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Abstract

Joint replacements have been used for overe&#isywith considerable success as
treatment for bone diseases. As a surgical alternative to metal on(Meld) total

hip replacement, hip resurfacing was developed usingalE@hromium (CoCr)
alloys. However, debris particles are generated by weareaatticulating CoCr
surfacesThe nanoparticleand ions produced disseminate throughout the body and

interact with different cell types

In order to evaluate the effects of CoCr particles and ions released from MoM
implants, U937 cells and primary hum&mphocytes were exposed vitro to

artificially produced wear debris derived from an A¥RMoM hip resurfacing.

MoM i mplants release both Cr and Co i ons
ion being more mobile, and disseminating more widelhanbody.U937 cells were

treated with Co ions before being exposed to wear dabiis/estigate the scenario

of patients undergoing revision surgery or receiving a second imptaaddition to

this, metal ion levels were measured in clinical whole thlsamples of patients with

MoM hip implants and the relationship between those levels and the expression of

key genes involved in the process of boermodellingwas explored.

The findings from this studgemastratedthat exposure to high concentratsoaf
CoCr wear debris led to decrease in U937 cell viability after 120h but increased cell
proliferation of primary human lymphocyteMoreover, assessmendf apoptosis
revealed that metal debris, but not loancentration®f Co ions (0.uM), induced
apogposis in both U937 cells and primary human lymphocyfeklitionally, results
showedthat whereas cytokine production by U937 cells is affected by both metal
debris and metal ions, it is mainly affected by metal debris in primary human

lymphocytes.

Changes in human general toxicologglated gene expression in response CoCr
wear and Co ions exposure wakso evaluated in U937 cells.Real time PCR

analysisindicatedthat CoCr particles were more effective as an inducer of changes



in gene expression wherelts were prdreated with Co ionsTogether results
seemed to suggest thdwettoxicity of Co ions in macrophages could be related to
nitric oxide metabolic processes and apoptosis and-Bdtoduction modulation in

lymphocytes.

ICP-MS analysis of culre mediumfrom cells exposed to increasing concentration
of CoCr wear debrislemostratedncreasing Co and Cr ion levelspresentinghe
corrosion process of the metal debris. Since metal webris corrodes under
physiological conditions, the ions eglsed may play an important role in the cellular

response at the pamplant tissues.

Finally, whole blood Co and Cr ion levels from patients with MoM implants were

also analysed by IGMS. The ion levelsmeasuredwere elevated compared to

patients withat implants, andne patienhadlevelsthatwe r e j ust above
(7ppb) threshold recommendedy the Medicines and Healthcare products
Regulatory Agency (MHRAjor Co+Cr in the circulationA correlation between the

ion levelsmeasured and gene expresstbangesould not be establishedueto the

low number of patients available for this study.

Results from this investigation showed that metal debris tends to be more toxic and
has a greater influence on gene expression in the presence of Co-toeaprent.

This could have greahealth implications as it potentially means that patients
undergoingrevisionsurgery or receiving a second implant may be at higher risk of

adverse tissue resporeed implant failure
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1. INTRODUCTION

The present work will focus on the toxicity, immunological antiegexpression
effects of cobalt ions and wear debris produced by a roetaletal hip resurfacing
device. This section gives an introductory overview of the hip joint and hip
replacements as a commonly used option to treat hip diseases. Special attidintion w
be given to metabn-metal devices as the long term consequences to being exposed

to metal wear particles and ioaee still not fully understood.

1.1The hip joint

Thehip joint, scientifically referred to as trezetabulofemoral joint is
thejoint between the femur anacetabulunof thepelvisand its primary function is

to support the weight of the body in both static (e.g. standing) and dynamic (e.g.
walking or running) postureslt allows flexion and extension, adduction and
abduction, circumductignand rotation. The hips a baltandsocket synovial joint
(Figure1.1). A round, cupshaped structure on the acetabulum, forms the socket for
the hip joint. The rounded head of the femur forms the ball of the. jdialine
cartilage lines both the acetabulum and the head of the femur, providing a smooth
surface for the moving bones to glide past each other. Hyaline cartilage also acts as a
flexible shock absorber to prevent the collision of the bones during nemtem
Between the layers of hyaline cartilage, synovial membranes secrete watery synovial
fluid to lubricate the joint capsulgNavarroZarza et al., 2012, Field and
Rajakulendran, 2011)



Normal hip joint

Femoral head

Femur

Femoral neck

Figure  1.1. lllustration of a normal hip joint (adapted  from
http://www.pennmedicine.org/encyclopedia/em_PrintPresentation.aspx?gcid=100006&ptid=
3).

There are several conditions which can lead to chronic hip pain and disability
including fracture, inflammatory conditions, synovial abnormalities and tumours
(Mengiardi et al., 2007)Arthritis is a form of joint disorde that involves
inflammation of one or more joints. Even thoughere are over 100 types
osteoarthritis (OA)is the most common form of arthritisa leading cause of
disability, and the most common cause for hip replacement sur¢8eeders et al.,
2004) OA begins asymptontigally in the 20s and 30s, with symptoms beginning in
the 40s through 60s, and becoming more common by thé€Shedia, 2013) In OA,
cartilagecovering the end of the bonbecomes weaker when the normal process of
cartilage remodelling becomes alter@eigure 1.2). Without the protection of the
cartilage, the bones begin tdoragainst each other and the resulting friction leads to
pain and stiffnes@Desrochers et al., 2013)
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Figure 12. lllugtration of a diseased hip joint (adapted from
http://www.pennmedicine.org/encyclopedia/em_PrintPresentation.aspx?gcid=100006&ptid=
3).

1.2Hip replacements

Prostheticreplacement of human joints is one of the most promising methods in
treating postraumatc and degenerative joint diseasgdosenberg et al., 2006)
Phillip Wiles is credited with performing the firstpgharthroplasty in 1938. It was a
metalon-metal total hip made of stainless steel. Its failure was due to loosening and
this implant is regarded as the precedent of the modenre(Learmonth et al.,
2007) However the orthopaedic surgeon Sir John Charnley is considered the father
of the modern total hip arthroplasty (THAKnight et al., 2011, Gomez and
Morcuende, 2005)Charnleyintroducedthe concept of low friction arthroplasty
using highdensity polyethylene as a bearing material as well as fixing components

to bone with acrylic cemeriKnight et al., 2011)

Total hip arthroplasty Figure 1.3) is an orthopedic procedwr that involves the
surgical excision of the head and proximal neck of the femurramevalof the
acetabular cartilage and subchondral bone. An artificial canal is created in the
proximal medullary region of the femur and a femoral prosthesis, compdsed o

stem and head, is inserted into the femoral medullary canal. An acetabular



component with an articulating surface is inserted proximally into the enlarged
acetabular space. Finally, these total hip arthroplasty components muisethe f
firmly to the bae (Siopack and Jergesen, 199A8¢cording to the latest report from
the Centers for Disease Control, 230,000 THAgsues were performed in the
United States alone in 20qZDC, 2A.0) and the demand for THA is expected to
grow by 172% by 203QKurtz et al., 2007)Considering thathe median estimated
cost of primary hip replacemeper patient has been reported to be £5084 (£4588
£5812)in the UK (Fordham et al., 2012nd $1846 ($12715%$1347Q in the United
States(Antoniou et al., 2004)the increase iITHA surgeriescan have an financial

impacton the healthcareystens.

Total Hip Hip
Replacement .
Resurfacing
Figure 13. Kinds of hip replacements (adapted from

http://www.orthopaedicspecialistsct.com/hipResurfacing.asp)

THA is a surgery that serves as the standard treatment of hip diseasee{Jdng
2011). However, there are limitations with THA amdas been reported to fail in
younger patientéTable1.1) with more active lifestylegKaras, 2012, Siverling et al.
2012) Total hip replacements may fail for a variety of reasons including fracture of
the implant, aseptic loosening, infection, wear, and dislocafidalchau et al.,

2002) Additionally, as shown imable 1.1, the rate of fdure tends to be greater in



females perhaps due to differences in hip anat@ayelopments iTHA have been
directed athereduction of the rate of failure while accommodating the aigtivity

profile of younger patientd_earmonth et al., 2007).

Age | Headsize| Yearl | Year3 | Year5 | Year7
Males
55 28mm 0.73% | 1.89% | 3.30% | 4.59%
55 36mm 0.86% | 2.22% | 3.86% | 5.38%
55 46mm 1.04% | 2.70% | 4.70% 6.54%
55 48mm 1.09% | 2.81% | 4.89% 6.79%
55 50mm 1.13% | 2.93% | 5.09% 7.06%
55 52mm 1.18% | 3.05% | 5.29% 7.34%
70 28mm 0.66% | 1.70% | 2.94% | 4.07%
70 36mm 0.78% | 1.99% | 3.44% | 4.76%
70 46mm 0.95% | 2.43% | 4.19% | 5.79%
70 48mm 0.99% | 2.53% | 4.36% 6.03%
70 50mm 1.03% | 2.63% | 4.54% 6.26%
70 52mm 1.07% | 2.74% | 4.72% 6.51%
Females
55 28mm 0.98% | 2.71% | 4.82% 7.25%
55 36mm 1.14% | 3.14% | 5.58% | 8.38%
55 42mm 1.28% | 3.51% | 6.23% | 9.34%
55 44mm 1.33% | 3.64% | 6.46% | 9.68%
55 46mm 1.38% | 3.78% | 6.70% | 10.03%
70 28mm 0.73% | 2.01% | 3.56% | 5.34%
70 36mm 0.85% | 2.33% | 4.13% | 6.18%
70 42mm 0.95% | 2.61% | 4.61% 6.90%
70 44mm 0.99% | 2.71% | 4.79% 7.15%
70 46mm 1.03% | 2.81% | 4.97% 7.42%

Table 1.1. Predicted revision rates for males and females with total hip metain-metal
articulations by age and head sizePercentages are based on 9,445 male and 9,234 female
uncemented total ip metatonrmetal casesbetween April 2003 and September 2011
(National Joint Registry, 2012)

Improvements in surgical techniques, prosthetic designs, and instrumentation have
allowed the development of hip resurfacing (Higure1.3) as a surgical alternative

for younge and more active individualSiverling et al., 2012)Severbadvantages

of resurfacing over standard THA have been sugge#tamnserves bone on the
femoral side, allows more range of motion, a more normal gait pattern, increased
activity levels and ease of revisifQuesda et al., 2008, Jiang et al., 2011, Shimmin

et al., 2008)



However, specific riskassociated wittHR surgery include metal ion dispersion
from the metal device into the tissues surrounding the implant and blood ,stream
femoral fractureand femoral omponent loosenin{Nunley et al., 2009, Siverling et

al., 2012, Quesada et al., 2008)

1.2.1 Implant bearing surfaces

Various hip prosthesis materials have been developed in thdRepstated trials and
experimentabn with various materials and prosthetic designs culminated in the
creation of the Charnley lofviction arthroplastyin the 1960s (Harris, 2009,
Learmonth et al., 2007, Kolundzic et al., 201=2)pm this point most hip prostheses
would consist of an ultrdigh-molecularweight polyethylene (UHMWPE)
acetabular cup and a metdloy femoral component. In cemented techniques,
polymethylmethacrylatdPMMA) cement is used to fix the femoral component in
bone, whereasn uncemented arthroplasties, the prosthesis interfaces with bone
directly (Siopack and Jergesen, 1998pwever, tle discovery that UHMWE wear

and debris formation resulted in synovitis, joint instability, osteolysis, and prosthesis
loosening(Catelas et al., 2011, Brown et al., 2006, Kolundzic et al., 2€di2¢d
concerns atut the longterm outcome of total joint replacement surgery.
Specifically, UHMWPE wear debriwasfound to stimulate pefprosthetic cells to
express pronflammatory and prapsteoclastic cytokineswvhich resulted in aseptic
loosening(Gallo et al., 2013)Thisled to assessment of alternative bearing surfaces
in an attempt to reduce wear and imprdwegevity of hip eplacemenprocedures
(Learmonth et al., 2007, Porat et al., 2012)e wear properties of polyethylene can
be improved by crosknking (Joyce et al., 2011pPepending on the processes used,
crosslinking of UHMWPE alters the bonds between molecular chains, reduces
crystallinity, alters the free radical content of the material and significantly
i nfl uences urfaee propartieqSethiaet al.s 2003)Laboratory hip
simulators using crodgked polyethylene have demonstratgnificantdecreases

in wear rates in comparison to those of conventional UHMWR&mida et al.,

2003, Ries et al., 2001 Moreover, mproved wear characteristics of this material



have been reported shortterm clinicaltrials (Learmonth et al., 2007, Joyce et al.,
2011, Huo et al., 2011)

Additionally, hardon-hard bearinggombinations suchsametalon-metal (MoM) and
ceramicon-ceramic (CoC), have also been introduced because of their higher wear
resistance based on volumetric material loss and the presumption that a reduction in
wear rate would translate into fewer complications and impravgadant lifetime
(Catelas et al., 2011, Porat et al., 2012, Affatato et al., 2Bliiypina ceramics were
introduced in the 1970s. They have a low coefficidrftiotion, superior wear rates,

and are scratchiesstant (Learmonth et al.,, 2007)However, the major unique
complications of ceramics are fracture because of their brittle ndieaemonth et

al., 2007, Porat et al., 2012hd noise generation (squeakiiguo et al., 2011, Porat

et al., 2012) Modern day metabn-metal total hip resurfacings were introduced
appoximately 14 years ag@Quesada et al., 20Q8They represent approxiately

10% of all hip arthroplasties in developed countbesveen 1990 and 2010iang et

al., 2011, Corten and MacDonald, 201The Australian annual report from 2010
indicates that in 2002010, 35996 hip procieires were carried out in Awalia and

MoM accounted for 12% of all implanted arthroplast{@sistralian Orthopaedic
Association Nationaloint Replacement Registry, 2011 20162011, 11948otal

hip replacements were performed in Canada from which 10.1%Nsktbearing
surfaces(Canadian Joint Replacement Registry, 20E8)ditionally, 491505 THA
procedures were recorded between April 2003 and September 2011 in England and
Wales and 8% involve#loM articulations(National Joint Registry, 2012Metal
bearing surfaces have low wear rates, are not brittleaendelpolishing, allowing

for selthealing of surface scratch¢searmonth et al., 2007)'/he most common
metallic materialsused intotal hip joint replacementsnclude titanium alloys,
stainless steels arabhalt-chromiumalloys (Antunes and Lopes de Oliveira, 2012)
Furthermore metalon-metal hip resurfacing beariagire made from higkcarbon
CoCr alloy(Mahendra et al., 2009, Amstutz and Le Duff, 2086¢ totheir superior
hardness and resistance to wear compared to Ti alldws relativesoftness of Ti
alloys compared to GQ&r alloys results in poor wear and frictional prdjes; Ti

alloys are pproximately 15% softer than Co alloys. For this reason, Ti alloys are



commonly used for nanveight bearing surface componestsch afemoral necks,

stems, and porouatingsLong, 2008, Navarro et al., 2008)

Even though MoM bearing technology was initially aimed to extend the durability of
hip replacements artd reduce the requirement for revision, théavebeen reported

to release at least three times more cobalt and chromium ions tharometal
polyethylene hip replacemen(idart et al., 2006, Savarino et al., 2002, Keedaal.e
2007, Antoniou et al., 2008As a result,the toxicity of metal particles and ions
produced by bearing surfacesboth locally in the pefprosthetic space and
systemicallybecame a concerMoroni et al., 11) The following section gives a

brief description of metal toxicity.

1.2.1.1Metal toxicity

Metals are essential components of a variety of biological systems. For example,
sodium, potassium, magnesium and calcium provide the basis for nerve conduction,
muscle contraction, stabilion of nucleic acids and other biological systems and
thus are the dominant metal ions in a d@leackley and MacGillivray, 2011)
Metals commonly occur in proteins modulating proteinction (Okamoto and Eltis,
2011) Proteins that bind transition metals such as iron, copper, manganese, zinc,
cobalt and nickel are often catalytic enzymes with the transition metal ion being
essentl for activity. Under physiological conditions, most transition metals can
exist in multiple valence states, which allows them to participate in the control of
various metabolic and signalling pathways such as electron transfer reactions,
oxygen transportgene regulation and structure stabilization. Metal ions are also
found as components of prosthetic groups, cofactors and complexes prior to insertion
into proteingOkamoto and Eltis, 2011, Bleackley and MacGikiy, 2011)

Although somemetals have specific biological functgrhigh metal concentrations
can lead to toxicity often through the formation of oxygen radifdiko et al.,
2005) The resulting reactive oxygen species can go on to damage cellular

components includingroteins, lipids and nucleic acids eventually leading to cell



death. Complex systems have evolved to maintain the delicate balance between
transition metals as essential nutrients and their potgntddmaging role as
cytotoxins. Perturbations in this laalce are observed in the genetic diseases of
transition metal metabolism stemmg from both overload and deficiency that

manifest in a variety of sympton(iBleackley and MacGillivray, 2011)

Metal compounds areotind throughout the environmefi€oedrith and Seo, 2011)
Individuals who are subject to environmental overexposure to transition metals also
exhibit a number of diseases related to the toxicity of the méB#mckley and
MacGillivray, 2011) Industrial applications contribute significantly to human metal
exposurgKoedrith and Seo, 201butwith increasing numbers of joinépla@ment
surgeries around the world; orthopaedic implants have become another important
route of exposure. Some metals, including arsenic, cadmium, chromium, cobalt, lead,
mercury, and nickel have been classified as human carcinogens or considered to be
humancarcinogens by the International Agency for Research on Cékoedrith

and Seo, 2011, Catalani et al., 2012)

The demand for metallic materials in medical devices is hkardee to properties
such as toughnesslasticity, rigidity, and electrical conductivity. They are widely
used for orthopaedic implants, bone fixators, artificial joints, external fixators,
among othergVidal and Munoz, 2009)Metallic biomaterials are composed of a
variety of metals includingluminium (Al), chromium (Cr), cobalt (Co), nickel (Ni),
molybdenum (Mo), vanadium (V), titamn (Ti), and iron (Fe)XCadosch et al.,
2009) The compositions of metal alloys used in leplacement implants are shown
in Tablel.2.



Alloy Ni N Co Cr Ti Mo Al Fe Mn Cu W C Si \Y%
Stainless steel

10.0

(ASTMF138) to <05 A 170t 20, 6L0t 4 g5 <20 <006 <10 A
155 19.0 4.0 68.0
CoCrMo alloys
61.0to 27.0to 45 1o
(ASTMF75) <20 A 660 300 A : A <15 <10 A A <035 <10 A
7.0
9.0 46.0t0 19.0to 14.0 to
(ASTMF90) to A ; ; A A A <30 <25 A ; <015 <10 A
110 51.0  20.0 16.0
Ti Alloys
CPTi A A A A 990 A A %P0 A A A <01 A A
(ASTM F67) :
Ti-6A1-4V X R X . 890to , 55t0 X X X . 3510
(ASTMF136) ~ A A A 910 A 6.5 A A A A <008 A g

Table 1.2. Elemental compositions (% weight) 6 metal alloys used in orthopaedic implantsAlloy compositions are standardised by the
American Society for Testing and Materials (ASTM). (CPTi: commercially pure titanium, Ti: titanium, Al: aluminium, V: van&ibucobalt, Cr:

chromium, Mo: molybdenuiNi: nickel, Fe: iron, Si: silicon, W: tungsten, Cu: copper, C: carbon, N: nitrogené\ i ndi ceegasneta.,, 0. 05 %
2007, Hallab et al., 2001a, Singh and Dahotre, 2007)
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CoCr alloy is used in joint replaceamt devices for knee, ankle, shoulder, elbow,
wrist, and finger arthroplasty procedurflsong, 2008) Wear debris fromthese
articulations is generated by mechanical wear, surface corrosion or a combination of
both, and consists of both particles and ifKeegan et al., 2007Corrosion is the
visible destruction of a metal caused by interactions with its environment, which may
cause rupture of a structure or loss of functi@adosch et al.,, 2009)The
physiological environment is considered corrosive. Theskes the corrosion of
metallic materials a slow and continuous process, which leads to the release of metal
ions(Singh and Dahotre, 2007, Cadosch et al., 2009)

It has been shown thatear debris generated fro@oCrMoM articulationscan lead
to local softtissue inflammatoryesponsethat resuk in premature failure of the
implant and systemic effects froprolonged exposure t6r and Co ions(Davda et
al., 2011, Griffinet al., 2012)

1.2.1.2CoCr wear particles

The degradation products of any orthopaedic imglaitide only two basic types of
debris: particles and solub(er ionic) debris(Hallab and Jacobs, 20p%articulate
wear debriggenerated bivloM articulations is in the nanometre size raf@ermain

et al., 2003) the average pacie size range being 30 to 100 nm in Zatelas and
Wimmer, 2011) The reduced size of nanopatrticles allows their entrance into tissues
and organs and diffusion throughout the body, and their interaction with different

types of cell{Lucarelli et al., 2004)

It has been reported that the ingestiondals of ranometersizedvear particles
occus by endocytosis or pinocytosiShukla et al, 2005) Once ingested by
macrophages, a host of biologic reactions can ofidallab and Jacobs, 2009-or
example macrophages may be able to process the particles in such a way that it
could lead toactivation of T cells through antigen presentatiMoreover, once
inside the cell, the particle®uald interact directly with proteins or other intracellular

molecules and interfere with normal biological processeklitionally, particulate

11



wear debriscorrodes and releases metal iom&reased amounts of metal particle
debris leads toncreasedmetd ion concentrations, which could lead teleaseof
proinflammatory mediators, cytotoxicity, DNA damaged oxidative stres@allab

et al., 2006).

