microparticles

(DB) (2.5 particles/cell) and diamond nanoparticles (D1,

D2) at six aggregates of particles/cell (see below). The

diamond particles, all synthetic, were a generous gift from

Dr. Kasia Bakowicz (Technical University of Lodz,

Poland). All particles were washed (X3) in 70 % ethanol

and stored in ethanol, then washed in HBSS immediately

before use. Positive controls consisting of 1 9 106 cells/ml

challenged with 5 ll (10 ng/ml) of lipopolysaccharide

(LPS) were included in each experiment. Negative controls

were cells maintained without any additions. All samples

were analysed by RT-PCR for NFjB transcription factors

and observations made in triplicate.

Inhibition of NFjB

Inhibition of NFjB signalling was studied using sc-514

(EMDMillipore) which irreversibly suppresses IKKb acti-

vation in the NFjB pathway (Baxter et al. 2004). Sc-514

(10 lM) was added to U937 cells (1 9 106/ml) in 24 well

plates and incubation for 1 h carried out before challenging

with particles or LPS as above.

RT-PCR

After incubation with different particles, cells were

homogenised using Trizol reagent. RNA isolation was by

the addition of chloroform, centrifugation and washing the

upper aqueous phase with isopropanol. 2 lg of RNA was

converted to cDNA and used in the Superscript III one-step

RT-PCR system with platinum Taq (Invitrogen). The

mRNA expression of b-actin and NFjB transcription fac-

tors (RelA, RelB, c-rel, p50 and p52) was noted.

Quantitation

The pixel density of each band was measured to quantify

the expression of factors. The statistical significance of the

differences between the values obtained for LPS and each

particle compared with the negative control was deter-

mined by the Student t test.

Characterisation of particles

CoCr particles were spherical with a mean equivalent circle

diameter (ECD) of 2.11 ± 0.86 lm as characterised by

transmission electron microscopy (TEM) (Fig. 1). Micro-

particles of diamond had a mean ECD of 1.05 ± 0.15 lm

(DB). Individual nanoparticles of diamond (D1 and D2)

were in the 1–5 nm range. Both formed aggregates with

ECDs of 0.85 ± 0.26 lm (D1) and 0.12 ± 0.06 lm (D2)

No attempt was made to disaggregate the nanoparticles

before addition to cell culture.

In vitro response of U937 cells to CoCr and diamond

particles: costimulatory molecules

Preparation and culture of U937 cells with CoCr and dia-

mond particles was exactly the same as described above for

24 h, followed by centrifugation, washing with PBS/10 %

FBS and resuspension in 100 ll PBS/FBS. Three fluoro-

chrome-conjugated antibodies [anti-CD80-FITC, anti-

CD86-PE, anti-HLA-DR-PEcy5 (Vector) (5 ll)] were

added to each suspension. After an half-hour incubation

(4 �C) with this antibody cocktail, the cells were washed

with PBS/FBS (X3) and resuspended in 500 ll PBS/FBS

for analysis with a Becton–Dickinson FACScan. Positive

controls were cells challenged with LPS (10 ng/ml) and

negative controls were cell cultures without additions. A

sample for each test group was prepared devoid of any

fluorochrome-conjugated antibodies for standardisation of

the fluorescence intensity. This provided the negative

FACS control against which the test group fluorescence

was assessed.

Results

In situ localisation studies: NFjB transcription factors

Immunohistochemical staining for NFjB factors

The expression of NF-IL6 and NFjB in the bone-implant

interface tissues was assessed quantitatively by immuno-

histochemistry. Large percentages of cells expressed
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NF-IL6 [32.56 ± 11.61 per cent (m ± SD)], RelA

(33.66 ? 9.98 per cent) and p52 (32.07 ± 12.90 per

cent), whereas a smaller proportion stained positively for

c-rel (14.07 ± 6.72 per cent) and p50 (13.07 ± 5.99 per

cent) with intermediate levels for RelB (22.63 ± 7.49

per cent). Examples of the appearances are shown in

Fig. 2.

Double-labelling immunofluorescence

The cell types expressing NF-IL6 and RelB were identified

by double-labelling immunofluorescence. Cell counting

showed that a mean of 40 % of macrophages (CD68?)

were activated as judged by nuclear expression of NF-IL6.

10 % of MNGC (CD68?) and no RFD1? (antigen-pre-

senting) cells expressed NF-IL6. By contrast, a majority of

RFD1? cells (80 %) showed RelB expression. RelB was

also present in a small proportion of macrophages (10 %)

and MNGC (5 %).