1.2.1.3Chromium

Chromium is the 24th element of the periodic table and has a molecular weight of
51.9. It exsts in a series of oxidation staté®, +3, +6). Trivalent (C¥) and
hexavalent (CY) compounds are thought to be the most biologically significarit

is an essential dietary mineral in low doses. It is required to potentiate iastibn

and for tle normal glucose metabolisn®r’* is found in mostfresh foods and
drinking water. Dietary sources rich in chromium include bread, cereals, spices, fresh
vegetables, meats, and fif¥ialko et al., 2005)The recommended dietary intake of

Cr ranges from 50 to 2@ of Cr/day.Chromium plays a beneficial role in glucose
tolerance and diabetgBillon et al., 2000) Its deficiency in humans will lead to
impaired glucose tolerance, glycosuria, fasting hyperglycemia, and elevated

circulating insulin and glucagd@folaranmi et al., 2008)

After entering the bdy from an exogenous source,*Cbinds toplasma proteins
such astransferrin, an iroriransporting protein. Regardless of the sourcé! Gr
widely distributed inthe body and accounts famost of the chromium in plasma
tissues. The greatest uptake of ‘Gas a proteircomplex isvia bone marrow, lungs,
lymph nodes, spleekjdney, and liver, théighest being in the lung8agchi et al.,
2002) Moreover, it has been shown that cell membranes are relatively impermeable
to Cr**. When varying amounts of radioactive*Cwere added to whel bloodin

vitro, almost all of the radioactivity (949%) remained in the plasma with an
insignificant count retained in the RBC after saline washing. Similar results were
obtainedin vivo (Gray and Sterling, 950). Similarly, (Dillon et al., 2000f¥ound low
permeabilityof Cr** as shown by the lack ofdetectable Cr accumulation @hinese
hamster lung/79 cells exposed t€r** complexesAdditionally, it has been shen

that the cellular uptake of Eris several fold greater than that of°Cion, because
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trivalent chromium is predominantly octahedral and diffuses sldBlgdermann
and Landolph, 1990)n contrast to CY, Cr°* is rapidly taken up by erythrocytes
after absorption and reduced to*Cinside the cel(Figure 1.4). Cr** enters the cell
through nonspecific anionic channelsuch as the phosphate asulphateanion
exchange pathwafTkaczyk et al., 2009, Raja et al., 201Once within the cell,
Cr®" is reduced metabdaially by the redox systeno shortlived intermediates Cf,
Cr**, and ultimately to the most stable species*GFornsaglio et al., 2005,
Shrivastava et al., 2005, Afolaranmi et al., 20@8¥" interacts and fons complexes
with DNA, protein and lipids resulting in increased chromium intracellular levels
(Fornsaglio et al., 2005, Shrivastava et al., 2005, Raja et al.,.2011)

Ligand increases
membrane permeability
for Cr** allowing entry
into the nucleus

Ascorbate/Gluathione/Cysteine/|
Lipoic acid/NADP

Ci%*

Cr3* diffusion: very low
permeability if any through

e cellular membranes
Cr®" has similarities to sulphates

and phosphate ions, which
enables molecular mimicry and
entry via non-specific ion
channels

Figure 1.4. Schematic illustrating chromium uptake. This schematic depicts how Tr
entrs cells readily, while € on the other hand moves across the cell membrane via much
slower diffusion and through other processes related to the chemical stroicthe attached
ligands. ROS: reactive oxygen spec{adapted fron{Gill et al., 2012d)

Excretion of chromium occurs primarilya urine, with nomajor retention in organs.

Approximately 10% of arabsorbed dose is eliminated by biliary excretion, with
smaller amounts excreted in hair, nails, milk, and swelksarance frm plasma is
generally rapid (within hours)vhereas elimination from tissues is slower (with a
half-life of several daysValko et al., 2005)

The toxicity, mutagenicity, and carcinogenicity of chromium compounds are a well
established phenomengbe Flora, 2000, Bagchi et al., 2002, Merritt and Brown,
1995, Tkaczyk et al.,, 2009)ongterm occupational inhalational pasure to

chromium levels 1001000 times higher than those found in the natural environment
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have been associatedtiwvisquamous cell carcinoma and adenocarcinoma in exposed
workers(MacDonald, 2004)Epidemiological studies carried out in theK, Europe,

Japan and the United Stateave consistently shown that workers in occupations
where particulate chromates are generated or used have an elevateaf risk
respiratory disease, fibrosis, perforation of the nasal septum, development of nasal
polyps, and lung cancéNickens et al., 2010)Additionally, during the ntracellular
reduction of C¥ to the sable CPF*, reactive intermediates (ROS, pentavalent and
tetravalent chromium species) are generated, which cawsele variety of DNA
lesions including QrDNA adducts, DNAprotein crosslinks, DNADNA crosslinks,

and oxidative damag&/alko et al., 2005, Codd et a2001)

1.2.1.4Cobalt

Cobalt has a molecular weight of 58.9 and an atomic number of 27. It can occur in
four oxidation states (0, +2, +3 and {@e Boeck et al., 2003)'he most common
oxidation rumbers of cobalt are +3 [€, and +2 [C4'] which form a number of
organic and inorganic sal¥alko et al., 2005) Cobalt and its salts are used in a
variety of processes but the main consumption of Co nowadays is in the production

of steel ad alloys(Catalani et al., 2012)

For the general population the diet is the main source of exposure to Co and it is
readily absorbed in the small intesti(@atalani et b, 2012, Valko et al., 2005)

Most of the consumed cobalt is excreted in the uasimdvery little is retained and it

is mainly in the liver and kidneygValko et al., 2005) Under physiological
conditions, this element is mostly accumulated in the liver, kidneys, reait,
spleen, while minimum concentrations are found in the blood serum and tissues of
the brain and pancreéikravenskaya and Fedirko, 201Molecular details of cobalt
uptakeare not well knowrand whether Co ente mammalian cells via a specific
transporter is not known eith¢Bleackley and MacGillivray, 2011, Catalani et al.,
2012) However,it is likely thatit is transported into the cslby broadspecificity
divalent metal transporteréBleackley and MacGillivray, 2011)t has been shown

that P2X7, a transmembrane ionotropic receptor, is involved inptiade of divalent
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cations and CdVirginio et al., 1997) In the same waya protein namedivalent
metal transporter 1 (DMT1) has dxe shown tchave abroad substrate specificity
favouring divalent metals including €o(Park et al., 2002, Griffin et al., 2005,
Forbes and Gros, 2003Additionally, (Kagen et al.,, 1992)»suggestedhat the
cellular uptake of Co was mediated by active transport ion pumps (FEMGE
ATPase and the N&* ATPase) and endocytosis.

The only biological known function of cobalt is its integral part of vitamin B12,
which is incorporated int@enzymes that participate in reactions essential to DNA
synthesis, fatty acid synthesis and energy produc¢Bieackley and MacGillivray,
2011, Catalani et al., 201Fxamples of such enzymega@methyltransferasesuch

as methionine synthase (MetH), which catalyzes methionine biosynthesis both in
mammals and bacter(&andaccio et al2010)

Even though cobalt has a role in biological systems, overexposure results in toxicity
due to exces@Bleackley and MacGillivray, 2011which promotes the development

of hypoxia and increasen the levelof reactive oxygen species (ROS), suppresses
synthesis of ATP, initiates apoptotic and necrotic cell dd&tavenskaya and
Fedirko, 2011) Cobalt ions can directly induce DNA damage, interfere with DNA
repair, DNAT protein crosslinking and sister chromatid exchafpyggko et al., 2005)

The exact mechanism for cobalt carcinogenicity remains to be elucidated but it has
been established that cobalediated free radical generation contributes to the

toxicity and carcinogenicity of coligDe Boeck et al., 2003)
1.2.1.5Metal ion levels in patients with CoCr hipimplants

Circulating physiological levels of cobalt and chromium are normally2 €¢ g / |
(0.00x M) . El evated | evel sion®odccurdnolmth ithe hipa n d
synovial fluid and in peripheral blood after MoM hip replacem@mdrews et al.,
2011) Currently,wholeblood is the most commbnused sample tmonitor Co and

Cr levels in the bodyLiu et al., 2011)In blood, metal ions are transported both in

the plasma and within the blood cells. In ttese of chromium, it has been shown
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that theions are readily taken up by red blood cells causing variabilithé@ratio of
metal in the intraand extracellulacompartmentgMerritt and Brown, 1995)The
concentrationof metal ions in the serum correspsnonly to the extracellular
component. Thereforegetermination of whole blood concentrations is a better

measure of systemic exposure to metal ({@weniel et al., 2007b)

There is concern about the toxicity and biological effects of such ionsldmizhy

and systemically sincencreased Co and Cr ion levels in blood have been reported in
patients with CoCr implant&larke et al., 2003, Dunstan et al., 2005, Daniel et al.,
2007a, Antoniou et al., 2008, Tkaczyk et 20]10b, Bisseling et al., 2011, Lavigne et
al., 2011, Friesenbichler et al., 2012, Penny et al., 204&)over, there have been
cases of particularly highloodion concentrationsiNretenberg (2008) reported high
concentrations of Co (22.82g/ | ) and ) @rbloof frodn.adpdiengwith
McKee Farrar MoM hip prosthesis after 37 years of implantati®milarly,
Fritzsche et a) (2012) reportedhigh whole blood ion levels o€o (138ug/l) and Cr
(39ug/l) in a 41-yearold patient with Bateral MoM Birmingham Hip Resurfacing
(BHR) implants 3 monthsafter surgery.

Several studies have been carried out to investigate the levels of metal ions release
from wellfunctioning as well as failed MoM hip implants. As a result, a wide range
of metal ion level values have been reported in whole blood and serum from a wide
range of patientsl@able 1.3). Higher levels of Co and Cr ions have been measured in
blood of patients with MoM hip implants when comga to patients witimetalon-
polyethyleng(MoP) or ceramicon polyethylendCoP) devicegDunstan et al., 2005,

Hart et al., 2006, Rasquinha et al., 2006, Antoniou et al., 2008, Malviya et al., 2011,
Moroni et al.,2012) Furthermore, levated Co and Cr ion levels in bloadd high

wear volumesave beerassociatedvith pain (Davda et al., 2011, Hart et al., 2009,
Langton et al., 2010pseudotumorgMatthies et al., 2012, Hasegawa et al., 2012,
Kwon et al., 2011)andimplant failure(Hart et al., 2011, Davda et al., 2011, Hart et
al., 2010)
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Table 1.3 also shows that higher levels of Co ions, when compared to Cr, are
generally measuredCobalt corrodes faster than chromiuamder physiological
conditions(Xia et al., 2011bxnd, opposite to Cr, Co ions tend to remain mobile
which is reflected in the higher levels measured in hl@ldwing them to reach
remote ogans(Afolaranmi et &, 2012) Elevated Co concentrations in patients with
MoM implants area concern, sincencreased cobalt levels in blood have also been
reported to be associated with neurological (hand tremor, incoordination, cognitive
decline, depression, vertigo, hiegy loss and visual changeq)Oldenburg et al.,
2009, Tower, 2010Q)cardiac (myocardiophaty(Gilbert et al., 2013, Dadda et al.,
1994, Seghizzi et al., 1994nd endocrindKeegan et al., 200Qldenburg et al.,
2009) symptons. Oldenburg et al.(2009) reported a case of severe cobalt
intoxication due tgrosthesisvearof a total hip arthroplasty. In this caaé5year

old man developed hypothyroidism, peripheral neuropathy, and cardiomyopathy
relatedto the deterioration athe metal femoral head and a Co concentration in blood
of 625ug/l. Table 1.4 smmarises the range of metal ions and metal particles
typically measured in human body fluids and tissue with and without MoM

replacements.

In additionto the abovedata from the seventh annual report of the National Joint
Registry for England and Walek@ved high failure ratefor MoM hip prostheses
which led to the market recall of the DePuy A%Rboth the Resurfacing and XL
Systemsin August 2010(DePuy International Ltd, Leeds, UKMDA/2010/069)
Following this, he Medicires and Healthcare products Regulatory Agency (MHRA)
safety alert irSeptembeR010 drew attention tthe long term biological safety afl
types of MoM hips. Inthis document the MHRA explained the details behind the
safety alert and included four situais in which measurement of blood metal ions
patientswere recommended: i) patients who have symptoms associated oitise
MoM bearings; 2)Jn patients showingadiological features associated with adverse
outcomes including component position oradncomponent size; 3) if the patient or
surgeon are concerned regarding the MoM beaand34) if there is concern about
patients with higher than expected rates of failure. The MHRA have suggested that

combinedwhole blood cobalandchromium levels ofgreater than ppb (7ug/l) are
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associated with significant seissue reactions ral failed MoM hips
(MDA/2010/069)
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Table 1.3. Metal ion levels measured in body fluids from pants with MoM hip replacements

Author, . Mean concenration
date Implant Body fluid Follow up Co Cr
Birmingham hip Resurfacing 2.24 2.76*
Clarke et al.| resurfacing BHR), Serum Median time
(2003) Cormet 2000 16 months THA 1.30¢ 0.99
(THA), both MoM
nanograms of
element per
Control gram of dry | 0.70ng/g 0.21ng/g
sample
weight
Metasul, immediate
Lhotka et al.| SIKOMET-SM2, postoperativel 3.23g/g 7.78g/g
(2003) both MoM THA | Whole blood | 42-48 months Metasul period
42-48 months | 16.9%g/g | 25.62hg/g
immediate
SIKOMET-SM21 postoperative 8.1g/g 14.2'hglg
period
42-48 months| 27.66 ng/g| 36.359/g
Control (no implants) 0.69ng/g 2.18q/g
Dunstan et Mean of 30 MoP 0.4&hg/g 2.00ng/g
al.(2005) | A MoM, MoP | Whole blood| " MoM revised to NP 0.65ng/g | 2.160g/g
MoM radiologicallystable 1.97g/g 2.1Mglg
MoM radiologicallyloose 35.9ng/g 2.70ng/g
Hart et al. Up to 60 MoP 2.48 0.28
(2006) | 'HAMoP, MoM | Wholeblood| e MoM 418 1.78
lavicoli et al. THA MoM Serum Mean of 15.3 Patients 14.00 2.88
(2006) months Controls 3.46 1.47
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Table 1.3. Metal ion levels measured in body fluids from p&nts with MoM hip replacements

Author, . Mean concentration (ug/l)
date Implant Body fluid Follow up Co or
Rasquinha e Tl_é'se';/;?n'\fé;op Serum Minimum of 5 CoP 0.20 0.08
al. (2006) polyethylene) years MoM 2.35 3.48
BHR THA 1.70 1.22
Witzleb et (Resurfacing), Resurfacin 408 512
al.(2006) | Metasul (THA), Serum 2 years Hracing : :
both MoM Control (implant free) 0.25* < 0.25*
Daniel et al Preop 0.20 0.30
(2007a) "| MoM resurfacing | Whole blood| Up to 4 years 1 year 1.30 2.40
4 years 1.20 1.10
Grubl et al. Minimum of .
(2007) MoM THA Serum 10 years Median 0.75 0.95
Ziaee et al. : Mean of 53 Control 0.34 0.20
(2007) MoM resurfacing | Whole blood| ™ i, Patients 1.39 1.28
Control 1.75 0.05
Antoniou et rgﬂs?Jl\rAfa(c-:ri:'AS aICI?)P Whole blood 1 year MoM THA 2.60 0.60
al. (2008) (THA% ’ y MoM resurfacing 2.40 0.50
MoP THA 1.65 0.05
steep (componeribduction
De Haan et . Mean of 3.4 O 55A) 9.80 9.70
MoM resurfacing Serum -
al. (2008) years nonsteep (component abductio
< 55°) 2.40 3.60
Wretenberg| MoM THA (Case
(2008) report) Whole blood 37 years 22.92 19.43
Hart et al. Painful MoM Whole blood median of 27 Unilateral 4.50* 3.00*
(2009) resurfacings months Bilateral 10.60* 7.90*
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Table 1.3. Metal ion levels measured in body fluids from p&nts with MoM hip replacements

Author, . Mean concentration (ug/l)
date Implant Body fluid Follow up Co Cr
Lazennec et Unilateral 1.55 1.49
al. (2009) MoM THA Serum 9 years Bilateral 2.03 2.99
Hart et al. Failed MoM Mean
(2010) resurfacing Whole blood 51 months 112.64 61.71
Langton et | MoM resurfacin minimum of ASR 2.74% 4.167
2. (2010) | (ASR. BHR) | Whole blood | e BHR _ 1.80% 4.19"
’ Adverse reactions 69.00 29.30
Davda et al. Mgklﬂmggi[]njﬁ'cA Synovial Mean of 36 Unexplained pain 1127.00 1337.00
(2011) and resurfacing fluid months Defined cause of failure 1014.00 1512.00
Hart et al. MoM, both THA Failed 6.90* 5.00*
(2011) and resurfacing Whole blood| - 39-42 months Well-functioning 1.70* 2.30*
Kim et al. . Preop 0.11 0.23
(2011) MoM resurfacing Serum 2 years 2 years 179 570
Asymptomatic Control (MoP THA) 0.60 0.50
Kvx(/gglelt)al. pseudotumors Serum Mreninnfgsm Non-pseudotumor 1.90* 2.10*
MoM resufacing Pseudotumor 9.20* 12.00*
Malviya et MoM 5.21 2.78
al. (2011) MoM, MoP, THA | Whole blood 2 years MoP 161 0.79
bilateral MoM
. resurfacing Whole blood,| 3 months after Blood 138.00 39.00
Fritzsche et . -
followed aspirate of revision
al. (2012) ) .
by unilateral MoM | pseudotumor|  surgery Aspirate of pseudotumor 258.00 1011.00
THA (Case report)
Hasegawa e Preop 0.30 0.20
al. (2012) MoM THA Serum 2 years Well-functioning 230 1.60

21



Alét;zr’ Implant Body fluid Follow up Mean concentration (g%/I) Cr
Matthies et | MoM, both THA Whole blood Median of 39 No pseudotumor 2.9 3.2
al. (2012) and resurfacing months Pseudotumor 11.0 6.7
Moroni et al Mini f MoP FMaIeIS 06874 8'2?1
oroni et al. inimum o emales : .
(2012) | MoP, MoMTHA Serum 18 monhs Vom Males 4.26 1.28
© Females 5.76 4.12

Table 1.3. Metal ion levels measured irbody fluids from patients with Mo M hip replacements.*lon concentrationgxpressed as median
values.THA= total hip arthroplasty, MoM= metain-metal, MoP= metabn-polyethylene

Human body fluids Co (ug/l) Cr (gl
Control 0.20-3.46 0.151.47
Serum Well-functioning TJA 1.555.76 0.994.12
Failed TIA 9.20 12.00
Control 5.00 3.00
Synovid fluid Well-functioning TJA 588.00 385.00
Failed TJA 1127.00 1512.00
Control 0.20-2.48 0.284.00
Whole blood Well-functioning TJA 1.805.21 0.604.19
Failed TIA 4.50-138 3.0061.71
Particle wear conentrations
Peri-implant ti ssue 67.00mg-48.10g

Table 1.4. Typical Concentrations of Metal in Human Body Fluids and in Human Tissue with and WithoutMoM Total Joint Replacements
Control: subjects without any MoM prosthegidatziolis et al., 2003, (Kempf and Semlitsch, 1990, Sargeant and Goswami, 2007, Hallab and
Jacobs, 2009)
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1.3Immune response

Table 1.3 summarised part of the evidence demonstrating that blood cobalt and
chromium ion levels i@ elevated in patients with MoM deviceghich may leadto
adverse immunological and cellular responsés order to understand the
biomaterialtissue reactions following metal debris and ion release after hip

arthroplasty, a broad overview of the immuwystem is given in this section.

The principal functions of the immune system are the recognition with subsequent
elimination of foreign antigens, formation of immunologic memory, and
development of tolerance to salftigens(Luckheeram et al., 2012Yhe body is
primarily protected from foreign invasion by the innate immune system, which is
geared towards discriminating between self and alien/abnormal molecular patterns
and mounting the first set of inflammatory amefence responséStow et al., 2009,
Lucarelli et al., 2004)

An important feature for lonterm survival and function of biomaterials is that they

do not elicit a detrimental immune respon3de foreign bodyreaction is the
primary reaction of the nonspecific immune system that is evoked by the
implantation of foreign material§Luttikhuizen et al., 2006)In vivo, the initial
regponses are acute and chronic inflammation characterized by monocytes and
lymphocytes, respectivelfBrodbeck et al., 2005Host response to a prosthesis or
prosthetic debris results in the formation of a fibrous syndiial membrane
surrounding the prosthesi¢Wang et al., 1996) This membrane consists
predominantly of fibroblasts, macrophages, antathelial cells and actively
degrades the adjacent bone by the concerted action of the different cell types. A
variety of factors, such as mechanical loading, may contribute to the formation of
this membrane. However, little is known about the early ghaséormation and it is
considered to be a foreign body reaction initiated by wear debris particles from the
prosthesigPap et al., 2001 A greater number of macrophages has been found in the
interface membrane of patients with osteolysis compared to patients without

osteolysigWang et al., 1996}t is believed that mononuclear phagocytic @il the
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pseudomembrane surrounding the implant phagocytose wear particles and become
activated. This activation results in the release ofipilammatory cytokines, such

as interleukin (IL) 6 (IL-6), tumour necrosis factoilU (TNF-U), and inflammatory
mediators, such aprostaglandin E (PGE), which stimulate osteoclastic bone

resorption(Ingham et al., 2000)

1.3.1 Monocytes and macrophages

Monocytes derive from the myeloid progenitalls in the bone marrowfHume,
2006) They circulate through the blood and lymphatic system and are recruited to
sites of tissue damage and infect{@eissmann et al., 2010Jirculating monocytes

give rise toa variety of tissue resident macrophages throughout the body, as well as
to specialized cells such as dendritic cells (DCs) and osteof&stdon and Taylor,
2005) Proinflammatory, netabolic and immune stimuli elicit increased recruitment

of monocytes to peripheraites, wherdlifferentiation into macrophages and DCs
occurs, contributing to hostefenceand tissue remodelling and repé@eissnann et

al., 2010)

Tissue macrophages have a broad role in the maintenance of tissue homeostasis,
through the clearance of senescent cells and the remodelling and repair of tissues
after inflammation(Gordon and Taylor, 2005Macrophages are among the first
innate immune cells recruited to a site of invasion, and to come into contact with
foreign agentgStow et al., 2009, Lucarelli et al., 2004 hey are equipped with a
broad range of pathogeacognition receptors that make them efficient at
phagocytosis(Geissmann et al., 201@nd induce production of inflammatory
cytokinesto recruit and activatetioer cells to initiate adaptive immune responses
(Aderem and Ulevitch, 2000)

Macrophages become classically activated by exposut@asignals: response to
interferono (I F N which primes macrophages for activation, and Toll like receptor
(TLR) ligation, which results from exposure to a microbe or microbial product such

as lipopolysaccharidesLPS (Mosser, 2003, Mantovani etl.22002) Classical
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macrophage activation gives rise to effector celsually referred to asll, which

kill microorganisms and tumour cells and produce inflammatory cytokines including
IL-1 and TNRJ (Lucarelli & al., 2004, Mantovani et al., 2004pn the other hand,
IL-4 and 113 i nduce a distinct activation
act i vatM2 mactophage¢Mantovani et al., 2004, Mantovani et al.,02)
Gordon and Martinez, 2010, Martinez et al., 200@hich tune inflammatory
responsesind adaptivel lymphocyteresponses, allergy, immunoregulation, killing
and encapsulation of parasites, matrix depositionrambdelling(Mantovani et al.,
2004)

Macrophages that attach and recognize a foreign material show typically a classically

acivated phenotype secreting inflammatory cytokines, ROS, and degradative
enzymes and displaying high phagocytic capadiia and Triffitt, 2006)
Macrophage phagocytosis of wear debris from joint replacement components is
thought to be arucial step in the patigenesis of osteolysis and aseptic loosernimg.
addition to this, it has been suggested bwaimaterialadherent macrophages secrete
cytokines that could attract and activate circulatinlyfiphocytes, including I1b,

TNFU IL-6, andIL-8 (Figure 1.5 (Brodbeck et al., 2005)

Blood vessel

Macrophage

Migration .

Differentiation

Tissue

Adhesion | Tissue/Implant material
Activation

IL-1B, TNFo,
IL-6, IL-8

Implant material

Figure 1.5. Schematic of thetransition from blood-borne monocyte to biomaterial
adherent monocyte/macrophage at the tissueiplant material interface.
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1.3.1.1U937 cells

The U937 cell line originated from a human histolytic lymplagnpossessing

immature premonocytic characteristicgnd is believed to retain the capacity to
differentiate into monocytes/macrophages by various inducers such as PMA (phorbol
12-myristate 13acetatg (Chabot et al., 2001)IPA (120-tetradecanoylphorbel 3-

acetate), VD3 (1, 28ihydroxyvitamin D3 retinoi c ac (Whsg, DMSC
et al.,, 2011) It has been shown that U937 cells have comparable responses to
polyethylene particle{Matthews et al., 2001and metal iongWang et al., 1996,

Petit et al., 2004kp primary macrophages in terms of cytokine release.

Wang et al. (1996¢valuated the effects of titanium, cobalt and chromium ions, at
concentrations ranging from 0.01 to 100ng/mh the release of boswessociated
cytokines (Il b, -6, ITNFU and TGFb | ) by pri mary hum
monocytes/macrophages and monodijte U937 cells upon lipopolysaccharide
(LPS) stimulation. They also investigated the effects on cell viability and cel
proliferation in vitro. They obtained comparable responses between human blood
monocytes/macrophages and monodite U937 cells and demonstrated that the
three metal ions modulate cytokine release and cell proliferaiionvitro.
Specifically, their reults show that the metal ions significantly enhanced the
production of the boneesorbing cytokineslL-l b IL-6, and TNF-U and the
proliferation of monocytes/macrophages. On the other hand, these metal ions
inhibited the production of the boflerming cytokineTGFb |1 aft er 2.4h of

In addition, a number of macrophage cell lines have been astddy the effects of
prosthesis wear debris, e.g. murine cell lines J774, P38&mll IG21 (Glant and
Jacobs, 1994, Shanbhag et al., 1994, Jones et al., 2006, Voronov et al., 1998, Schwab
et al., 2006) However,the response of these cells has not been fully validated in
comparison to primary macrophages or monocytes. Factors such as cell maturity or
the stage of differentiation, or the species or donor tissue from which the cells were
derived, could potentiallgffect their respons@Matthews et al., 2001 All these led

Matthews et al. (2001) to compare the response of three human cell lines of
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monocytic lineage (Monomat, THR1, and U937) challenged with polyethylene
particles of known size and dose in order to identify a suitable model cell line for

vitro studies of cetparticle interactions. In this study, Monomacell line failed to
synthesize osteolytic mediators in response to polyethylene particles. Funtberm

the response of the THPcells was shown to be very irregular. Whilst FiHRells

were unresponsive to challenge with thenm2particle fraction they responded both

to the very large particles (Bfh) at a ratio of 16m°® per cell and to the other

pari cl e sizes at c on c’partilespdrceth Oy the sespbneew a s

of the U937 cell line was comparable to that of primary macrophages.

The human U937 macrophatjke cells have been chosen as the cell culture model
in previous studies to the effects of different kinds of metals, particlesd ions.

This cell line has also been chosen to study immune and molecular responses caused
by prosthesis wear particles and ions by several authors. For exdwgiea et al.
(2001) examined the effects of AQ; on the activities of mitogeactivated protein
(MAP) kinases, intracellular pHand the production of reactive oxygen species in
U937 cells to clarify tB mechanism of induction of apoptosis in tumour cells by
arsenic trioxide (Ag£s). Ingham et al. (2000ompared the osteolytic potential of
wear debris generated from different formulations afid cement, used in total hip
arthroplasty, in mononuclear phagocytes (U937 cellsjtro. Similarly, Howling et

al. (2003)investigated cytotoxic effects on U937 cells of the wear debris from
carbonbased composite acetabular cup materials articulating against alumina
ceramic femoral counterfaceGermain et al. (2003yompared thesffects cobalt
chromium and alumina ceramic wear particles at various doses on the viability of
U937 cells. All these investigations illustrate how U937 cells have been selected t

study an array of effects of wear debris particles of different nature.

Additionally, human macrophages (PM#Aferentiated myelomonocytic U937 cells)
were exposedn vitro to increasing concentrations of TiOSIO,, ZrO,, or Co
nanoparticles (up to 40e g 9 c&llg), and their inflammatory response examined as
the expression of TLR receptors andreceptors, and cytokine productifirucarelli

et al., 2004)Tkaczyk et al. (2010agtudied the effect of chromium and cobalt ions
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on the expression of antioxidant enzymes in UB8If's Raghunathan et a{(2010)
exposed FFC cell line and U937 cell line 0, 0.05, 0.1, and 0.5uM Er
continuously for 3 weeks and studied the changes in protein expression. These
studies contribute to the body of evidence showing that the human U937
macrophge-like cells have been widely used as a cell culture model to investigate
the effects and mechanisms of toxicity of a range of particles and ions. U937 cells
are an alternative to isolating a pure population of monocytes/macrophages from
human peripherablood mononuclear cells, which could result in a mixed cell
population. Moreover, they resemble macrophage behainouivo, which are the

main cells present in peprosthetic tissues that engulf foreign bodies by
phagocytosisTable 1.5 shows a compilation of investigations showing the U937 cell

line as a model for studying the biological response to wear debris and ions.
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Table 3.1. Studies of the effects of wear debris and ions derived from various matesaln U937 cells

Author

Aim/Treatment

Summary of Results

Wang et al.
(1996)

Monocytes/macrophages were exposed
titanium, chromium or cobalt in vitro, and t
production of Il b ,-6 ,1 LTNFU -falnd
the cells upon stimulation with lipopolysacchari
(LPS). This was done in order to test f
hypothess that soluble metals could modulg
cytokine release by activate
monocytes/macrophages.

Thereleaseof l b was enhanced by titanium, -0hl
titanium and chromium, and of 1& by titanium. All three metal ions inhibd the release g
TGFb | Titanium and c¢chr omium, but not
proliferation in response to LPS while only titanium enhanced U937 cell proliferati
response to LPS. The metals in concentrations ranging from 6.@0DQang/ml did not
stimulate the cells to secrete detectable cytokines in the absence of LPS. The metals
reduce cell viability and induce cell injury after 72 h incubation with the cells. The
suggest that the three metals at clinically relevaoncentrations modulated cytoki
expression, whereas they did not induce any cytotoxic effects.

Ingham et al.
(2000)

Cement debris particles were -caltured with
U937 cells at twdtopd
number ratios of 10:1 and 100:1.

None of the cement p a r’particlésknacrophage had any effect
IL-1, TNFU o ¢6 prbduction byt he cel | s. When tested
particles/macrophage, the cells were activated and released osteolytic cytokines. A
cement debris types stimulated high levels of TWF and there we
differences between the lelg generated for each cement debris type. The levels-®fard
IL-1b generated by macrophages in respon
the levels of TNFU .

Matthews et
al. (2000)

Particles withmean sizes of 0.24, 0.45, 1.71, 7.
and 88 um were coultured with cells for 24
hours prior to assessment of cell viability a
production of the osteolytic mediators-1beta,
IL-6, TNFU and, in su
phagocytes, PGE2 and G@ISF. All particle
fractions were evaluated at particle volume {r
to cell number ratios of 10:1 and 100:1 (a
additionally, 0.1:1 and 1:1 for U937 cells).

Although the results for the cell line were highly variable, stimulation with phagocyto
particles (ange 0.1 to 15 pum) resulted in enhanced levels of cytokine secretion by
murine macrophages and U937 cells. The most biologically active particles wers
micrometre in size. However, U937 cells responded to wear debris at much lower |
volume b cell number ratios (>0.1 |thper cell) than the murine cells (> 10 fiper cell). No
GM-CSF was produced by particle or LPS stimulated murine macrophages. Similarly
cells failed to secrete any L b . Neither macr ophage laiong
with the largest (88 um) particles.

Matthews et
al. (2001)

The response of three human monocytic cell li
(Monomael, U937 and THR) to challenge with
polyethylene particles of known size and dq
was ewaluated. Particles with a mean size of 0.
0.49, 4.3, 7.2, and 88um were-coltured with
the cells for 24 hours prior to the assessmen
cell viability and production of the pg

inflammatory cytokines, 11 b ,-6 | &nd T

Only the response of the U937 cell line was demonstrated to be comparable to that of
macrophagesParticle volume to cell number ratios of 10:1 or greater significantly enha
levels of cytokine secretion with particles within the phagocytosable size range (0.1 to
being the most biologically active.
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Table 3.1. Studies of the effects of wealebris and ions derived from various materials on U937 cells

Author

Aim/Treatment

Summary of Results

Germain et al.
(2003)

The cytotoxicity of cobaithromium and aluming
ceramic wear particles was compared

commercially available cobdlichromium (9.87 +
5.67¢m) and al umina ¢
particles. The effects of the particles on the ¢
over a 5 day period at different particle volur
( €3nto cell number ratios were tested a
viability determinel using ATPLite™:

Clinically relevant CoCr particles 50 and Sfhper cell reduced the viability of U937 cells
97% and 42% and reduced the viability of L929 cells by 95% and 73%, respectively.
mn? per cell, the clinically relevant ceramic partislreduced U937 cell viability by 189
None of the other concentrations of the clinically relevant particles were toxic,
commercial CoCr and alumina particles did not affect the viability of either the U937
L929 cells.

Howling et al.
(2003)

The effects on cell viability of the carbiazarbon
composite material P26VVD on U937 cells.

Culture of P25CVD with U937 cells at all the particleolume to celnumber ratios teste
had no significant effect when epared to the celbnly controls and gave results very simi
to the latexbead controls.

Shardlow et
al. (2003)

The aim was to generate particulate wear de
from a simulated steroement interface unde
sterile conditions. This debris was then- ¢
cultured with U937 cells and the respor
measured by immunoassay of four of th
cytokines implicated in the pathogenesis
periprosthetic osteolysis.

Polymethylmethacrylate (PMMA) pins containing different radiopaque additives,
barium sulphate (CMW 1; DePuy) and 15.6% zirconium dioxide (PalacoScRering
Plough, Welwyn, UK), were tested in sliding wear tests against a stastésdscounterfac
with the Vaquasheen surface finish. Both cements stimulated the releaseastqmlytic
TNFU from the U937 mo ndepeydent fasbnc Ehérd was a tree
towards greater TNFU release with Pal g
Palacos particles also caused significant release-6f dnother prapsteolytic cytokine, whilg
CMW did not. The particulate cement debris produdéd not stimulate the release
GMCSF or IL1hb from the U937 cells. Th
responsible for bone resorption caused by particulate PMMA debiris.

Williams et al.
(2003)

The aimof this study was to examine the weg
particles produced from thick (>10 pm) surfa
engineered coatings: TiN, CrN or CrQ
articulating with a CoCr alloy substrate. Surfg
engineered coatings were articulated aga
themselves in a simple geometry moddie wear
particles generated were characterized by T
and the cytotoxic effect on U937 macrophage

L929 fibroblast cells assessed.

The CrN and CrCN coatings showed a decrease in wear compared to the CoCr bear
produced small (less than 40 nmlémgth) wear particles. The wear particles released
the surface engineered bearings also showed a decreased cytotoxic effect on cells corf
the CoCr alloy debris.
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Table 3.1. Studies of the effects of wear debris and ions derived from variomsmterials on U937 cells

Author

Aim/Treatment

Summary of Results

Lucarelli et al.
(2004)

PMA-differentiated U937 cells were exposed
nontoxic concentrations of Tig) Si0,, ZrO,, or Co
nanoparticles, and the gression of TLR receptor
and cereceptors, and cytokine production w
examined.

Exposure to nanoparticles of Zr@pregulated expression of viral TLR receptors TLR3 and TL
TiO? and ZrG nanoparticles also increased expression of TLR10. On the other WaR9
expression was decreased by Si@ncparticles, and expression of the-@reptor CD14 wa
inhibited by Co nanoparticles. Si@anoparticles induced production of inflammatory cytoki
IL-16 and TNFU Other ceramic nanoparticles had little influence on cytokine production, eit
resting macrophages, or in LRStivated cells. Generally, Co nanoparticles had an overall
inflammatory by reducing antinflammatory IL.-1Ra and inducing ftammatory TNFU,

Petit et al.
(2004a)

The purpose fothis study was to analyze the effe
of Co?* and CP" ions on the expression of k2|

bax, caspas8 and caspase to better understan
the mechanisms leading to imduced apoptosis i
macrophages.

Co™ ions inhibited bel expression with significareffect (p<0.05) after 16 h and a maximal 5
inhibitory effect after 24 h. &b stimulated bax expression with a significant stimulation (p<O0
after 8 h and a maximal 1.76ld increase after 16 h. oalso stimulated the expression of t
active frgment of caspas@ as well as caspaSeactivity, with maximal increase after 24 h.%¢
ions had no effect on caspa®expression or activity. €tions inhibited bel2 expression with
significant effect (p<0.05) after 16 h and a maximal 43% inhibitdfgce after 24 h. CY
stimulated bax expression showed significant stimulation (p<0.01) after 8h and a maximg
fold increase after 24 h. &ions also stimulated the expression of the active fragments of cas
3 and-8, as well as the activities both proteases. The effect ofCions on the expression of bo|
caspase active fragments was maximal after 16 h incubation.

Yagil-Kelmer
et al. (2004)

The goal of this study was to compare the effec
two sizes of alumina ceramic particles, 0.5 and
pm, on the cellular response of both U937 cells |
primary human blood monocytes obtained fr
healthy volunteers. The cellular response \
measured by quantifying gene expression of
cytokines using TagMaRT-PCR.

Particle to cell ratio of 100:1, 0.5um ceramic particles provoked higher amountsl oBIL-1 bl
IL-8, 1.-:10 and TNFU st eady state mRNA by U937 ¢
expression in primary blood monocytes compared to the cell hioeever, a similar trend w4
observed. A differential response to ceramic particle size was shown, which may imply that
particles are less biocompatible.

Luo et al.
(2005)

The effects of C8 and CP* ions were examine(
on the expression of genes encoding MljFone
of the prindpal proteinases capable of degradi
native fibrillar collagens in the extracellular mati
(ECM), its inhibitor TIMR1, and TNFU. Hu
U937 macrophages were incubated in suspensic
on phosphorylcholine (P&olymer coated surface
for 24h with CS" and CP* ions.

Both Cd* and CF" ions induce the expression of MMP TIMP-1, and TNFU mRNA i -rj
dependent manner in cell suspensions. Tyrosine kinase inhibitors have different effects (¢
stimulatory effects. Indeed, genistein has only pantihibitory effect on MMP1 and TIMR1,
with even less effecton TNB expr essi on. I n contrast, -h
and TNFU whi |l e part i a-L I[Hgweviern®biahd GfiionsghadThd atfect on th
expression of MMPL and TIMR1 in macrophages cultured on the-P@ymer, suggesting that th
attachment of U937 macrophages to thegdymer surfaces may modify their gene express
These findings indicate that activation of MMP TIMP-1, and TNFU b y*" ai@lcCP* ions is
regulded by tyrosine kinases.
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Table 3.1. Studies of the effects of wear debris and ions derived from various materials on U937 cells

Author

Aim/Treatment

Summary of Results

Petit et al.
(2005)

To investigate the putime modification of the
cellular redox state by metal ions from M
prostheses, the study examines the effect 6t
and Cr* ions on protein oxidation in U937 cells.