In vitro cell studies: NFjB

Expression of NFjB by U937 monocytes in response

to CoCr and diamond particles

The NFjB expression by U937 cells in response to parti-

cles was measured by densitometry of RT-PCR.

Stimulation with LPS resulted in the significant upregula-

tion of all NFjB factors compared with the negative

controls (p \ 0.05). There was a significant increase in

expression of all the factors in relation to CoCr and DB

compared with negative controls (p \ 0.05), while a sig-

nificant increase occurred for RelA with D2, p52 with D1

and c-rel with both D1 and D2 (p \ 0.05). Cells incubated

with CoCr showed a significant increase in the expression

of RelA, c-rel, and p50 (p \ 0.01) compared with the LPS

control levels. The results are shown in Fig. 3.

Inhibition of NFjB activity by sc-514, a suppressor of

IKKb activation, caused a reduction in the expression of

Fig. 1 Transmission electron micrographs of particles used in culture studies with U937 cells: a CoCr alloy, b microparticulate diamond (DB),

c diamond nanoparticles (D1) forming an aggregate
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RelA, c-rel and p50 on incubation with all four particles

(D1, D2, DB and CoCr). Downregulation of p52 by sc-514

occurred with all three diamond particles, but not with

CoCr. There was no inhibition of RelB expression with any

of the particles. Representative results are shown in Fig. 4.

In vitro cell studies: costimulatory molecules

Expression of CD80, CD86, HLA-DR by U937 monocytes

in response to CoCr and diamond particles

The expression of costimulatory molecules (Fig. 5) was

most significantly upregulated in response to stimulation

with LPS (CD86, p = 8.36 9 10-7; HLA-DR, p = 1.11 9

10-5) and the two microparticles, namely DB (CD86,

p = 5.67 9 10-7; HLA-DR, p = 5.52 9 10-8) and CoCr

(CD86, p = 1.11 9 10-5; HLA-DR, p = 1.34 9 10-7).

Lower, but still significant, levels of CD86 (p = 0.002)

and HLA-DR (p = 1.59 9 10-5) expression occurred

with D1. Stimulation with D2 produced the lowest

expression of CD80 and CD86, with that of HLA-DR

(p = 0.0008) being the only one significantly higher than

negative control. CD80 was the least expressed of the

molecules, but the low levels detected for LPS, DB and

CoCr were nevertheless significantly different from neg-

ative controls (p \ 0.01).

Fig. 2 Immunohistochemical staining of retrieved interface tissue from aseptic loosening of metal-polyethylene total hip replacements,

demonstrating the presence of a NF-IL6, b RelB, c c-rel, d p52

Fig. 3 Expression of NFjB factors by U937 cells in vitro after

culture for 24 h in the presence of lipopolysaccharide (LPS) or

particles comprising nanoparticles of diamond (D1, D2), micropar-

ticles of diamond (DB) and cobalt chrome (CoCr)
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Discussion

The response to wear debris around failed joint replace-

ments in the absence of infection is characterised by the

presence of macrophages and MNGC. Lymphocytes are

found in a proportion of cases, be they M–M or M–P

devices (Lalor et al. 1991; Salter et al. 1992; Lalor and

Revell 1993; Al-Saffar et al. 1994; Revell and Al-Saffar

1994; Davies et al. 2005; Willert et al. 2005; Park et al.

2005; Milosev et al. 2006; Toms et al. 2008; Mahendra et al.

2009). The expression of cytokines, integrins and adhesion

molecules by cells in the bone-implant interface suggests an

immune-mediated inflammatory response (Al-Saffar et al.

1994; Clarke 1999; Clarke and Revell 2001; McFarlane and

Revell 2004; Hercus 2005; review by Revell 2012). Whe-

ther there are marked immune reactions to modern M–M

hip joints has become of concern recently (Medicines and

healthcare products regulatory agency 2010, 2012), but

sensitisation to metal was observed with first generation

M–M joints (Evans et al. 1974; Benson et al. 1975; Elves et al.

1975; Nater et al. 1976). Some modern M–M hips showed a

marked periprosthetic lymphocytic infiltrate, but no definite

clinical sensitisation was demonstrated (Davies et al.

2005; Willert et al. 2005; Park et al. 2005; Milosev et al.