Co”™* and CF* ions induced a timeand dosalependent protein oxidation reaching 6.5 ar@
times the control after 72 h, respectively, which were inhibited by the antioxidant gluta
monoethylester. The oxidized proteins are mainly found in the cytoplasmic fraction g
cells and are absent from the nucleus.

Petit et al.
(2006b)

To better understand the cellular effect of wi
particles and metal ions, the aim was t
investigate the effect of Gband chromium Ct
ions, as well as UHMWPE and A; particles,
on the nitration of proteins in U937 cells.

Results showed that €oand CF* ions induced the nitration of a 79 + 4kDa proteins i
time- and dosedependent manner. The stimulation was significant (p < 0.05) after 24 |
10 ppm C8" and reached a plateau level between 48 and 72 h. Whthtfie stimulation was
significant (p < 0.05) only after 48 and 72 h. The effect of both" @od CP* ions was
inhibited by glutathione monoethgkter that provides protection against oxidative sti
However, ultrahighmolecularweightpolyethylene and alumina ceramic particles had
significant effect on the nitration of proteins. The nitrapedteins are mainly found in th
cytoplasmic fraction of cells and are absent from the nucleus.

Sylvie et al.
(2010)

The biological effects of bone substitut
presented to U937 cells in vitro as microor
nanametersized particles were evaluated. T
hydroxyapatite (HA) (550 nm) and bet
tricalcium phosphate (befBCP) (550 nm)
nanoparticles were incubated with U937 ce
and cell cycle maodification, specific antigg
expression, and the extent of cell de

determined.

Results provide evidence of the absence of cytotoxicity, and show that nanoparticles
induce more apoptosis than microparticles in U937 cells. Although morphologic evide
stimulation of U937cells was found by confocal microscopy, heit bone substitute alterg
the distribution of the cells into different phases of the cell ¢y
The flow cytometry results showed no differences in the expression of adheren
activation markers.

Table 1.5. Studies of the effects of wear debris and ions derived from various materials on U937 cells.
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1.3.2 Lymphocytes

The lymphocyte population is mainly made up of the thywhersved lymphocytes
(T-lymphocytes), bonenarrowderived (Blymphocytes), and theatural killer cells
(NK cells). T-lymphocytes mediating the cellular immunity, along with B
lymphocytes mediating humoral immunity, provide adaptive immunity, which work

in close collaboration with the innate immune sys{eaockheeram et al., 2012)

The T-lymphocytes interact with other cell types by either directagllinteractions

or by soluble paracrine mechanisritBrodbeck et al., 2005)The T-lymphocyte
population may be further split into two subclasses, cytotoxic (CD&¢II§ and F

helper (CD4+) cits. Cytotoxic T-cells interact directly with the target cell usually in
response to intracellular invaders, such as viruses. The interactions between-CD8+ T
lymphocytes and target cells lead to the induction of target cell apopfsithe

other hand, CB+ cells interact with a variety of cell types either directly or through
cytokine messengers, inducing a variety of responses depending upon the nature of
the original signal and the cytokines releaflagckheeramet al., 2012, Brodbeck et

al., 2005)

Activated T lymphocytesat the implant site are assumed to be the source of beth IL
4 and 1-:13 and have been shown to enhance macrophage figsi@mnmm foreign

body giant cellon the surface of implantebiomaterals (Franz et al., 2011, Chang

et al., 2009) The presence of lymphocytes surrounding the implant indicates that
these cells may be the source driving the fusion and may play a critical role in the
foreign body reetion (Anderson, 2009)Additionally, there is evidence of the
involvement of lymphocytes in aseptic loosening from stuthas correlated metal
specific lymphocyte response to poor implant performdhizdiab et al., 2005and
lymphocytic infiltration around mat-on-metal arthroplasties has also been reported
(Davies et al., 2005)
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1.3.3 Cytokines

Cytokines are protein, peptide or glycoprotein cell signalling immunomodulatory
molecules that are primarily concerned with inteHular communicatioiiGoodman

and Ma, 201Q) They elicit biological responses, including cell activation,
proliferation, growth, differentiation, migration, and cytotoxicifarrant, 201Q)
Cytokines generally have autocrine and paracrine functions, and apteadic celt

surface receptoras part of both the innate and adaptive immune response. When the
receptors are activated, the result is a cascade of events leading to downstream
signals that alter transcription factors, and up/doggulation of specific genes.
Thereis great redundancy in cytokine functions; several cytokines often have very
similar actionfGoodman and Ma, 2010, Stow et al., 2009)

As mentioned in previous sections of this giea, after implant stabilizatioin joint
replacement occurs, wear of the bearing surfaces is the major issue limiting longevity
of the prosthesisThe presence of wear debris stimulates both local and systemic
cellular reactions. Cytokines are released by acute and chronic inflamroatisry

and amplify the inflammatory responsehe secretory pathways, routes, organelles
and molecular machinery that control cytokine secretion must be reg(fited et

al., 2009) otherwise, hiese cytokines could intensify the reaction to wear debris in an

unfavourable way favouring osteolytic lesions.

1.4 Osteolysis and Aseptic loosening

Aseptic loosening was first recognized in the early6(9 by John Charnley
(Archibeck etal., 2001) Osteolysis and subsequent aseptic loosening are the most
common causes of failure of total joineplacement (TJR(Geng et al., 2010)

I nitially ter med Acement di Harrsss ¥094) and
osteolysis is thought to occur as a host respdosa variety of particles that may
originate at several locations around a joint replacenj@etmain et al., 2003)

These locations include the articulating surfaces, modular component interfaces,

fixation surfaces, and devices used for adjuvant fixg#oohibeck et al., 2001)
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Although the wear volumes produced lpM articulations have been estimated to
be 4G 100 times lower than metah-polyethylene bearing¢Borruto, 2010) the
main drawback of a metalrticulation is the production of metal debris due to the
combined effect of mechanical and corrosive wgangton et al., 2011)Current
evidence indiates that the size of wear particles generatedyl articulations is

in the nanometre size ran@g@&ermain et al., 2003) the average particle size range
being 30 to 100 nm in siz€atelas and Wimmer, 2011Yhe reduced sizef
nanoparticles allows their entranicgo tissues and orgarend diffusionthroughout
the body, and their interaction with different types of cliscarelli et al., 2004)

The progressive loss of bone adjacent to an implant has been attributed to a
granulomatous inflammatory reactiamduced by particulate implant wear debris at

the bonéimplant interface(Vasudevan et al., 2012Metal wear particles stimulate

local macrophage and fibroblast recruitmé@brdon et al.2010) Macrophages are
unable to clear such particlbecause they amonbiodegradable. This results in the
accumulation of wear debris in the bgm®sthesis micr@nvironment potentially
leading to a chronic state of inflammati¢dasudevan et al., 2012 addition

when particles are phagocytosed in sufficient amounts, the macrophages enter an
active state of metabolism and release-ipflammatory cytokines(Table 1.6),
including IL-1, IL-6, and TNR} chemokines and growthadtorsthat alter the
balance of osteoclast and osteobkdivities This accelerates osteoclast formation
and bone resorption resulting in periprosthetic osteolfdistsusaki et al., 2007,
Gordon et al.,, 2010)Figure 1.6 illustrates how complexthe particleinduced

osteolysisprocess can be.
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Cytokine Main Function
IL-1Uand IL-16 | Produced by many cell types including macrophaged. #ctivateq
macrophages, neutrophils and endothelial cells, stimulates fibro
and osteoclasts, and induces prostaglandinagd collagenas
synthesis.
IL-6 Produced by macrophages, dlls, fibroblasts and other cell types|
activates T and B cells and induces B cells to differentiate and s
immunoglobulins. It also stimulates bone resorption by recru
mature osteoclasts and by activating them through an autg
mechanism.
TNFU Produced by activated lymphocytes, monocytes, macrophage
other cells. It stimulates fibroblasts and granulocytes. It stimu
bone resorption by enhancing the recruitment and the activati
osteoclasts
IFNo Produced by T cells, macrophagand dendriticcells. It stimulated
macrophages inducing direct antimicrobial and antitu
mechanisms as well as -vpgulating antigen processing aj
presentation pathways. It enhances activated killer cells, orches
leukocyte attraction and directs g, maturation, and
differentiation of many cell types.
Table 1.6. Pro-inflammatory cytokines. Main proinflammatory cytokines reported to be
produced at the peiinplant tissues related to osteolysis angdetis looseningGoodman
and Ma, 2010, Valles et al., 2006, Schroder et al., 2004, Fiorito et al.,. 2003)
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Figure 1.6. Schematic diagramof the debris-induced inflammation process Processs

mainly mediated by macrophages, where macrophages ingest debris which results in the
release of cytokines causing inflammation and accelerafiosteoclast formatiaiNADPH:
nicotinamide adenine dinucleotide phosphate. R@&&ctive oxygen speciedl -1b:
interleukin B . N Rueldar. factor kappB. IL-6: interlewkin 6. IL-8: interleukin 8.IL-2:
interleukin 2. IFN9: interferon 9. TNFU tumor necrosis factot) MCP-1: monocyte
chemotactic peptidé. RANKL: Receptor activatoof nuclear factor kappB ligand TLR:

Toll like receptor LPS: lipopolysaccharidgadapted fronHallab and Jacob2009.

In a TIJRundergoing aseptic loosening, areas of lysis appear around the prosthesis at
the boneprosthesis interface. In the early stages, the conditi®n often
asymptomatic, but as progresses, the areas gbis enlarge until the prosthssi
becomes mehanically unstable and the patient experiences pain. In the later stages,
the localized lysis may compromise bone st@&tkins et al., 1997)When osteolysis

is detected, revision surgery is required in order to avoid bone loss to an extent that

would be too difficult to treat later di\spenberg et al., 2011)
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1.5Aims of the present study

Despite the success of hip reg@aents as a treatment for hip diseases, the sections
above have summarised the present concern regarding the toxicity of metal particles
and ions produced at the articulation site M@V implant. In addition to this, metal
debris is thought to play ammportant part in osteolysis and subsequent aseptic
loosening, which is the main cause of implant faillrés essential to determine the
potential effects of longerm exposure to metal iorend debris, as well as the
implications of revision surgery iterms of metal prexposure As a result, this
thesis has been focussed on investigating the interactidbs minsand metal wear
debris with macrophages and lymphocyt@s well as their potential to affect gene
expressionlt was decided to focus on Gons due to the potential of high levels of
Co reaching remote organs, which poses a risk for rargin overexposure and
toxicity in MoM hip replacements patientshe objectivesof the individual studies

compisingthe thesis are:

1 Assess the toxicityof Co-Cr nanoparticles released from a resurfacing
implant and Co ion®n U937 cel, an immortalised humamonocytelike
cell line,in vitro.

1 Explore the relatioshipbetween changes in gene expressindapoptosisn
vitro with the release ofetal iors derived fromincubation with themetal
wear debris.

1 Assess the toxicity ofCo-Cr nanoparticles released from a resurfacing
implant and Co ionsn primary human lymphocytes.

1 Establish a stage protocol forfresh clinical blood samplesollected with
EDTA tubesfrom patients with hip implantghat allows extraction of RNA
suitable for molecular applications

1 Explore whetherin vivo gene expressiom peripheral blood cell®f key
genes involve in bone remodelling procesgelated tocirculating whole

blood metal ion levels of patients wihoM hip implants
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2. GENERAL METHODS

This chapter contains general methods which were applied in several parts of the

thesis. Some more specific methods are detailed in the relevant chapters.

2.1 Cells

The following celltypes were used throughout the research:
1 U937 cells, a human leukemic pmonocyte lymphoma cell line (European
Collection of Cell Cultures; Wiltshire, UK).
1 Primary dendritic cells (DCs), derived directly from mouse bone marrow.
1 Primary human lymphocytessolated from Buffy Coat (Scottish Blood
Transfusion Service; Glasgow, UKyithin 5h of preparation from blood

samples
2.1.1 Culturing of U937 cells

U937 cells were chosen for this investigation as they have been shohavéo
comparable responseswear déris (Wang et al., 1996ylatthews et al., 20QTPetit
et al., 2004bj}o primary macrophages in terms of cytokine relebsmeover,these
cellswereavailable in the laboratoryAdditionally, due to the cost of biyfcoat, it

was decided not to carry out experiments with primary cells.

U937 cells were cultured in 30ml of complete RPMKO medium in 75cfrculture
flasks (TPP; Switzerland) at 37, 5% (v/v) CO,. Complete RPMIL640 medium
consisted of RPML640 (Laza, Slough, UK) medium supplemented with 1094)
foetal calf serum (FCS),-glutamine (2mM), penicillin (5000 units), streptomycin
(5mg/ml) (all from Life Technologies; Paisley, UK). These cells were routinely split
every three days at a ratio of 1:10his was achieved by taking 3ml of cell
suspension into a fresh 75¢oulture flask containing 27ml of fresh complete RPMI
1640 medium.
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2.1.2 Activation of U937 cells

Phorbol 12myristate 13acetate (PMA) is commonly used to induce U937 cell
differentiation irnto actively phagocytwing macrophagegHewison et al., 1992,
Chabot et al., 2001, Vongsakul et al., 2011, Huang et al., 2001, Boukes and van de
Venter, 2012) After PMA exposure, monocytes become adherent and tmiin
aggregates indicative of differentiation into macrophdyesjil-Kelmer et al., 2004,
Blottiere et al., 1995, Matsusaki et al.,, 2007/Mowever, different molar
concentrations of PMA, ranging from 1nM to 100nkkve been used and the
activation process has been reported to take place from 24h up to 5days after PMA
exposure(Hewison et al., 1992, Vongsakul et al., 2011, Ygilmer et al., 2004,
Matsusaki et al., 2007, Bridge et al., 2001, Lucarelli et al., 2004)

In this study, PMA (Sigm&ldrich; Dorset, UK) was used to induce U937 cell
activation. Three different concentrations of PMA were evaluated in order to
determine the most appropriate concentration andsexpatime. For this purpose,

PMA was dilutedntdo 1998 M 1 0cARNMIS OorsetSi g ma
UK). These concentrations were diluted 1:1000 in culture medium to treat the cells
with 5nM, 10nM and 100nM final concentrations of PMA. Cells were exddse 5

days checking on adhesion and aggregation every 24 hours. Photos were taking on a
Zeiss Imager.Z1 microscope and a Nikon DIAPHOT microscope with a Nikon

CoolPix 4500 digital camera.

Each concentration of PMA was incubated in duplicate for eawd pioint. Controls

with no PMA were also incubated in duplicate. U937 cells were cultured-imeR4

plates at a density of 2xid&lls/well. In order to avoid contamination, independent

plates were used for each end point and each microscope. The sieevells of 24

well plates combined with the diameter of the Zeiss microscope lenses restricts the
visualisation area to the centre of the well. To be able to visualise the whole area
cells were growing on, a sterile cover slip was placed into each ofvéitis before

culturing the cells to be analydwith the Zeiss microscope. Plates were incubated at

37°C under5% (v/v) CO.. After 48 hour s, 500c¢l of me
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was carefully removed from the wells and replaced with 1ml of fresh medium with

the corresponding PMA concentration.

At each time point, images were taken from welith aNikon CoolPix 4500 digita
camera using the Nikon microscope; and cover slgisgboth dry and wet lense
(20X) of the Zeiss microscopé&or imaging with the wet lenses, cover slips were
carefully washed with PBS before taking them into petri dishes. Then, 2ml of PBS
were addedto the petri dishes containing the cover slips for microscopy.
Additionally, U937 cells were cultured in 98ell plates at a density of
2x10 cells/well and were incubated with each concentration of PMA being analysed
by MTT assay at each time point. Cogravith no PMA were also incubated in
triplicate. At each end point, cells were washed with PBS. The MTT reduction assay
was carried out as described iecBon2.1.8.

2.1.3 Assessment of activated U937 phagocytosis activity

Polymorphonuclear neutrophils (PMN&nd peripheral blood mononuclear cells
(PMNCs), provide the first line of defence of the innate immune system and are
commonly referred to as fiprofessional
activity (Mesaik et al., 2008, Lunov et al., 2010, ColuGayon et al., 2011). In
order to provide evidence that activated U937 cells were capable of phagocytosis,
they were incubated with latex beads and images were takerlafte, 4, 5, 24,

48, and 120h

2.1.3.1 Preparation of Beads

200ul of latex bead suspeos (carboxylatemodified polystyrene, fluorescent
yellow-green aqua suspension, 2.5% solids, 1um particle size. Skyahdch;
Dorset, UK) were added to 20ml of sterile PBS. 2ml of the bead suspension were
then placed in sterile microtubes and centritlgé 13,000rpm for 10 min. Most of

the PBS was then removed, leaving approximately 100ul/tube. All beads were then
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combined and transferred to a 25ctissue culturelask containing 5ml of serum

free RPMI. In order to sterilise to beads, the flask wasileder UV light overnight.

2.1.3.2 Addition of beads to cells

It has been suggested that osteoblasts possess the ability to phagocytose particles
<1lpm in size(Lohmann et al., 2000, Saad et al., 1998, Reilly et al., 1¥iice the

latex beads in this experiment are 1um in size, immortalised rat osteoblast cells were
used as controls. The cell line (&9t was produced by transfecting neonatal rat
osteoblasts at passage 4 with pUK42, a plasmid (10.9kb) containing rtiet®
sequence of SV40, except for a 6bp deletion at the origin of replication. This plasmid
also contains the RSVneo gene which provides Geneticin resistance, and selection of
positively transfected cells was by resistance to the antibiotic Geneticib8(G4
Gibco) (McKay et al., 1996) Ost5 cells were seeded at 5Xt6lls/well for the
shorter end points and at 5xXt6lls/well for the 48 and 120me points. Activated

U937 cells were seeded at 1%d@lIs/well in a 24well plate containing sterile 13mm

glass coverslips. Cells were allowed to attach overnight. At this point 100ul of bead
suspension was added to each well. Beads were incubated Wstfocdl, 2, 3, 4, 5,

24, 48 and 120h in triplicates. At each time point coverslips were removed from the
wells, transferred to petri dishes and cells washed gently with PBS. In order to
visualise the cells, PI staining was carried out. Since Pl is ingahia to intact
plasma membranes but penetrates the plasma membrane of defflared|s1988)

cells were fixed with 4%(v/v) formalin for 20min and washed 3X with PBS.
Following fixation, cells were stained with PI for 1min and washed 3X with PBS.
2ml of PBS were added and cells were viewed usinGarl Zeiss Axio Imager
microscope under a 40X (numeric aperture of 0.80) water immersion lens.
Fluorescence was excited using a mercury lamp and emission recorded using a
fluorescein isothiocyanate (FITC)/Rhodamine filter block (485/538nm; 546/580
563nm). Digital images and-stacks were captured and analysed using AxioVision

4.6 software.
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2.1.41solation of primary human lymphocytes

Human buffy coat samples were collected on the day of the experiment. All samples
had been given by anonymous healthy denmo more than 5h before collection.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Histopaqu77 (SigmaAldrich; Dorset, UK) from 60ml of

Buffy Coat under sterile conditions. In order to achieve 60spl of buffy coat were
added to 60ml of serum free RPWE40. 30ml of diluted buffy coat were then gently
layered onto 15ml of Histopagud®77 in a 50ml centrifuge tube. The four tubes
were then centrifuged at 600xgffor @Bi ank
allowed four distinct layers to be formed in each tukigure2.1). Once the top layer

was removed and discarded, the cellular layer from each tube was aspirated and
resuspended in 45ml of serum freedP?MRI-1640. Cell suspensions were then
centrifuged at 250xg for 10 minutes and the supernatant aspirated. This step was
repeated twice more. Following this, lymphocyte enrichment was achieved as
previously described (Martin-Romero et al., 2000) Briefly, PBMCs
(2.5x1Ccells/ml) were incubated in a 75¢multure flask with complete RPMI640

for 1 hour at 37°C5% CQ. The medium with the neadherent cell suspension was
then transferred to a fresh culture flask and incubated for a further hour to further
deplete the monocyte population and yield an enriched lymphocyte population in

suspension.

Plasma/Platelets/
RPMI-1640

Peripheral blood
mononuclear cells

<€— Histopaque

<€— Red blood cells

Figure 2.1 Isolation of peripheral mononuclear cells from buffy coat
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2.1.51solation of primary murine dendritic cells (DCs)

Female BALC/c mice were killed by dislocation of the cervical vertebrae, and
sprayed with alcoholA pocket was cut in the skin of the rear leg and the skin was
peeled away. Using a piece of tissue to help hold the lower part of the leg, the upper
leg was pulled to dislocate the knee joint. Once dislocated, the femur was excised
and the excess of muscattached to it removed. It was then placed in serum free
RPMI-1640 medium. The ankle joint was broken by pushing it against its natural
direction. The tibia was then excised, cleaned and placed in serum freel8RMI
medium. When all the bones needeerevexcised, they were transferred to the cell

culture laboratory.

Under sterile conditions the bones were transferred to the lid of a petri dish. To the
bottom of the petri dish, 10ml of fresh serum free RRBA0 medium were added.
The ends of the boneere carefully cut to expose the marrow. Using forceps, the
bone was held over the fresh medium in the petri dish. Using a syririgen(% and

a 26G needl¢BD Bioscience; Oxford, UK)the marrow plug was flushed from the
inside of the bone from both endthe bone. With the needle, the bone marrow was
aspirated to create a single cell suspension. Once all the bones had been flushed, the
cells were transferred to a 50ml centrifuge tube and spun at 250xg for 5min. The
supernatant was then removed andscelére resuspended in complete RPN#A0
medium containing 10% (v/v) GMLSF (culture supernatant from X63 myeloma
cells transfected with mouse GOEISF cDNA, kindly supplied by Dr Owain
Millington; Strathclyde Institute of Pharmacyd Biomedical SciencedJniversity

of Strathclyde, Glasgow, UK). Following this, the bone marrow cell concentration
was adjusted to 5x2€ells/ml and cultured in-8ell plates (Nunc A/S; Roskilde,

Denmark). Fresh complete medium was added to the cell cultures every 3 days.

2.1.6 Preparation of metal ion solutions

Freshly weighed cobalt chloride (CoL{Alfa Aesar; Lancashire, UK) was dissolved

in sterile distilled water and fites t er i | 1 ze d, using a 0.2&egm
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stock solution of C8. This was then used to prepéhne required C3 concentration
in complete RPMI1640. These solutions were all made freshly on the day of the

experiment.
2.1.7 Preparation of metal wear debris

CoCr wear debris was kindly donated by DePuy International (Leeds, UK). The wear
debris was prodwd over 250,000 cycles from a size 39mm DePuy Articular Surface
Replacement (ASR joint on a multistation hip joint simulatorhis particular size

was chosen as represents a medium size hifgdditionally, hip joint simulators

have been shown to produdinically relevant cobaltchromium wear particles

(Germain et al., 200Rapageorgioet al., 200@).

The wear debris, which was suspended in distilled water, was centrifuged at 3500xg
for 10 minutes. The majority of the water was aspirated. The ramyasuspension

was heat treated (180°C for 5hr, 60kPa) in a Stable Temp vacuum oven (Cole

Parmer; London, UK) to eliminate the remaining water and destroy any endotoxins.

The dry debris was then suspended in sterile phosphate buffered saline (PBS; Life

Tedhnologies; Paisley, UK), and stored &C4until required.

2.1.8 Assessing sterility of treated wear debris

In order to assess the presence of microbial contamination in the treated metal debris,
DCs that had been growing for 6 days were washed with 2ml opletenRPM#

1640 medium and harvested. Cells were then seeded atcéhglvell in two 6

well-plates in complete RPM1640 medium supplemented with GUEF. After an

overnight incubation at 37°C and 5f@/v) CO, the supplemented medium was

removed and repted with complete RPM1640 and the appropriate treatments:

debris (0.2mg/lxie el | s) | | i popol ys-&ldrichh Rorset,dukK) ( 1el /
or sterile PBS (100c¢l PBS/ 3 ml RPMI ) . Af

CD11¢ DCs was characterized on BACS Canto flow cytometer using the
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monoclonal antibodies and relevant isotype controls (eBioscience; Hatfield, UK)

listed inTable2.1 and followving the protocol described ire&ion 2.19.

Antibody Isotype contol Purpose

CD11cPE Armenium hamster IgRPE Expressed on DCs

CD40APC Rat IgG2aAPC Expressed on activated ce
MHC Class Il FITC Rat IgG2bFITC Expressed on activated ce

Table 2.1. Monoclonal antibodes and isotype controls used to assess CDIRE
activation

2.1.9 Surface antigen staining of cells for flow cytometry

Cells in suspension were transferred to FACS tubes (BD Biosciences; Oxford, UK),
centrifuged for 5min at 350xg and the supernatant aspicited@he cells were then
washed twice with FACS Buffer (10% (v/v) FCS and 0.02% (w/v) sodium azide
(SigmaAldrich; Dorset, UK) dissolved in PBS), and then centrifuged for 5min
(350xg) and the supernatant removed. In half the tubes, cells were then rdedspen

in FACS Buffer containing Fc block (2.4G2 hybridoma supernatant) and the
appropriate combinations of fluorochrofoenjugated monoclonal antibody. In the
other half, cells were resuspended in FACS Buffer containing Fc block and the
relevant isotype contl to identify any norspecific binding. All the tubes were then
vortexed gently and incubated for 15min in the dark at room temperature. The tubes
were then centrifuged for 5min at 350xg and the supernatant removed. 2ml of FACS
buffer were added to ea¢hbe and they were then centrifuged for 5min at 350xg.
The supernatant was removed and this step was repeated. Finally, the cells were
suspended in 400¢l FACS Fl ow and mixed
analysed on a FACS Canto flow cytometer usingCBBiva (BD Biosciences;
Oxford, UK) software.
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2.1.10 Characterisation of wear debris derived from a metalon-metal hip

resurfacing

CoCr wear debris was kindly donated by DePuy International (Leeds, UK) (details in
section2.1.7). Images were produced and thenséntal composition of the CoCr
wear debris analyseéd sample ofthe artificially producedvear debris suspended in
distilled water as well asear debris generatad situ from a hip implant patient
(obtained during the revision surgery of a total hiplaeement were kindly
processed and gold coated by Dr Thomas Yip using an Edwards S150 sputter coater
at the Chemical and Process Engineering department, Strathclyde University.
Briefly, debris was centrifuged and mounted on SEM stubs. Stubs were tleed pla

in the vacuum chamber of the sputter coater, which was then sealed. The vacuum
pump was switched on until the pressure in the chamber dropped tGt@x1@t

this point, argon gas was released into the chamber until the pressure reached 2x10
Ytorr. High voltage was then adjusted to 50mA to initiate plasma coating. To generate
a thin layer of gold, coating was stopped after 1min. Argon gas was then released
into the chamber to bring the pressure up to atmosphere. Following this, SEM stubs
were taken ta Field Emission Scanmy Electron Microscope (FEEM) (Hitachi
SU-6600,Hitachi; Germag) to be imaged at magnifications of 20000x. The
sample was then transferred t&@anning Electron Microscog8EM) (Hitachi TM-

1000, Hitachi; Gerrary). Energy Dipersive Xray Spectroscopy (EDS) was used

for quantitative analysis of elemental composition. Hitachi-T000 and EDSwift

TM software was used to obtain the images and chemical spectra of the wear debris.
2.1.11 Exposure of U937 cells to wear debris and metal ns

Resting and activated U937 cells, with and without Cotpatrent, (cultured as
described in &ction 2.1.1) were seeded at 1xX@lls per well in 96well culture
plates and incubated with 0.05mg/1%délls, 0.1mg/1xi%&ells and
0.2mg/1x16cells weardebris in the absence or presence of Co ions in complete
RPMI-1640 at 37C, 5% (v/v) CO, for 24, 48 and 120 hours. Additionally, resting,
Co pretreated resting, activated and Co-meated activated U937 cells seeded at
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1x10'cells per well in 96well culture plates were exposed to 5mg/13cHls of wear
debris and 0.1uM Co ions, individually and combined, in complete REGM0 at
37°C, 5%(v/v) CO; for 24 and 120 hours.

2.1.12 Exposure of lymphocytes to wear debris and metal ions

Isolated peripheral humdymphocytes (prepad as described in section 2)lwere

exposed to metal wear debris and’tln aresting state. Lymphocytes were cultured
(1x10°cells/well) in 96well roundbot t om pl ates SKmop@eae |l / we l
debriglx1iPcells 0. 1 ¢ K and $mg @ear debriélx1Ccells combined with

0. 1e& M *arf conplete RPM{L640. Cultures were carried out for 24, 48, and

120h at 37°C under 5% (v/v)@; air. For apoptosis analyses, debris concentration

was 25mgwear debriflx1Pcells.

2.1.13 MTT assay for cell viability

The MTT assay is a colorimetric assay system, which measures the reduction of the
yellow tetrazolium salt MTT (4,5 Dimethylthiazot2-yl)-2,5-diphenyltetrazolium
bromide) into a blue formazan product by dehydrogenases and reducing agents
present in metabolically active cells. The wateoluble formazan that accumulates
within viable cells may be extracted with organic solvents and at&dn by
spectrophotometry. The amount of formazan production is proportional to the
number of viable cells, the dehydrogenase activity and the incubation time
(Mosmann, 1983)

In order to make a 10mM solution of MTT, 414.3mg of MTT (Sigfidrich;
Dorset, UK) were dissagéd in 100ml of PBS, which had been adjusted to pH 6.75 by
the addition of HCI . This solution was s

in the dark at 4°C until required.

At each culture engoint, 96well plates (TPP; Switzerland) were centgéd for

5min at 350xg. Supernatant was carefully
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MTT solution. Following an incubation period of 4h at 37°C, cells were centrifuged
(350xg, 5mi n) and supernatant removed. C
dimethyl sulfoxide (DMSO;SigmaAldrich; Dorset, UK) to dissolve the formazan

product. The absorbance of light was measured at 540nm immediately using a

Thermo Scientific Multiskan Ascent spectrophotometer plate reader.

2.1.14 Neutral red assay for cell viability

The Neutral Red (NR) assay is based on the ability of viable cells to incorporate and
bind the NR dye in the lysosomes. Damage to cell surface or lysosomal membranes
results in decreased dye uptake. The NR destain solution is used to extract the dye
from the viable cells and the absorbance of solubilised dye is then determined
spectrophotometrically. Quantification of the extracted NR by spectrophotometry has
been correlated with cell numbers by equating the intensity of the red colour with the
number of cds (Repetto et al., 2008)

5mg of NR powder (Sigmaldrich; Dorset, UK) were dissolved in 100ml of PBS

pH 7.4. The solution was incubated overnight at 37°C and undissolvddlsnygre
filtered out with a 0.2em filter. The f
destain was prepared by mixing together 50ml ethanol (SAjdrech; Dorset, UK),

1ml glacial acetic acid (Sigmaldrich; Dorset, UK) and 49ml distilled water and

was then stored in a flammable solvent cupboard.

At each culture end point, 98ell plates were centrifuged for 5min at 350xg.
Supernatant was carefully removed and ce
Following an incubation period of 3h at 37°@Jls exposed to NR were centrifuged
(350xg, 5mi n) and supernatant removed. C
PBS and centrifuged again. After discard
solution was added. A homogeneous colour was obtained tipgldoe culture plate

on an orbital shaker for at least 30min. The absorbance of light was measured at
540nm immediately using a Thermo Scientific Multiskan Ascent spectrophotometer

plate reader.
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2.1.15 Analysis of cell morphology and viability via microscopy

In order to assess the effects on cell morphology and viability, cells were stained
with Acridine Orange (AO; Sigmaldrich; Dorset, UK) and Propidium lodide (PI;

Life Technologies; Paisley, UK). Pl is impermeable to intact plasma membranes, but
it easilypenetrates the plasma membrane of dead or dying cells and intercalates with
DNA or RNA forming a bright red fluorescent complex. AO is a membrane
permeable, monovalent, cationic dye which binds to nucleic acidie cells to

produce a fluorescent greeroduct(Bank, 1987, Bank, 1988)

35mnf petri dishes (BD Falcon; Oxford, UK) were coated with 1ml 0.01% (v/v)
poly-L-lysine (SigmaAldrich; Dorset, UK). After 10 minutes, the pelylysine was
aspirated off and petri diskeallowed to dry at room temperature overnight. Cells
were then seeded onto the coated dishes. At each culture end point, medium was
aspirated off and cells gently washed twice with PBS. 1ml of a 1:1 AO+PI solution
was added and the cells incubated indhag for 1 minute. The AO+PI solution was
aspirated off and cells gently washed three times with PBS. 2ml of PBS were added
and cells were viewed using a Carl Zeiss Axio Imager microscope under a 40X water
immersion lens with a numeric aperture of 0.8@oFescence was excited using a
mercury lamp and emission recorded using a fluorescein isothiocyanate
(FITC)/Rhodamine filter block (485/51530nm; 546/58663nm) for AO and PI.
Fluorescence was stable allowing digital images to be captured using AxioVision
v.4.6 (Zeiss, Germany)Analysis of images was carried out with bothd\ksion 4.6

and thefreewarelmageJ V1.47q(http://rsbweb.nih.gov/ij/download.htil

2.1.16 Cell proliferation assay
Cell proliferation was determined by a nmotopic BrdU Cell Proliération

Immunoassay kit (Merck Chemicals; Nottingham, UK). This immunoassay

guantifies cell proliferation by incorporating BrdU into the newly synthesized DNA
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strands of actively proliferating cells. The kit provided all the agents and solutions

required.

Briefly, the BrdU label was diluted 1:2000 into fresh complete RR&40 medium.

To | abel the DNA, 20c¢l of this working s
during the final 4 hours of the experiment. Plates were then centrifuged (300xg for
10min) and the supernatant aspirated. Cells were then fixed, permeabilized and DNA
denatured by adding 200c¢l of the supplie
Plates were incubated for 30min at room temperature and the fixative/denaturing
solutionwag hen aspi r at-Brdi.antido@y@ituted iroaintibayndilution

buffer were added to each well and incubated with the cells for 1h at room
temperature. Cells were washed 3 times with 1X wash buffer, making sure each well

was filled completely. 10 ¢ | of p er o xmodsa @ HRPocanjugate n t |
diluted in conjugate diluent were added to each well and incubated with the cells for
30min at room temperature. At the end of this time, cells were washed as described
above. Plates were then floodedwitH,O and contents removed by inverting them

over the sink and tapping them on paper
added to each well and the plates incubated in the dark at room temperature for
15mi n. 100¢l of st op wallinuhe isaame ordeeasdhe a d d e
previously added substrate solution. The absorbance was then measured in each well
using a Thermo Scientific Multiskan Ascent spectrophotometer plate reader at dual
wavelengths of 45640nm.

2.1.17 ELISA

Cytokine levels were deteined by collecting supernatants from appropriate cell
cultures. These were then assayed using R8&IyGo! enzymelinked
immunosorbent assay (ELISA) kits (eBioscience; Hatfield, UK). The kit provided all
components required except wash buffer, which stediof 0.05% (v/v) TweeR0
(SigmaAldrich; Dorset, UK) diluted in PBS, and the stop solution (256,
Fisher Scientific; LoughboroughlK).
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Briefly, ELI SA plates were <coated with
coating buffer. Plates were sealedd incubated overnight at 4°C. Following this

i ncubati on, well s were aspirated and was
allowing the plate to soak for 1min between each wash. After the last wash, plates
were dried by tapping them on paper towelsitds were then blocked by adding
200¢l / wel | of 1X assay diluent and incutk
was aspirated and plates washed as described before. Standards, at concentrations
between & 0 0 p g/ ml f or T2HOpdImI fomilel, ahdFOROOpg/mICFor

IL-6 were prepared using 1X assay diluent
each standard or collected supernatant were added to the appropriate wells. Plates
were sealed and incubated for 2h at room temperature. Followingeitosl pwells

were washed as described before, and 100
assay diluent were added to each well. Plates were sealed again, incubated for 1h at
room temperature, t hen washed asidiprevi ou
HRP diluted in 1X assay diluent added. They were sealed and incubated for 30min at
room temperature. Wells were then aspirated and washed 7 times allowing the plates

to soak for 2min between each wash. 100c¢
and the plates were sealed again, and incubated for 15min at room temperature.
Foll owing this final i ncubation period,
absorbance was finally measured using a Thermo Scientific Multiskan Ascent
spectrophotometer plateader at dual wavelengths of 4500nm.

2.1.181CP-MS Analysis of metal ion concentrations

2.1.18.1Metal ion concentrations in culture medium

Experiments were carried out to determine the extent of metal ion release when wear

debris was incubated with cultured sefi vitro.
In order to assess the effects of foetalf serum (FG) and pH on the metal ion

release, 2.5mg metal wear debris /1%#lls were incubated for 24h in RPXI640

medium n the presence and absence oSRd complete RPM1640 medium, pH
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4. Bvery condition was carried out in triplicate and controls of each condition with no
metal debris were also present. To analyse the correlation between debris
concentration and metal ions released 0.2, 0.5, 1, 2.5, and 5mg metal wear debris
/1x1Ccells wereincubated in complete RPMI640 for 24h at 37°C and 5%/v)

CQ.. Every concentration was carried out in triplicate and controls with no metal
debris were also present. At 24h, culture medium from each well was collected into
microcentrifuge tubes and s&al at-80°C until ICRMS analysis In addition to this,
culture medium from cells exposed for 120h to 5mg debrisftell8, 0.1uM Co

and a combination of 5mg debris /1%¢6élls and 0.1uM Co were also analysed.

All samples were diluted t®ld in serumfree RPMF1640 medium, and centrifuged
at13200 rpm for 15 minutes. Generally, 500
of RPMI-1640. Each sample was then sonicated. Standards were prepared by diluting
Multielement Standard Solution 1 for ICP (Sigwkirich (Fluka); Dorset, UK in

RPMI-1640 at the @ncentrations shown ifable2.2. Samples were analysed using

an Agilent 7700x octopole collision system B/ (Agilent Technologies;
Wokingham, UK) in helium gas mode using Scandium (Sc) as internal standard. The
guantification is based on the maximum signal for a particular isotope, also referred

to as peak height. Five readings are taken, and the result obtained is the mean value.

Metal lons (ug/L)

Standards | Cobalt | Chromium | Molybdenum
Blank (0) 0 0 0

1 1 5 5

2 10 50 50

3 50 250 250

4 200 1000 1000

5 500 2500 2500

Table 2.2. ICP-MS standards.

2.1.18.2Metal ion concentrations in U937 cells

In order to determine cellular tipke of the ions released into the culturedium

during incubation with CoCr wear debris, resting U98Hsc(cultured as described
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in Section 2.1.1) were seeded at 13ddlis/ml in 24well plates and exposed to 0,
0.2, 0.5, 1, 2.5, and 5mg debris /15dlls for 24h at 37°C and 5%/v) CO,.

Cells in suspension were centrifuged at 350xg for 5min. Culture medium was
aspirated off and cells were washed twice with PBS. After the second wash, PBS was
discarded amh pellets were sonicated for Bth at 45C. Cell lysates were then
resuspended in 1mif alltrapure water (18m (and stored at20°C overnight. They

were then allowed to thaw at room termggare and centrifuged at 280pm for

15min. All samples were dilutedfdld in 2% (v/v) HNQ, and each sample was then
sonicated. Standards were prepared by diluting MultieteérStandard Solution 1 for

ICP (SigmaAldrich (Fluka); Dorset, UK in 2% (v/v) HNQ at the concentrations

shown inTable2.2. Samples were analysed as describeSlection 2.113.1.
2.1.19 Flow cytometry analysis of ap@tosis

Cell viability assays carried out in Chapter 3 will show that theg
debriglx1Ccellsconcentration was highly cytotoxic. As a result, the arbiteabyng
debriglx1Pcells concentration was chosen for the analysis of apoptosis and gene
expressia. Although arbitrary.5mgdebriglx1CPcellsis still a high dose, it would

allow to detect early apoptosis and isolate enough amounts of RNA. The
concentration of Co ions was the same throughout this investigation as it represents
the whole blood threshdd suggested by theViIHRA for patients with MoM
articulationg(MDA/2010/069)

Resting U937 cells and Co pmeated resting U937 cells were seeded at
2.5x10cells/ml in 12well plates to be treated with 2.5mg/1%d6élls of metal deris,

0.1uM Co and a combination of 2.5mg/1%¢6lls of metal debris and 0.1uM Co.
Nonttreated resting U937 cells were used as controls. Experiments with freshly
isolated lymphocytes were carried out in a similar manner: cells were seeded at
2.5x10cells/m in 12-well plates to be treated with 2.5mg/1%délls of metal debris,
0.1uM Co and a combination of 2.5mg/1%¢6lls of metal debris and 0.1uM Co.