2006; Toms et al. 2008; Mahendra et al. 2009). Actual

sensitisation to metal has been noted with M–P joints (Nater

et al. 1976; Deutman et al. 1977; Lalor et al. 1991; Lalor and

Revell 1993). Moreover, metal particles are present in tis-

sues related to M–P joints (Pazzaglia et al. 1985; Kadoya

et al. 1996, 1997). The lymphocytic reaction related to M–P

Fig. 4 Expression of NFjB factors by U937 monocytes stimulated

by incubation with microparticles (CoCr, DB), nano particles (D1,D2)

or LPS (positive control). Results show effects of particles in the

absence of inhibitor (stimulus) and in the presence of sc-514, an

inhibitor of NFjB activation (inhibitor). RelA is an example in which

expression was reduced in relation to all the stimuli by sc-514, while

no inhibition of RelB expression occurred with any of the particles

and there was downregulation of p52 by sc-514 with all three

diamond particles, but not with CoCr

Fig. 5 Expression of the costimulatory molecules, CD80, CD 86 and

HLA-DR, by U937 cells incubated with CoCr and diamond (DB)

microparticles and nanoparticles of diamond (D1, D2). LPS is positive

control
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joints has notably involved T cells with B cells not found

(Al-Saffar et al. 1995; Revell et al. 1997; Revell 2006a) and

these lymphocytes are predominantly T helper cells of TH1

sub-type (Weyand et al. 1998; Hercus and Revell 2001;

Hercus et al. 2002; Arora et al. 2003; Hercus 2005; Altaf

2007). By contrast, both T and B cells are found in the

lymphocytic component related to M–M hip joints (Willert

et al. 2005, 2007; Mahendra et al. 2009). Pseudotumour,

another M–M associated condition, shows few B cells and

might be a type IV immune response (Pandit et al. 2008).

The T cells in the interface of M–P joints are primed

memory cells expressing CD45RO (Salter et al. 1992; Al-

Saffar et al. 1994; Revell and Al-Saffar 1994). That there is

active antigen presentation by macrophages to lymphocytes

in the implant interface is shown by the presence of

costimulatory molecules (CD80, CD86, CD28) on these

cells (Bainbridge et al. 2001; Farber et al. 2001; Altaf et al.

2003). The increased expression of HLA-DR in peri-

implant tissue is also indicative of antigen presentation by

activated macrophages.

Costimulatory molecule expression on the cell surface is

influenced by the activity of intracytoplasmic NFjB tran-

scription factors. The ligation of costimulatory molecule

cell surface receptors gives an activation signal for NFjB

which, in turn, acts as a regulator of costimulatory mole-

cule expression. The NFjB family of factors have been

demonstrated in this study in macrophages, MNGC and

dendritic cells at the implant interface with NF-IL6, RelA

and p52 present in as much as one-third of cells. NF-IL6

was found in macrophages and RelB was located to RFD1

positive dendritic cells in double-labelling studies. NF-IL6

is a marker of activated macrophages. The RelB? RFD1?

cells point to antigen presentation in the interface tissues.

RelB was expressed by 10 % of macrophages and 5 % of

MNGC so this factor is not exclusive to dendritic cells, as

previously published studies report (Feuillard et al. 1996;

Pettit et al. 1997). Dendritic cells and some of the other

macrophages are likely to be involved in the presentation

of antigen to T cells in relation to wear particles. Poly-

ethylene (PE) wear debris may also play a role in the

activation of antigen-presenting cells as there is a corre-

lation between large populations of RelB? RFD1? cells

and large amounts of PE wear debris (Altaf 2007).

The NF-jB proteins are grouped into two classes. Class

I proteins (p50, p52) are synthesised as precursors (inhib-

itory IjB proteins) which have to be proteolysed to form

the mature factors. Class II factors (RelA, RelB, c-rel) have

transcriptional transactivation domains (TD) in the C ter-

minal. Since p50 and p52 do not possess TD, they cannot

act as transcription activators independently (Li and Verma

2002). The findings from this study have demonstrated

varying degrees of cytoplasmic expression of all NFjB

factors. It is unclear what precise combinations of NFjB

homo- or heterodimers are active in the interface tissues

and this area requires further research. The possibilities for

the heterodimer combinations present are c-rel: p50, RelA:

p52 and RelB: p52, all of which regulate the transcription

of pro-inflammatory factors. Activation is by a different

pathway for c-rel:p50 than for RelA:p50 and RelB:p52.

Large percentages of cells express RelA, RelB and p52

in the interface tissues. While the expression of p52 is

widespread in cells, it is preferentially expressed by the

dendritic cells and macrophages and plays an important

role in antigen-presenting cell function (Shishodia and

Aggarwal 2004). Nuclear translocation of p52 is associated

with the regulation of MHC expression. In addition,

RelA:p52 and RelB:p52 complexes are known to play an

important role in lymphocyte proliferation (Caamano et al.

1998; Coope et al. 2002). Expression of the active nuclear

form of RelB is found in APC, including differentiated DC,

as well as monocytes that have undergone differentiation to

increase their APC function (Pettit and Thomas 1999).

Since NFjB transcription factors translocate to the

nucleus in the presence of activating stimuli, evaluation of

the mRNA levels of NFjB provides an insight into the

inflammatory potential of different particles. The cell cul-

ture studies reported here involve the use of U937 cells, a

leukaemia cell line. An alternative cell for in vitro studies

is the peripheral blood monocyte (PBM), but this varies

between individual donor subjects and from day-to-day

from the same donor. Higher levels of mRNA expression

for NFjB factors in response to particles have been

described for PBM compared with U937 cells (Altaf 2007).

However, the U937 cell line was deliberately selected for

investigations in vitro as results are more reproducible,

enabling comparative studies to be made. Integrated den-

sity values were very similar between individual

experiments for both LPS and particles. Schreiber et al.

(2006) showed the expression of all the NFjB factors was

upregulated in response to LPS.

The particles used enabled investigation of the effects of

constitution and size on cellular response. Microparticles

were of different chemistry (CoCr and diamond), while

nanoparticles had the same diamond chemistry (D1, D2).

Size was expressed as mean equivalent circle diameter

(ECD), this being the diameter of a circle with the same

area as that of the particle (or aggregate of nanoparticles).

The RT-PCR results show an upregulation of NFjB

factors with all particles. The highest values occurred with

the largest particles, namely CoCr, with highly significant

increases of RelA, c-rel and p50, although there was also

lower level expression of RelB and p52. This increased

expression of NFjB is a further confirmation that metal

wear particles may initiate an inflammatory response, as is
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known from a large number of other studies in which

cytokine production by cultured cells has been shown (Al-

Saffar and Revell 1994; Shanbhag et al. 1994, 1995; Rogers

et al. 1997; Goodman et al. 1998; Green et al. 1998). The co-

existent expression of cytokines and NFjB factors by U937

cells on incubation with particles has been shown by Altaf

(2007), but other studies of NFjB expression by cell lines

cultured with particles have given conflicting results. Akisue

et al. (2002) considered that there was no NFjB expression

by THP-1 cells and thought effects were due to the presence

of endotoxin. By contrast, Baumann et al. (2005) found

activation of NFjB signalling and TNFa expression in THP-

1 cells stimulated with TiAlV and polyethylene particles.

The latter authors used the ethanol washing method of Ra-

gab et al. (1999) for the removal of adherent endotoxin from

their particles. Similar ethanol washing was used for the

particles in the present study.

The effect of particle size on NFjB factor production is

partly addressed by the present results. Microparticles of

diamond (DB) had a similar, though slightly less marked,

effect to CoCr. Whether this is related to smaller size or

different chemistry cannot be determined. An increased

response due the difference in composition would imply that

CoCr is more immunogenic than diamond. The inflamma-

tory effect of particles with different chemistry has recently

been reported (Kaufman et al. 2008). TiAlV particles caused

the greatest production of a numerous pro-inflammatory

cytokines, followed by CoCr and alumina, with polyethyl-

ene the least stimulatory. Titanium alloy also had the larger

effect in an earlier study (Shanbhag et al. 1995) while CoCr

was more toxic to rat peritoneal macrophages, but TiAlV

caused more cytokine release (Haynes et al. 1993).

Comparison of results in this study for the diamond

particles shows that nanoparticles (D1 and D2) are less

inflammatory than microparticles, since they result in lower

expression of all the NFjB factors. Nanoparticles are

strictly defined as being under 100 nm, so that the aggre-

gates are in the microparticle size range. Separation of

aggregates into individual nanoparticles is extremely dif-

ficult and was not attempted. The literature suggests that

nanoparticles have the same effects on cells in aggregated

form as they would if present as individual particles

(Revell 2006b; Rabolli et al. 2011).

Submicron pure titanium particles with a mean diameter

of 0.24 lm, and therefore, not truly nanoparticles, gave rise

to cytokine production according to Taira et al. (2010). A

comparison of 0.5 and 1.5 lm alumina particles showed

the smaller particles to cause greater production of various

cytokines (Yagil-Kelmer et al. 2004), but Kranz et al.

(2009) did not find a statistically significant difference

between true nanoparticles (27–43 nm) and microparticles

(1–1.7 lm) of corundum (Al2O3) with respect to the pro-

duction of numerous cytokines.

Phagocytosis occurs as particles are opsonised (i.e.

coated with proteins) (Xia and Triffitt 2006) and it is

postulated that particles are opsonised by fetal calf serum

present in tissue culture medium. An AFM study by Shukla

et al. (2005) on gold nanoparticles suggested cellular

uptake by pinocytosis. The D2 nanoparticle aggregates

were below the size suggested as optimal for phagocytosis

(0.3 lm by Green et al. 1998; 0.5 lm by Shanbhag et al.