Non-treated lymphocytes were used as controls. In both cases, all treatments were
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carried out in triplicat. Cells were exposed to the treatments for 24 and 48h before

beinganalysedy FACS.

Cell suspensions were transferred into FACS tubes and centrifuged for 5min
(350xg).The supernatant was aspirated and the cells resuspended in 200ul of FACS
buffer. Follawving this, the cells were centrifuged for 5min (350xg) and supernatant
discarded. The cells were then resuspended in 100ul Annexin binding buffer (0.01M
HEPES, 0.14M NaCl and 2.5mM CacCl (all Sigimlrich; Dorset, UK) in distilled

water (pH 7.4). 5¢l nnegiih W Ahycoerythrin ( PE) an
Aminoactinomycin D (YAAD) (both BD Bioscience; Oxford, UK) were then added

to each tube. Tubes were vortexed and incubated at room temperature for 15min in
the dar k. Foll owi ng t hi s xin bindinghkbafferiandn per |
200¢ | of FACS Flow (BD Bioscience; Oxf o
Calibrite™ beads (BD Bioscience; Oxford, UK) were used to adjust instrument
settings, set fluorescence compensation, and check instrument sensitivity. The data
were recorded using a FACSCanto flow cytomd®D Bioscience; Oxford, UK

using FACSDiva software.

2.1.20 Western blot analysis of apoptosis

Resting U937 cells and Co pmeated resting U937 cells were seeded at
2.5x10cells/ml in 25cm culture flasks (TPP;Switzerland) to be treated with
2.5mg/1x16cells metal debris, 0.1uM Co and a combination of 2.5mg/foels
metal debris and 0.1uM Co. Ndreated resting U937 cells were used as controls.
Cells were exposed to the treatments for 24 and 48h before aealgsed by

western blot.

Anti-PARP recognizes PolxDP-RibosePolymerase (PARP; Roche; West Sussex,
UK), a 113kD protein that binds specifically at DNA strand bre@emurcia and
Demurcia, 1994)PARP is also a substrate fartain caspases (for example, caspase
3 and 7) activated during early stages of apopt@sisholson et al., 1995)These

proteases cleave PARP to fragments of approximately 89kD and 24kD. Detection of
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the 89kD PARP fragment with arARP thus serves as an early marker of

apoptosis.

2.1.20.1Preparation of cell homogenates

Cell suspensions were transferred from culture flasks to centrifuge tubes and
centrifuged at 350xg for 5min. Culture medium was discarded and cells washed
twice with PBS and centrifuged at 350xg for 5min between each wash.€llee p
was resuspended in 500o0f 0.1M SodiumPhosphate buffer (NaPi) pH 7.6 (see
composition in Appendix 1)Cells were then homogenised using seven strokes of a
motor driven Teflorglass homogeniser. Homogenates were split into thregl 150
aliquots to bestored at-80°C for Western blotting and one [#iCaliquot to measure

the total protein content.

2.1.20.2Measurement of total protein content

Total protein content was determined for each sample with Lowry §keayy et

al., 1951) For this purpose, solution A (2% wNa,COs;, 1% w/v CuSQ and 1%

w/v NaK tartrate; all Sigm@ldrich; Dorset, UK) and solution B (1:4 dilution of
Fol i nds i,@; Sigmasldrich] Domsed, UK) were prepared. Bovine serum
albumin standards (BSA; Sigr#ddrich; Dorset, UK) were made up test tubes as
shown inTable 2.3. 50ul of each sample was diluted with 950ul 0.5M NaOH
(SigmaAldrich; Dorset, UK). 5ml of solution A were added to standards and
samples, which were mixed and incubated at room temperatur@rfon.1After this,

0.5ml of solution B were added and mixed immediately. Samples and standards were
incubated at room temperature for 30min before being read at 725nm against water
blank.

Protein Concentration pg/ml

0 25 50 100 | 150 | 200

BSA (ml) 0.000| 0.125| 0.250| 0.500| 0.750| 1.000
0.5M NaOH(ml) | 1.000| 0.875| 0.750| 0.500| 0.250| 0.000
Table 2.3. Protein standards.
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2.1.20.3Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SBS
PAGE)

Glass plates were cleanedtlw 70% (v/v) alcohol and assembled in the casting
chamber. Gels were cast as showTatle 2.4 (all reagentsSigmaAldrich; Dorset,

UK). Resolution gel was cast first and allowed to set. Stacking gel was cash®eve
resolution gel. Combs were inserted into the stacking gel before allowing it to set.
Meanwhile, samples were prepared at 1mg/ml in Laemmli buSgm{aAldrich;
Dorset, UK) and boiled for #hin in surelock microcentrifuge tubes. The gel
sandwiches ere then clicked into the electrode and the upper chamber filled with
1X electrophoresis buffer (Tris/Glycine/SDSigmaAldrich; Dorset, UK. Combs

were removed making sure the buffer filled the wells, and the chamber was then
placed in the tank and fikewith buffer. Samples (I@/well) were loaded in the

wells, and the electrophoresis run at 50mA untitatirun almost to the bottom of

the gel.
Solutions Stacking gel| 10% Resolution Gel
Acrylamide/bisacrylamide (40% stock) iml 5.625ml
Stacking gebuffer 2.5ml -
Resolving gel buffer - 5.625ml
1.5% ammonium persulfate 0.5ml 1.125m|
Distilled water 6ml 10.125ml
N, N, Nblrarmkeljylethylenediamine (TEMEL 10m 17.51

Table 2.4. Reagents for casting gels.

2.1.20.4Western Blot

Whil e the gels were running the transfer
follows: 2100mldistilled water, 600ml methanol (Fisher Scientific; Loughborough,

UK) and 300ml 10X Tris/Glycine transfer buffegigmaAldrich; Dorset, UK) The

scotch brite pads and filter pap&igmaAldrich; Dorset, UK)were soaked in the

transfer buffer for 15minThe ImmobilonP membrane (Merck Millipore; Watford,

UK) was soaked in methanol before placing it in transfer buffer for 15min. Once gels

had run, the gel sandwich was removed from the tank and placed in transfer buffer
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for a few minutes. Transfer cassetitesre prepared as shownhkigure2.2. Cassettes
were placed in the tank which was patrtially filled with transfer buffer, with the black
side of the cassette at the negative side of the tank. It was run ovetrdgonaA.

Anode (+)

clear side of cassette

[ ]

L scotch brite pad
X T T Y filter paper
| —————————————————

membrane
gel

Iy filter paper

scotch brite pad

I 3|
— ek side of cassette

Cathode (-)

Figure 2.2. Transfer cassettes.

In order to develop the membranes, Tris Buffered Saline (T8&naAldrich;
Dorset, UK was prepared from 10X stock and then Tween Tris Buffered Saline
(TTBS) wasmade up by adding 0.5ml of Tween 20 to 1L of 1X TBS. As blocking
agent, 3%(w/v) gelatin SigmaAldrich; Dorset, UK)was prepared in TTBS. The
membranes were placed in this gelatine solution for 1hr ‘& @hile shaking. Te
gelatin was then poured ofgnd membranes washed for 5min in TTBS while
shaking. AntiPARP (1:2000) in 1%wi/v) gelatin in TTBS was added, and the
membranes shaken for 1hr af@7Antibody was poured off and membranes washed

3 times with shaking in TTBS for 5min. Secondary antibadys prepared in 1%
(w/v) gelatin in TTBS (anti rabbit Igé&ALP 1:1000; BicRad; Hertfordshire, UK)

and shaken with the membranes for 1hr atC37Antibody was poured off and
membranes washed twice shaking in TTBS and once in TBS for 5min. To visualise
the ands on the membranes, the alkaline phosphatase detection systeRadBio
Hert fordshire, UK) was used according t

Membranes were then dried between 2 sheets of filter paper, scanned within a
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CanoScan N670U scanner arbe software CanoScan toolbox 4(Canon;

Middlesex, UK) to be analysed by ImageJ version 1.47q.

2.1.21 Minimum Information for Publication of Quantitative Real -Time PCR
Experiments (MIQE)

The Minimum Information for Publication of Quantitative Rdane PCR
Experiments (MIQE) is a set of guidelines that describe the minimum information
necessary for evaluating and publishimgantitative reatime PCR (qPCR
experiments result@Bustin et al., 2009, Bustin et al., 2010he aim of the MIQE
guidelines is to provide the reader with all the information required to either repeat
the experiment or be able to judge whether the data are soundui@ieérgs cover

all the stepsof a qPCR assay, which include sample acquisitimendling, and
preparation, quantification of nucleic acids, reverse transcription, g°PCR and data
analysis.Figure 2.3 gives an overview of some of the suggested information to be

included in a report or publicatn.

The MIQE guidelines were followed in the current study in both cells and whole
blood experiments. Detailed information regarding each step of thgPRR
experiments is given in the appropriate sectiguditionally, a MIQE checkst is
given in Apendix 3.
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( Sample/Template N\

Source Extraction method
Method of preservation RNA: should be DNA-free
Storage time RNA Concentration
Handling RNA integrity information

\ Inhibitor free /

¥

( Assay optimisation/validation \
Accession number In silico/empirical
Amplicon size Priming conditions
Primer sequence PCR efficiency
Probe sequence Linear dynamic range
Limits of detection

k Intra-assay variation /

A 4
( RT/PCR \

Protocols ( Data analysis \
Reagents » Specialist software
Duplicate RT Statistical justification
NTC Normalisation
NAC Validation

Positive control
\_ J

Figure 2.3. Key criteria delineating essential technical information required for the
assessment of a RE{PCR experiment. Accession numberunique identifier of a
nucleotide sequencdn silico: BLAST specificity analysis. NTC: no template controls
(H,0). NAC: no amplification controls (RTcontrols) (adapted frofBustin et al., 2010

2.1.22 Isolation of total RNA

In order to extract total RNA from U937 cell cultures the GenElute Mammalian
Total RNA Miniprep Kit (SigmaAldrich; Dorset, UK) was used. The protocol
followed was the one suggested by the manufacturer in the kit manual. All steps were

carried out atoom temperature argh overview is given ifrigure2.4.

Briefly, resting and activated U937 cells were harvested and pelleted. Culture

medium was removed and 58f lysis solution/2mercaptoethanol mixture aeld
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to lyse cells and inactivate RNases. To remove cellular debris and shear DNA, the
lysed cells were pipetted into a GenElute filtration column. They were then
centrifuged at maximum speed for 2min to complete the cell disruption and the
filtration columndiscarded. 50@ of 70% ethanol solution were added, the mixture
vortexed and 704 of the lysate/ethanol mixture were taken into a GenElute binding
column. Centrifugation at maximum speed for 15sec binds the total RNA in solution
to the silicabased binohg column. The flowthrough liquid discarded. The binding
column was placed back into the collection tube to apply any remaining
lysate/ethanol mixture to the column. The centrifugation was repeated as described
above. To remove any contaminating genoMA carryover which may interfere

with the downstream reverse transcrib@dRbased gene expression analysis, the
optional onacolumn DNase | digestion procedure was included, which used an On
Column DNase | Digestion Set (Sigmddrich, Dorset, UK). The biding column

was then transferred to a fresh 2ml collection tubel 60the elution solution were
added to the binding column to release the total RNA and centrifuged at maximum
speed for 1min. To maximise recovery, a secormd $6lume of the elution dation

was added to the binding column and centrifuged at maximum speed for 1min. Both
eluates were collected in the same tubd. diquots were taken to determine the
purified RNA concentration, purity and integrity and the remaining RNA was stored
ati 80°C.

RNA concentration was determine@da 5ul aliquotby measuring the absorbance at
260 nm (A260) in a NanoDrop 2000c spectrophotometer (Labtech International,
UK). RNA purity was also determined by the NanoDrop 2000c spectrophotometer as
the ratio ofthe readings at 260 nm and 280 nm (A260/A280). Finally, RNA integrity
was assesseth a 5pul aliquotby determining the RNA Quality Indicator (RQI)
number, which is automatically generated by the Experion Automated
Electrophoresis SystemBip-Rad; Hertfordhire, UK using an algorithm that
compares three regions of an electrophoretic profile to a series of degradation

standards.
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Figure 2.4. Overview of total RNA isolation from U937 cells.

2.1.23 cDNA synthesis

SuperScript 1l Reverse Transcriptase (Life technologies; Paisley, UK) was used to
generate cDNA templates from the RNA extracted from U937 cells for use in
reversetranscribed polymerase gene reactions-fOR). Briefly, 1ul of oligo(dT),
(500ng/ul, Eurofins MWG Operon; London, UK), 4ug of total RNA, 1ul of 10mM
dNTP mix (Eurofins MWG Operon; London, UK) and nuclefrse water (Sigma
Aldrich; Dorset, UK) to 13ul were added to a nucleiee microcentrifuge tube.

The mixture was then heated to 65°C3arnin and incubated on ice for at least 1min.
After this, the contents of the tube were collected by brief centrifugation and 4l of
5X first-strand buffer, 1ul of 0.1M DTT, 1ul of RNaseOUT recombinant RNase
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inhibitor (Life technologies; Paisley, UK) andullof SuperScript Il RT (200

units/ul) were added. Controls with nucledsse water instead of SuperScript Il

were also carried out for each RNA sample. Such reactions were designated as the
sampl ®& fRTtr ol as it woul dsting coatamindtemg a ¢ h ¢
genomic DNA. A PCR carried out using an aliquot of this as the template should not
generate any products. The cDNA reactions were mixed by pipetting gently before
incubating at 50°C for 60mirin order to inactivate the reversensciptase, the

reactions were heated at 70°C for 15min. cDNA was then stor26°4.
2.1.24 StellARray ™ gene expression array

The StellARray™ Gene Expression System (Lonza; Switzerland) is a quantitative
polymerase chain reaction (qPCB3sed method and proes profiling of
biologically focused gene sets. Gene expression array analysis with the standard
Human General Toxicology 96 StellARF&ywas performed in order to identify
genes related to the toxic effects of metal wear debris and ions on U937 cédls. Cel
were exposed to the combination of 2.5mg/f&&0s wear debris and uM Co for

120h. Untreated resting U937 cells were used as control. The procedure was carried
out as recommended by the manufacturer. Briefly, a supermix was prepared by
adding 998! nuclease free water to 1QH6SYBR® Select Master Mix (Applied
Biosystems, UK). To obtain a samgpecific working solution, 198 template
(33.3ng/u) cDNA was added t@006ul supemix. Following this, the foil seal was
removed from the StellARray platend 2Qul of samplespecific working solution

were added to each well. Once it had been ensured that all reagents were at the
bottom of the wells, the plate was sealed with an optical adhesive plate Theer
optical adhesive plate cover is aptically clear plate sealdesigned for optical
assays, such as raahe PCR The plate was incubated at room temperature for
15min. pior to loading intoa StepOnePlus Redime PCR system (Applied
Biosystems, UK). Thermal cycling conditions were set for a standerds shown

on Table 2.6 (Section 2.1.19 which was followed by a melting curve analysis to
check for nonspecific amplification. Quantification cycles (Cq) from the

amplification curves were obtained from the Applied Biosyst&StepOne Plus
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software v2.1. Further data analysis was performed with the Global Pattern
RecognitionE software (Bar Har bor Biotec
with the StellARray™ system

2.1.25 Primer design and efficiency determination

Individual SYBR green primer sets for dygase quantitative reime PCR were
designed using the software GeneRunner (Hasting Software, USA). The parameters
for designing the primers werkave a lengtbetween 20 and 25 nucleotiddsave a
melting temperature (Tm) highéhan 59C but lower than 62°C, havepercentage

of guaninecytosine (5C) of between 4@60%,and produce an amplicon between 100
and 150bp long. Although a DNase treatment was included in the RNA isolation
process to avoid genomic DNA contamination, minsets were desigd to span
exonexon junctions. In this way, only cDNA from mRNA gene transcripts will be
amplified, not genomic copies of the gdsandhu and Acharya, 2005, Del Aguila et

al., 2005) In the cass where the introns were smaller than 100bp, primers were
desigredto sit on the exomxon junctions in a 50/50 ratio. Thus, if an intron were to

be present (i.e. genomic DNA) only 50% of the primer sequence would anneal and
the amplification reaction wadd not take place. Since some of the target genes have
several variants, the multiple sequence alignment software, MU$Eddgar, 2004)
http://www.ebi.ac.uk/Tools/msa/musdledas used to align the variants and help
with the process of targeting a un@region for a particular transcript. Specificity of
each set of primers was verified with the PrirB&AST tool (Ye et al., 2012)
http://www.ncbi.nim.nih.gov/tools/primdslas) to make sure that the primers would

not amplify unwanted products. Primer sequences, Tm, and amplicon size are

summarised iMable2.5.

In order to avoid undemor overestimation of thexpression levels of 8 target genes

the efficiencies of each primer set were calculated. For this purpose, cDNA from
untreated U937 cells was diluted to 100, 50, 10, 4, and 1ng. Ttepliealtime PCR
reactions were run for e a®c Pelecs Master | mex, con

(Applied Biosystems, UK), 3ul of forward primer (1pmol/ul), 3pl of reverse primer

64



(1pmol / OI) and cDNA template to a-total
grade HO.

Amplicon

Gene Primer se&8®é(@ulectides) 5{ Tm (" . ° (bp)

Sense GTGCAAACCTTCAAGGCAGCCT (22) | 59.3

NOS2 | Anti-  reoacrectecaceaceetetacTs 24)) 603 127

sense
Sense  TGCTGCTCACCTCATTGGAGACC (23) | 60.1
LTA ANli- G GTGGGGACCAGGAGEBAATT (23) | 59.2| 123
sense
Sense  TGCCCAAGGATTTGCAAGCTG (21) | 59.7
BAG1 'SA‘::S'e TTCTGGCAGGATCAGTGTGTCAATC (25)| 50.0| 113
Sense AACATCCTGCGCGTCAGCAAC (21) 59.7
GADDA45A ?Q:S'e AGATGAATGTGGATTCGTCACCAGC (25)| 60.1| 137
Sense  ACGCAGACTACGAGGCGTCATCC23) | 61.3
FOS Anti- GCCAGGTCCGTGCAGAAGTCC 21) | 60.4| 142
sense
Sense AGATGAGTATGCCTGCCGTGTGAAC (25] 60.3
B2M Ani- o AATGCGGCATCTTCAAACCTC (23) | 59.5| 110
sense
Sense  CCCTGGCGTCGTGATTAGTGATG (23) | 60.2
HPRTL 'Sb‘en:]'s'e CGAGCAAGACGTTCAGTCCTGTCC (24)| 609 | 138
Sense AGCCTCCCGCTTCGCTCTC (20) | 58.2
GAPDH ?gr?s-e ACCAAATCCGTTGACTCCGACC (23) | 58.7|  12°

Table 2.5 Primer sequences, melting temperatures (Tmas calculated by GeneRunner
and amplicon size.

2.1.26 SYBR Green quantitative reattime PCR
U937 cell gene expression assays were carried out using SYBR -kzsen
quantitative reatime RT-PCR. Oligonucleotide primers for these assays were

designeds described in Section 2.1.25

Briefly, for each reaction, 10df SYBR Select Master Mix (2X, Life Technologies;
Paisley, UK), 3ul of forward primers (1pmol/ul), 3pl of reverse primers (1pmol/ul),
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1pl cDNA (33.3ng/ul) and 3pl of nucleasee water were added to a nuclefree
microcentrifuge tube. Negative controdsth nucleasdree water andi R-6&cDNA
reactionmixture were also set up. Master mixes for each assay were prepared with
the primers, nucleadeee water and SYBR select. The components were mixed
thoroughly and centrifuged briefly to eliminate any air lblels. 19ul of each master
mixture were transferred to the corresponding wells of optitab8 strips (Applied
Biosystems; Paisley, UK). Finally, 1ul of cDNA was added to the reactions, and 1pl
of nucleasdree water orii R-6cDNA reaction product was addeto the
corresponding controls. Tubes were sealed with opticahB strips (Applied
Biosystems; Paisley, UK) and loaded into a StepOnePlusTRea& PCR system
(Applied Biosystems; Paisley, UK). Thermal cycling conditions were set for a
standard run aswswn onTable2.6, which was followed by a melting curve analysis

to check or nonspecific amplification. @antification cycle (Cq) values were
calculated by the StepOnePlus software (v2.1). Once finished, the reactions were

storel at 4C to be further analysed via horizontal electrophoresis.

Standard Cycling Mode (Prin

Step Temperature | Duration Cycles
UDG Activation 50°C 2min Hold
AmpliTaq DN_A Pplymerase, upP 95°C omin Hold
Activation
Denature 95°C 15sec 40
Anneal/Extend 60°C Imin

Table 2.6. PCR thermal cycling conditions

2.1.27 Horizontal gel electrophoresis

In order to verify that the primer sets were working appropriatglyelectrophoresis

was carried out using a horizontal submarine rgali apparatus (Bioscience
Services, Londo, UK). For this purpose, a 2% (w/v) agarose gel solution was
prepared by adding 1g of AgarGel H/M (Continental Laboratory Products;
Northampton, UK) to 50ml of 1X TriBorateEDTA (TBE; SigmaAldrich; Dorset,

UK) buffer. This solution was microwaved atghi power for 1 minute and 30
seconds. 2ul of a 10mg/ml solution of ethidium bromide (Sigsaaich; Dorset,

UK) were added to the agarose solution, which was then poured into the
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electrophoresis chamber. The comb was positioned and the gel was alloeefbto s

10 minutes. 6pl of ethidium bromide were added to 80ml of TBE for the running
buffer. Once the gel set, the running buffer was poured into the chamber and the
comb removed. 6ul of HyperLadder Il (Bioline; London, UK) were loaded into the
first well to serve as molecular weight marker lane. 15ul of each PCR reaction were
mixed with 2ul of DNA loading buffer (Bioline; London, UK) and loaded into the
corresponding well. The gel was run for 1h at 50 volts using a BioMax MBP300
electrophoresis powersupp(Kodak, London, UK). The ethidum bromide stains
DNA during the electrophoresis and this enables the PCR products to be visualised
under UV light. Once finished, the gel was imaged and analysed with the InGenius
Bio Imaging system (Syngene; Cambridge, Wf)Jd GeneSnap image acquisition
software (Syngene; Cambridge, UK).

2.2 Analysis of blood samples

2.2.1 Storing clinical blood samples

Whole blood samples were collected in EDTA tubes and delivered to the laboratory
on the same day of collection. Upon arrival a thboratory, blood samples were

di vi ded i nt o Tosnfindmisé RNAIdégrpdatonlml of RNAater®

(Life Technologies; Paisley, UK Lif€éechnologies; Paisley, UK) waslded to each
sample. Samples were incubated overnighf@tahd then storeat -80°C.

2.2.21CP-MS Analysis of metal ions

Metal ion concentrations were measured in whole blood. All samples were diluted
10fold using the solubilisation matrix solutiorgble 2.7; all reagents Sigma

Al dri ch; D o r efavhole blab# yvas mi&ed Qvith12.5ml of the dilution
matrix in a plastic vial and 2ml of ultrapure water (h8mwere added. The final
solution was then sonicated. Standards were prepared by diluting Multielement
Standard Solution 1 for ICP (Sigr#ddrich (Huka); Dorset, UK in 2% (v/v) HNOs.

The samples were then analysed usingM3as described before.

67



% in solution uantity for 1L
Reagent (w/v) 0 sollﬁion
1-Butanol 1.5% 15ml
EDTA (acid) 0.01mM 2.9224mg
Triton X-100 0.07% 0.7ml
Ahmmon.'“m 0.7mM 26.92ml
ydroxide
Ultrapure Water | Make up to volume Makeup to 1l

Table 2.7. Preparation of solubilisation matrix solution

2.2.3Isolation of total RNA that includes the small RNA fraction
In order to extract RNA fromb | ood sampl e s -Bldodh Kit (Ifé b o Pur e
Technologies; Paisley, UK) was used. Using the modified protocol provided with the

kit, total RNA that includes the small RNA fractigRNA< 20(htg) was isolated.

2.2.3.1Sample Colkction, Cell Lysis, andRNA Purification

Initial experiments were conducted to show the efficacy of RikeA in terms of
preservation of blood RNA. The maximum period of RNA stability under different

conditions was assessed and detaithe$e experiments are given ihdpter 6.

Samplesin RNAlater solution were centrifuged for 1min at maximum speed in a
microcentrifuge. Supernatant was then aspirated and discarded. Archive samples (not
stored in RNAater solution) were mixed by gently inverting the collection tube
several times. After ths , Rildopueelysis solution were added to 3O O ¢ |
anticoagulated whole blood in a 2ml microfuge tube, or to the cell pellet from
RNAlater-stabilized samples. Samples were then vortexed vigorously inverting the
tube to be sure the solution was homago u s . 1 Riopuresodium tadetate
solution were addedand the samples wereonexed and stored on ice fomé.

5 0 0 ¢ lthe Ribdopuresupplied Acid-Phenol:Chloroform were added to the cell
lysate, after which it was vortexed for 30sec. To sepdts aqueous and organic

phases, samples were centrifuged at room temp for 1min at maximum speed in a
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microcentrifuge. The aqueous (upper) phase containing the RNA was then
transferred to a 15ml scresap tube and the lower phase was discarded. Iml o
Ribopure denaturation solution and &l7of 100% ethanol were sequentiadgded

and each mixed thoroughly by vortexing.

Before starting the process of final RN /
solution were heated to 75°C in an RN&&® tube. ThdRNA sample was bound to
aRibopuref i | t er cartridge by successively appg
a few seconds to let the liquid pass through, emptying the collection tube and
repeating. The filter flowthrough liquid was discarded every time. TRé&opure
filter cartridge was then transferred i
ethanol/30% denaturatiosolution applied to the filter cartridge and the sdenp
centrifuged for 510sec to allow the solution to pass through the filter. The-flow

through liquid from the collection tube was discarded and the filter cartridge was
replaced into the same collexth t ub e . This process was r
aliquots of 80% ethanol/50mM NaCl. After discarding the fibmough from the last

wash, the filter cartridge was replaced in the same collection tube and centrifuged for

1min to remove residual fluid fro the filter. TheRibopurefilter cartridge was
transferred into a label ed col | ect i on Olutibneappked w thd 5 0 ¢ |
centre of the filter. The cap was closed and the assembly was left at room temp for
1min to allow dissociation of the RN#om the column. It was then centrifuged for

20i 30sec at maximum speed to recover the RNA in the collection tube.

2.2.3.2DNase | Treatment

To remove any contaminatirgenomic DNA from the eluted RNA, 1/20th volume
20K DNase Buffer amnd ¢ L § |dded® td dhe @NAIand(ntxed
gently. The samples were then incubated for 30min at 37°C. Following this, a
volume ofRibopureDNase inactivation reagent equal to 20% of the volume of RNA
treated was added. Tubes were vortexed briefly to thoroughly mix the eDNas
inactivation reagent with the RNA, and incubated at room temperatugmin. The

tubes were vortexed twice during this period to resuspend the DNase inactivation
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reagent. Samples were then centrifuged at maximum speed for 1min in a
microcentrifuge to ellet the DNase inactivation reagenid @liquots were taken to
determine the purified RNA concentration and integrity and the remaining RNA was
stored ai 80°C.

RNA concentration, purity and integrity were deterndirees described in Section
2.1.220f the current Chapter.

2.2.4 cDNA synthesis

First-strand synthesis of cDNA from RNA obtained from whole blood was carried
out using Superscript Il reversalftrscriptase as in Section 2.1.2®wever, for the

whole blood studies, 400ng of RNA was used in eaclrsemvtranscriptase reaction.

2.2.5 Stability of RNA after up to 10 Freeze/Thaw Cycles of storage

Whole blood samples in the presence and absence ofdRMAvere frozen at80°C

for 15 minutes and thawed at room temperature for 15 mintites was repeated
several timesn an attempt to replicate the real life situation where clinical samples
may undergo several freeze/thaw cycles. RNA was extracted with the RiboPure
Blood Kit after 0, 3, 6, and 10 freeze/thaw cycles, and RNA concentration and

integrity wereassessed as previously described.

2.2.6 Tagman quantitative real-time PCR

In order to analyse gene expression of clinical whole blood samples, TagMan Gene
Expression AssaysTéble 2.8.) and TagMan Gene Expression Masiix (all
Applied Biosystems; Paisley, UK) were used.

Briefly, for each reaction 1l of 20X TagMan® Gene Expression Assay, 10ul 2X

TagMan® Gene Expression Master Mix, 1ul cDNA (8ng/ul) and 8ul of nuclease

free water were added to a nuclefe® microcatrifuge tube. Negative controls
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with nucleasdree water andiRT-0cDNA reaction product were included. Master
mixes for each assay were prepared with the primerdeamefree water and
TagMan® Gene Expression Master Mikhe components were mixed thoghily

and centrifuged briefly to eliminate any air bubbles. 19ul of each master mixture
were transferred to the corresponding wells of opticalb@ strips. Finally, 1ul of
cDNA was added to the reactions, and 1pl of nuckéiaese water omiRT-0cDNA
reacton product was added to the corresponding controls. Tubes were sealed with
optical 8cap strips and loaded in a StepOnePlus -Reak PCR system. Thermal
cycling conditions were set for a standard run as showrabie2.6. Cq values were

calculated by the StepOnePlus software (v2.1)

Amplicon
length

Hs00212474_m1l 64

Gene Assay Assay ID

TNF receptorassociated TagMan® Probes

protein 1 (TRAP1) TRAP1
FonIpon(_;(II;JItDaénSa)te synthas| Taq Msg(ggrobes Hs00909430_m1 69
T itochonarl (OECRD| | DECRL - | He01051812.m1| 67
Pe(g[/lglzlgrr]ci)l:yr/ll I|3s)o(nF1)Ir—;\)rlaBs)e B Taqur;)(:DBProbes Hs00168719_m1 o7

Tumor necrosis factor
(ligand) superfamily,
member 11 RANKL)
Tumor necrosis factor
receptor superfamily,

TagMan® Probes

TNESE11 Hs00243522_m1 67

TagMan® Probes |\, 14900358 m1 74

member 11b (OPG) TNFRSF11B
Tumor necrosis factor

receptor superfamily, TagMan® Probes

member 11a, NFKB TNFRSF11A Hs00187192_m1) 67

activator (RANK)
Table 2.8.TagMan gene expression assays

2.2.7 Effects of RNA integrity on gRT-PCR results

gRT-PCR reactions were carried out with RNA of varying qualities extracted from
fresh whole blood samples obtained from patients witkahma metal hip implants.

For this purpose, RNA was extracted as previously described from whole blood
samples in the presence of Rldter that had undergone freeze/thaw cycles. cDNA

was synthesised frorhoth intact and degraded RNAg&ion2.2.4 and ral time
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PCR reactions caed out (®ction2.2.§ for four genes that have been previously

validated as whole blood reference genes in hurfstasnova et al., 2009)
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3. EFFECTS OF COBALT IONS AND WEAR METAL DEBRIS DERIVED
FROM A HIP RESURFACING ON U937 CELLS IN VITRO

3.1 Introduction

The most common cause of failure of total hip arthroplasty is aseptic loosening of the
implant. The adverse tissue response to prosthesis wear particlesnga@mant
contributor to bone loss around the impldhtio et al., 2005) As discussed in
Chapter 1, host response to a prosthesis or prosthetic debris results in the formation
of a fibrous synovialike membrane swounding the prosthes{Vang et al., 1996)

It is bdieved that mononuclear phagocytic cells in the pseudomembrane surrounding
the implant phagocytose wear particles and become activated. This activation results
in the release of prmflammatory cytokines, such as -8 and TNFU, and
inflammatory mediatorssuch as PGE which stimulate osteoclastic bone resorption
(Ingham et al., 2000)

As mentioned in Chapter 1, U937 cells have been useelasulturemodel for a
variety of research related to implant wear tebHowever, themechanisms of
toxicity of metal particles and ions are poorly understood. This raises concerns about
the long term effects of exposure to metal debris particularly as younger, more active
patients are being offeréddoM joint replacement floendstage bone disorde(Rao

et al., 2012) Inspite the number of investigations that havenbesaried out, none of

them have treated the cells with metal ions (i.e. Co) before exposing the cells to wear

particles.

In the current study, U937 cells in both resting and activated states were exposed to
meital wear debris derived from a Mbresurfacirg implant and Co ions in order to
evaluate their toxicity in terms of changes in cell morphology, viability, cytokine
production and proliferation. Moreover, in an attempt to understand host response to
a device after revision surgery, U937 cells werated with Co ions before being
exposed to the metal wear debB&é&nce he MHRA have suggested combined whole

blood cobalt and chromium levels of 7pphug/l) as a threshold for patients with
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MoM devices(MDA/2010/069) 0.1uM Co wa chosen as the cobalt concentration

for the treatments.

3.2 Aims

To assess the toxicity @o-Cr nanoparticles released from a resurfacing implant and
Co ions as wellasthe effect of treating cells with Co ions prior to exposure to wear

debris,on an immatalised human cell linen vitro by:

MTT andNR assays for viability
Fluorescent microscopy to evaluate changes in morphology

ELISA to measure cytokine production

= =4 4 -4

BrdU proliferation test

3.3 Results

3.3.1 Activation of U937 cellswith PMA

As diswssed previoug] the human U937 cell line is a common model for the
investigation of monocyte/macrophage characteristics and phagocytosis. Upon
stimulation with PMA, U937 cells become adherent, form cell aggregates, the
number of lysosomes and phagosomes in the cytopiasreasegLessig et al.,
2011) and they develop pbacytosis activity(Spittler et al., 1997, Boukes and van

de Venter, 2012)in this study, U937 cells were exposed to different concentrations
of PMA for 5 days in order to detaine theappropriateconcentration and exposure
time that would result in cell activation. Changes in cell aggregation and adhesion
were documentedvery 24h by imaging the cultures (Figure arid Figure 3.2)

Even though resting U937 cells are ramtherent cellsheytend to sit at the bottom
of the wellscreating a homogenous laygiving the impression that they have
adhered to the surfa¢Bigure 3.1(20X dry lens images) arféigure3.2). In order to

avoid mistaking this phenomenon with actual cell activation, it was decided to image
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cells by using both wet and dry coverslipvVhen comparing the dry and wet lens
images (20X) inFigure 3.1 it becanes clear that neadherent cells are easily
washed off the coverslipsit can also be seen in both figures that adhesion and
aggregation occur when cells are exposed to 10 and 100nM PMA for at least three
days when compared to the control (OnM). Howewarch changes were not
observed when cells were exposed to 5nM PMAFiure 3.1and Figure 3.2, the

10nM and 100nM images from 72h of exposure show cell aggregates characteristic

of the differentiation process f937 cells.

A

0nM SnM 10nM 100nM
Dry lens Wet lens Dry lens Wet lens Dry lens Wet lens Dry lens Wet lens

b --

48h

72h
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OnM SnM

Dry lens Wet lens
— R

Dry lens Wet lens

24h

72h

120h 8

C 10nM 100nM
Dry lens Wet lens Dry lens Wet lens

24h

72h

120h

Figure 3.1 Carl Zeiss Axio Imager Microscope images of U937 celltl937 cells exposed

to different concentrations of PMA (0, 50 &And 100M) for five days and imaged every 24h
with both dry and wet lenses (20X4: all PMA concentrations and time points. B: Larger
images of 0 and 5nM PMA concentrations at 24, 72 and 120h. C: Larger images 10 and
100nM PMA concentrations at 24, 72 and 1X@tlow arrows point to cell aggregates

indicative of activation.
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Figure 3.2. Nikon Microscope images of U937 cells (20XW937 cells exposed to different
concentrations of PMA (0, 5, 10 and 100 nM) for five days and imaged every 24h. Purple
arrows point to cell aggregates indicative of activatian.All PMA concentrations and
timepoints. B: Larger images at 24, 72 and 120h.

The differentiation of U937 cells was also verified with a MTT metabolic assay after

a 24, 48, 72, 96and 120kexposue to PMA. MTT shows that there was a significant
increase (p<0.05) in adherent cell nunsegter being exposed to 10 and 100nM of
PMA for at least 72h Kigure 3.3). These results are in agreement with the
obsevabns discussed above. Resting cells tend to sit at bottom of the wells but are
easily whased off during the performance of the MTT assay. Contrary to this,
activated cells adhere to the surface and remain in the wells throughout the assay and
therefor sigificantly higher amounts of formazan can be measufée@re was no

significant difference between the effect caused by 10 and 100nM concentrations.
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Figure 3.3. Presence ofU937 cells after 24, 48, 72, 96nd 120h exposure to PMA,
measured by MTT. Results are absorbance values (Mean + SEM, n=3). OnM corresponds to

control values. *Significantly different from control values (p<0.05) by-eag ANOVA
foll owed by Dunnettdés multiple comparison te

3.3.2 Activated U937 phagocytosis activity

Fluorescent latex beads were used in order to provide evidence of activated U937
cells phagocytosis activity={gure 3.5).This activity was documented after 1, 2, 3, 4,

5, 24, 48 and 1Dh. Ost5, an immortalised rat osteoblast cell line was used as a
control (Figure3.4). Images suggest that the beads remain mainly in suspension for
the first 2h since only a few beads could be observed afterf 2hcobation.
Nevertheless, the amount of precipitated beads increased over time. When comparing
the images between the two cell lines over time, there seems to be fewer beads
directly on the plastic surface of the U937 cultures. This could be an indicditibe
phagocytosis activity of the activated U937 cells. Additionally, the fact that beads
seem to be restricted to the cell shape, particularly evidekigure 3.5.F, also
suggests that the beads are beirggolaytised by the activated U937 cells.
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Figure 3.4. Fixed Ost5 cells and latex beads (40X stained activated cells (red) and
FITC-modified latex beads (green). A) 1h, B) 2h, C) 3h, D) 4h, E) 5h4k) @) 48h and H)
120h.

Figure 3.5. Fixed activated U937 cells and latex beads (40X9I stained activated cells
(red) and FITGnodified latex beads (green). A) 1h, B) 2h, C) 3h, D) 4h, E) 5h, F) 24h, G)
48h and H) 120h.
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In order to further show that latex beads were not just sitting on top of the activated
U937 cells,images of planes at various depths within a sarfzpitacks) were taken

at various time points. Ifigure 3.6 two individual cells are followed from the top
surface through to the bottom after 5h incubation with the latex beads. The average
size of U937 cells is approximately 15 (@pydoChanek et al., 201Qessig et al.,
2011) Fluorescence slides were captured using tbiaak imaging technique, over a
total distance of 13.905um. Moving through the sequence (following the cell circled
in red) we can see the latex beads within the cells come into foausigpth of
approximately 5.208um (slide, &igure 3.6) and then moving out of focus again at a
depth of approximately 12.161um (slideHgure 3.6); the localisation of the beads

in this central regionndicates they have been internalised and are fully encapsulated

by the cells.

Figure 3.6. Images of planes at various depths within a 5h activated U937 cell sample
(40X). PI stained activated csll(red) and FIT@nodified latex beads (green). Coloured
circles follow single cells through the changing depth. Sequence starts at the left upper
corner. Image depths are at the left upper corner of each individual image and are as follows:
1) 1.732um, 2)3.47Qum, 3) 5.208m, 4) 6.94um, 5) 8.68pim, 6) 10.42fm, 7) 12.16um,

8) 13.899im and 9) 15.631m.
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3.3.3 Characterisation of CoCr wear debris

Wear debris produced on a hip simulator from a DePuy ASR resurfacing implant is
shown inFigure 3.7. The hip simulator replicaggthe motion of the humahip. The
acetabular cup can be positioned in a number of welgsive to the machine axes.
Either the ball or cup can be thiged or mobile partnerA Plexiglas chamber dtex
sleeve surrounds the hip joint to hold the lubricating fluidpiysiological load
profile mimics thein vivo walking loadwith a frequency of typically one cycle per
second(Brown and Clarke, 2007)or this investigation hie acetabular inserts were
mounted at 35 to the horizontalplane and positioned anatomically. The femoral
components were positioned vertically below the aessilting in the contact region
developing on the poléThe simulatorhad flexion extension-15° to 3¢° (on the
head) andnternal external rotation o£10° (on the cup}o replicate the motions and
kinematic paths appliedluring normal gait The lubricant (destilled water) was

collected at the end the 2800 cycles.