1994) and, thus, may have been taken into the cells through

pinocytosis. The microparticles (DB and CoCr) and the

aggregates of D1 nanoparticles were most likely taken up

by phagocytosis.

There are two phases of NFjB activation according to

Hohmann et al. (1991). The first phase is associated with the

preformed cytosolic pool of NFjB/IjB, the transcription

factor and its inhibitor, complexes being induced within

minutes to provide the rapid inflammatory response asso-

ciated with NFjB activation. In the second phase, the pool

of pre-existing NFjB becomes exhausted and active NFjB

is synthesised de novo for the long-term maintenance of

NFjB levels. The NFjB activation in vitro after 24 h

demonstrated in this study is the second phase and so likely

to be representative of long-term stimulation of cells by

wear debris in vivo. Different times of culture are reported

in the literature, but 24 h is a point at which optimal

changes are found in systematic studies (Altaf 2007; Kranz

et al. 2009). This duration gives a model for the transition

between an acute and chronic inflammatory response

(Curtis 2002). In a kinetics study, the phagocytosis of

ceramic particles was initiated within 2 h and ingestion

increased with time up to 15 h. After this time, phagocy-

tosis and ingestion were on a plateau, the ‘‘maximum

phagocytosable volume’’, beyond which macrophages were

unable to digest particles. Twenty-four hours, when the

maximum phagocytosable volume has been reached, is the

optimum time to evaluate the response to biomaterial par-

ticles when modelling macrophage behaviour (Catelas et al.

1998).

One of two pathways for NFjB activation in response to

inflammatory mediators includes a kinase, IKKb (Monaco

et al. 2004). Studies have shown that RelA, c-rel and p50

are activated by the canonical pathway, whereas the tran-

scriptional activity of p52 and RelB depends upon the non-

canonical pathway (Lernbecher et al. 1994; Xiao et al.

2006). RelA, c-rel and p50 were downregulated in response

to CoCr and DB by an inhibitor of IKKb (sc514), while the

expression of RelB and p52 was not affected. Mordmüller

et al. (2003) showed that stimulation of primary human DC

with LPS resulted in rapidly induced NFjB activity seen

exclusively as p50 and RelA, whereas delayed but persis-

tent activation caused accumulation of RelB and p52

complexes. More detailed research is required to determine

the pathways relevant to activation by different particles.
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The presence of costimulatory molecules in the bone-

implant interface has been established (Bainbridge et al.

2001; Farber et al. 2001; Altaf et al. 2003). Bainbridge

et al. (2001) also showed that U937 cells express these

molecules in response to stainless steel and TiAlV alloy

microparticles using fluorescence microscopy. For the first

time, flow cytometry reported here has provided quantita-

tive results for costimulatory molecule expression by cells

in response to particle challenge.

The costimulatory molecule CD86 was highly expres-

sed, being significantly upregulated in response to all the

particles except D2, while HLA-DR expression was

increased with all stimuli. CD86 is found early in the

immune response, binds to CD28 with a greater affinity

than CD80 and is implicated in the perpetuation of

inflammatory responses (Zhang et al. 1997). Little is

known of costimulatory molecules in the context of particle

phagocytosis. Challenge of cultured human monocytic

cells with carbon black nanoparticles did not directly

induce HLA-DR expression, but did initiate cytokine

release which in turn upregulated HLA-DR (Don Porto

Carero et al. 2002). Upregulation of HLA-DR in mono-

cytes by IL-2, IL-4 and TNFa has been shown (Limb et al.

1992). These pro-inflammatory cytokines act as inducers of

NFjB and are themselves by-products of a signal trans-

duction cascade in an autoregulatory feedback loop

(Perkins 2000). All three are found in the implant interface

(Revell 2012). CD80 showed much lower expression

compared with CD86 and HLA-DR and was not signifi-

cantly increased in response to the nanoparticle aggregates

although the microparticles (DB and CoCr) caused a small

significant increase in this costimulatory molecule. The

expression of CD80 by DC may be regulated by RelB,

since gene expression was correlated with the presence of

RelB and a majority of CD80? cells co-express RelB

(Clarke 1999; Clark et al. 1999; Clarke and Revell 2001).

In the present study, an increased expression of RelB was

noted in U937 cells stimulated with LPS, DB and CoCr.

Stimulation with nanoparticles (D1 and D2) increased the

expression of c-rel but not of RelB. These complex inter-

relationships have been explored further for NFjB and

cytokine expression in response to CoCr and the three

diamond particles by Altaf (2007).
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