The SEM images show different shapes and sizes varyingthemano to the micro

scale. These images suggest that the particulate debris aggregates. Infiltrate from a
hip implant patient obtained during the revision surgery was also ima&gegalréd

3.8). Similarly, there sems to be different shapes and varying sizes. Additionally,
this particulate debris appears to be aggregated and attached to protein.
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Figure 3.7. Scanning Electron Microscopy imags of simulator generated wear debris
from an ASR hip implant. Images taken at A) 100kX, B) 50kX, C) 15kX and D) 5kX with
a FESEM Hitachi SU6600.

i
4.00um

SUBB00 10.0kV 8.8mm x3.00k SE

Figure 3.8. Scanning Electron Microscopy inages of wear debris from the implant
retrieved from a patient undergoing revision surgery.Images taken at A) 40kX, B) 12kX,
C) 3kX and D) 1kX with a FESEM Hitachi SU6600.

83



The composition of simulator generated wear delfigufe 3.9) and an implant
retrieved from a patient undergoing revision surgé&igyre3.10) was analysed with
Energy Dispersive Xay Spectroscopy (EDS), which indicated that both types of

debris argrimarily composed of cobalt and chromium.
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Figure 3.9. Energy Dispersive Xray Spectroscopy of simulator generated wear debris
from an ASR hip implant.
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Figure 3.10. Energy Dispersive Xray Spectroscopy of sample from a patient
undergoing revision surgery

Analysis of 25 simulator generated particles showed a mean composition of 59.57%
cobalt and 40.43% chromiurkigure3.11). On the other hand, 25 particles from the
infiltrate of a patient undergoing revision surgery showed a mean composition of
10.43% cobalt, 83.05% chromium and 6.52% titaniigyre 3.11). Interestingly
traces of organic material (i.e. carbon) were also detected. In both cases,

molybdenum could not be detected. It is important to note that the retrieved implant
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debris sample was composed of a much greater percentage of chromium than the

debris from thaurtificial simulator.

Simulator generated debris Revision surgery sample
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Figure 3.11. Composition of simulator generated CoCr wear debris from an ASR hip
implant and infiltrate from a patient undergoing revision surgery, analysed by EDS.
Resultsare meaa + SEM, n=1 (25 independent measurements of 1 biological replicate)

3.3.4 Sterility of CoCr wear debris to be used in cell culture experiments

The sterility of the simulator generated CoCr alloy metal wear debris was evaluated
in order to avoid the possiliy that the effects observed and measured would be the
result of exposure to contaminants present in the particles and not the particles

themselves.

For this purpose, dendritic cells (DCs) were cultiurecomplete RPMi1640 alone

or supplemented withetr i | e P B Sor 0.2ing rgetalL.dBb8s /1xi¢ells. DCs
express receptors, such as TLR, which upon binding their ligands activate the cells
by triggering differentiation pathways that culminate in the acquisition of a mature
phenotype characterized bigh surface expression of MHC class Il (MHC 1l) and T
cell costimulatory molecules (e.g. CD80, CD8&nd CD40)(VegaRamos and
Villadangos, 2013) Exposure of DCs to LPS (positive control) resulted in cell
activation documented as a significant increase in surface expression of both
stimulatory poteins CD40 and MHC IIKigure3.12). On the other hand, endotoxin

free PBS did not elicita cell response. Moreover, ha¢egated metal debris
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resuspended in endotoxin free PBS did not cause an increase of ddittier

stimulatory proteins validating the sterility of the particles.
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Figure 3.12. Activation of CD11c+ dendritic cells (DCs)Results are mean percentages of
DCs expressing stimulatory surface protgttSEM, n=3) following 24h culture in complete

RPMI-1 640 al one or suppl emented with sterile
/1x1CPcells. *Significantly different from metal debris values (p<0.05) by-wag ANOVA
foll owed by Dunnetteshs multiple comparison

3.3.5Effects of metal debris and ions on cell viabilitymeasured by MTT and
NR

3.3.5.1Resting U937 cells exposed to CoCr wear debris and Co ions

The effects of three different concentrations of CoCr wear debris on the viability of
resting U937 cells were meared in terms of metabolic activity (MTT) and cell
number (NR). For this purpose, cells were exposed to 0.05mdtbllk)
0.1mg/1x16cells and 0.2mg/1xfeells wear debris for 24, 48nd 120hFigure3.13
summaises the results of both MTTFigure3.13.A) and NR Figure3.13.B). There

was a significant increase in metabolic activity of cells exposed for 24h to all three
concentrabns of debris, as measured by the increase of MTT. This initial increase
gradually dereaseseaching control levels at 120h as seefigure3.13.A. On the
other hand, no significant difference in NR resultsgasged no change in cell
number in cells treated with metal debris when compared to corfiigle¢3.13.B).
These results seem to suggest that at low concentration, CoCr wear debris may not
affect cell viability.
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Figure 3.13. Resting U937 cell viability after 24, 48 and 120h of exposure to
0.05mg/1x16cells, 0.1mg/ix1fells and 0.2mg/ix1fells wear debris. Results are
absorbance values(xSEM, n=15) where Omg represents control untreated
cells.*Significantly different from control values (p<0.(d%) oneway ANOVA followed by

Dunnettdés multiple comparison test.

Aseptic loosening usually leads to revision surgéaezawa eal., 2009, Naal et

al., 2011, Sehatzadeh et al., 201R)an attempt to elucidate what the effects of the
metal ions that are already present in these patients may have in terms of the
biological response to the new device, cells weretng@ed with0.1uM Co for 4

days before being treated with metal wear debris and a combination of debris and
0.1uM Co. Following treatments, cell viability was measured in terms of metabolic
activity (MTT) and cell number (NR) after 24, 48 and 12Bigure 3.14 summarises

the results from both MTTHgure 3.14.A-C) and NR Figure 3.14.D-F) assays.
Similarly to the results discussed above, theas @ significant increase of metabolic
activity in resting cells treated for 24h with debris and the combination of debris and
Co, as measured by an increase in MTT. Such increase was also observed in Co pre
treated cells. At 48 and 120h, metabolic agfigibntinued to be elevated particularly

in cells exposed to the combination of wear debris and 0.1uM Co. In general, cell
number did not seem to be affected by the treatments as no significant differences
were measuck by the NR assay, the exception beirgglls exposed to
0.2mg/1x16cells metal debris for 120h. These results seem to suggest that these
treatments may not be toxic for resting U937 cells. Additionally, at each end point,
MTT and NR results from non Co ptesated cells were compared to restribsn Co

pretreated cells to determine if the Co fireatment had an impact on cell viability.
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Although some differences were obsetvét is difficult to establish a general

conclusion since a general trend could not be observed.

88



A Metabolic acitvity (MTT) 24h B Metabolic activity (MTT) 48h C Metabolic activity (MTT) 120h

2.0 % x * 2.0 2.0 . *
*
§ 1.6 " * o § 1.6 Q1.6 *
g12 g12 812
o S
2 0.8 § 0.8 § 0.8
<04 < 04 <04
0.0 0.0 0.0
control 0.05mg 0.1mg 0.2mg control 0.05mg 0.1mg 0.2mg " control 0 05mg 0.1mg 0.2mg
= control m U937
mU937+Co m PreCo U937
= PreCo U937+Co
D Cell number (NR) 24h E Cell number (NR) 48h F Cell number (NR) 120h
0.7 0.7 0.7 *
0.6 0.6 0.6
805 $05 805
% c c
38 0.4 _‘-5 0.4 9 g 0.4
03 1 0.3 I 0.3
Q o) o
< 0.2 < 0.2 < 0.2
0.1 0.1 01
0.0 0.0 0.0

Figure 3.14 Resting and resting Co pretreated U937 cell viability after 24, 48 and 120h of exposure to 0.05mg/1%¢6lls, 0.1mg/1x18ells
and 0.2mg/1x16cells wear debris.Resultsabsorbance values (+SEM, n=6) wheomtrok areuntreated cell§0mg) *Significantly different from
control wvalwues. ASigni f i-teatadticelldrdCd ptecated celevalles (p<Ww.65 by 2 sampleesiCo  pr e
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Since the debris concentrations used in the previousrimgrgs did not seem to
have a major effect on cell viability and high metal particles and ions concentrations
in tissue surrounding the implant at revision surgery have been previously reported
(Matziolis et al., P03, Maezawa et al., 2009, Sehatzadeh et al., 20123s decided

to increase the wear debris concentration. As a consequence, resting and Co pre
treated resting U937 cells were exposed to 5mg debrisidaetl€) 0.1uM Co and the
combination of 5mg detsilx1C0cells with 0.1uM Co. Viability was assessed after

24 and 120h of treatment in terms of metabolic activity (MTT) and cell number

(NR). Figure3.15 summarises the results from both assays.

After 24h of exposre, MTT shows significant increase in cell metabolic activity in
cells treated with Co ions and the combination of Co ions and debris. Moreover,
MTT shows significant increase in metabolic activity of Co-preated cells exposed

to debris and Co ions samtely. Figure3.15.A). However, NR shows a significant
decrease on cell number for Co {preated resting cells treated with wear debris and
the combination of wear debris and Co ions when compared to contrehiau
resting U937 cellsKigure 3.15.C). After 120h, NR shows a significant decrease in
cell number for both resting U937 and Co-meated resting U937 cells compared to
control when treated with 5mg debrisiTRcells and the combination of metal debris
with 0.1uM Co Figure3.15.D). Similarly, MTT shows a significant decrease in cell
metabolic activity for both resting U937 and Co meated resting U937 cells
comparel to control when treated with 5mg debris/15c0Is and the combination of
metal debris with 0.1uM CoHgure 3.15.B). Interestingly, there was a significant
increase in both cell number and metabolic activitycells treated with Co ions
alone, as measured by NR and MTT. In addition to the above, the effects on resting
U937 and Co préreated resting U937 cells were compared in order to establish if
the pretreatment with Co ions made a difference to the effeatssed by the
exposure to metal debris and Co. At 24h, there is a significant difference in the effect
caused by 5mg debris/1X2t@lls in cell number and on the effect of the combination
of 5mg debris/1x1®ells and 0.1uM Co on metabolic activity. At 12@here is a
significant difference on the effects of combined 5mg debrisftell8 and 0.1pM
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Co on cell number. These results seem to suggest that chronic exposure to high

concentrations of wear metal debris could have a detrimental effect on celkyiabili
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Figure 3.15 Cell viability at 24 and 120h measured by Neutral Red and MTTResults

are absorbancevalues (Mean = SEM, n=9) where control valugsrespond to resting

untreated cells*Significanty different from control values (p<0.05) by en&y ANOVA

foll owed by Dunnettds multiple comparison t
pretreated cell and Co piteeated cell values (p<0.05) by 2 sampleestt.

3.3.5.2Activated U937 cellsexposed toCoCr wear debris and Co ions

The experiments with resting U937 cells described above were also carried out with
activatedU937 cells. Therefore, the viability of activated U937 cells wasasured

in terms of metabolic activity (MTT) and cell number (N&er a 24, 48and 120h
exposure to 0.05mg/1xieells, 0.1mg/1x1%&ells and 0.2mg/1x1&ells wear debris.
Figure 3.16 summarises the results from both MTHiqure3.16.A) and NR Figure
3.16.B). There was a significant increase in metabolic activity of cells exposed to
0.2mg debris /1x1%ells for 24h, which decreased by 48h. There was no significant
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difference in number of treatextlls and controls. These results seem to suggest that
low concentrations of CoCr debris do not have a detrimental impact on activated
U937 cell viability, which is in agreement with the effects observed on resting U937.
However, these findings seem talicate that the metabolic activity of activated cells

was less affected than the activity of resting cells, as measured by MTT after 24h of

treatment.
A Metabolic activity (MTT) B Cell number (NR)
0.80 N 0.25
é 0.60 § 0.20 I I
S 0s BB 1 I 015 .1
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0.00 0.00
= 0.05mg 0.1lmg m=0.2mg m(0.05mg =0.1lmg m=0.2mg

Figure 3.16 Activated U937 cell viability after 24, 48 and 120h of exposure to
0.05mg/1x16cells, 0.1mg/1x1fells and 0.2mg/1x16cells wear debris. Results are
absorbance value®@SEM, n=15) where contrahre untreated cellfOmg). *Significantly

different from control values (p<0.05) by ecney ANOVAfol | owed by Dunnett 6:¢
comparison test.

Additionally, activated cells were also gireated with 0.1uM Co before being
treated with metal debris and a combination of debris and Co. Cell viability was then
measured in terms of metabolic activity (MTand cell number (NR) after 24, 48

and 120hFigure3.17 summarises the results from both MTHigure3.17.A-C) and

NR (Figure 3.17.D-F). The main effects were observed after 120h of treatment.
These results suggest that activated U937 cell were more susceptible to chronic
exposure to the combination of debris and Co ions, as there was significant increase
in both MTT and NR Kigure3.17.C and F). These findings differ from the effects
observed on resting cells, which may suggest different mechanisms of wear debris
toxicity depending on cellular activation state. Furthermore, at each emgl ldiT

and NR results from ne@o pretreated cells were compared to results from Ce pre
treated cells to determine if the Co {fireatment had an impact on the biological

response to wear debris in terms of cell viability. Significant differences were
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observed mainly in cell number, as measured by NR, after 120h of treatment with the
combination of debris and Co ionBigure 3.17). These differences suggest that the
preexposure to Co ions could affect the biokadi response to wear debris.
Moreover, these results in conjunction with the results from resting cells seem to
indicate that cells respond differently to metal wear debris depending on their

activation state.
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Figure 3.17 Activated and activated Co pretreated U937 cell viability after 24, 48 and 120h of exposure to 0.05mg/1xicells,
0.1mg/1x16cells and 0.2mg/1x1fells wear debris. Results areabsorbance aviuegSEM, n=6) where contrsl ae untreated cell{Omg)

*Significantly different from control values (p<0.05) byeoweay ANOVA f ol |l owed by DunnfeSitgri fniudantpldei f
between non Co prieeated cell and Co piteeated cell values (p<0.05) by 2 sampleest.
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In addition to the above, activated cells were also exposed to higher concentrations
of wear debris. For this reason, activated and Cetrpeded activated U937 cells
were exposed to 5mg debris/1%¢élls, 0.1uM Co and the combination of 5mg
debrisix1CPcells with 0.1uM Co. Viability was assessed after 24 and 120h of
treatment in terms of metabolic activity (MTT) and cell number (NFjure 3.18

summarises the results from both assays.

Opposite to the effes seen with the resting cells, after 24h of treatment there were
no significant differences in cell viability of activated cells as measured with both
MTT and NR Figure3.18 A and C). On the other hand and simifdo resting cells,
activated cells showed significant decrease in both cell number and metabolic
activity after being exposed to 5mg debris/1%Hlis and the combination of debris
and 0.1uM Co for 120hHgure 3.18.B and D). These findings suggest that chronic

to metal wear debris has detrimental effects on cell viability. Furthermore, the effects
on activated U937 and Co pieated activated U937 cells were compared in order to
establish if the préreatment wth Co of the cells affected their response to the
exposure to metal debris and Co. Significant differences were mainly observed on
metabolic activity as measured by MTT after 24h of treatmdritguie 3.18.A).

These differences may indicate that the-prposure to Co ions could modulate the
cellular response to metal wear exposure. This could be of great importance to
patients with MOM implants undergoing revision surgery as it could potentially
mean that the mdtaons that are already present in their system may affect the

biological response to the new device.
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Figure 3.18 Cell viability at 24 and 120h measured by Neutral Red and MTTResults

are absorbancevalues (Mean + SEM, n=9) control valuase untreated activated cells
*Significantly different from control values (p<0.05) by eway ANOVA followed by
Dunnettdos multiple comparison t edreatedcISi gni f
values (p<@5) by 2 sampleTest.

3.3.6 Effects of metal debris and ions on cell morphologyassessedwith

fluorescencemicroscopy
3.3.6.1Resting U937 cellexposed to CoCr wear debris and Co ions

The effects of three different concentrations of CoCr wear debris on cell nmgpho
of resting and Co prereated resting U937 csllwere assessed with fluorescence
microscopy at each endoipt. Cells were treated with0.05mg/1x16cells,
0.1mg/1x16cells and 0.2mg/1x1%ells wear debris and the combination of debris
and 0.uM Co. Fdlowing staining with acridine orange (AO) and propidium iodide
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(Pl) at 24, 48 and 120h, cells were viewed under a Carl Zeiss Axio Imager
microscope Figure 3.19.A-D, more detail can be seen in larger images inefuojix
2.0).

No obviouseffect of any of the treatments on cell morphology on either resting or Co

pretreated resting U937 cellsasobserved when compared to controls after 24, 48

and 120h of exposure.
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Figure 3.19 Fluorescence microscopy images (40X) following Pl (Dead cells, red)/AO
(Live cells, green) staining of resting U937 and Co prireated resting U937 cells
exposed to 0.05mg/1xfeells, 0.1mg/1x1fells and 0.2mg/1x16cells wear debris fo
24, 48 and 120hA: Resting U937 cells exposed to 0.05mg/1%&ls, 0.1mg/1x1%ells
and 0.2mg/1x1%ells wear debris. B: Resting U937 cells exposed to 0.05mddeli)
0.1mg/1x16cells and 0.2mg/1xf6ells wear debris in combination with @i Co. C: Co
pretreated resting U937 cells exposed to 0.05mg/ioels, 0.1mg/1x1%ells and
0.2mg/ix16cells wear debris. D: Co ptecated resting U937 cells exposed to
0.05mg/1x16cells, 0.1mg/1x1fells and 0.2mg/1xFeells wear debris in combination with
0.1uM Co. Imagesarerepresentative of 5 independent images from each sample at each end
point.

The effects of high wear debris concentrations on cell morphology of resting and-Co pre
treated resting U937 cells were also assesBejlire 3.20 and Table 3.1 show the
effects of 5mg debris/1x£ells, 0.1uM Co and 5mg debris/1Xtelis+0.1uM Co after

24 and 120h exposure on cellular morphology following staining with AO andefts C
were mainly circular and fluoresced green indicating that they were generally healthy
following 24h treatmentKigure 3.20.A) and an evident change in the morphology of
either resting nor Co preeated restig U937 cells was not observed when compared
to control. After 120h, cells treated with 6M Co did not seem to change
morphologically. However, in the presence of metal debris the majority of cells
appeared apoptotic; there was cell blebbing and shrinlkageré 3.20). Moreover,a
decrease in cell nuper when compared to control was obsend@duyre 3.20.B and

Table3.1, more detail can be seen in larger images in Appendjx 2.2
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Control

Co pre-treated

Resting

Co pre-treated
Resting

Figure 3.20. Fluorescence microscopy images (40xXpllowing PI (Dead cells, red)/AO
(Live cells, green) staining of resting U937 and Co prireated resting U937 cells
exposed to 5mg debris/1xT@ells, 0.uM Co and 5mg debris/1x16cells + 0.uM Co. A:
24h of exposure. B: 120h of exposuhmagesare representative of 5 independent images
A BO

Smg

debris/1x10%ells

0.1uMCo

Smg debris/1x106¢ells
+0.1uMCo

from each sample at each end point.
and ANO indicates necrotic.
Mean number of viable cells (AO, live cells, gree&’lSEM
smg
End U937 .
. 5m debris/1x10
point cells Control debris/lxg(?cells 0.1uM Co cells +
0.1uM Co
Resting | 13.8Q:2.10 9.50t1.31 8.36*+1.06| 6.50*+0.78
24N Co pre
treated - 7.45*%1.58 5.77*+0.54| 5.42*+0.83
resting
Resting | 29.86:5.76 4.60°+0.93 42.6(:6.67| 4.20%0.73
120h Co pre
treated - 2.50*%0.34 29.133.44| 2.33%+0.42
resting

Table 3.1. Mean number of viable resting U937 cellas recorded by Confocal Laser
Scanning Microscopy following stainirg with Acridine Orange and Propidium lodide.

i ndi

Results are data recorded from a total of 30 independent images from each sample

(MeantSEM). *Significantly different from control values (p<0.05) by eway ANOVA
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comparison t
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3.3.6.2 Activated U937 cellsexposed to CoCr wear debris and Co ions

The effects of the three low concentrations of CoCr wear debris on cell morphology
were also assessed on activated and Cetreated activated U937 cells with
fluorescere microscopy at eachne point. For thigeason, cells were treated with
0.05mg/1x16bcells, 0.1mg/1x1%ells and 0.2mg/1x1&ells wear debris and the
combination of debris and M Co. Following staining with AO and PI at 24,,48
and 120h, cells were viewed under a Carl Zéis® Imager microscopeAO is a

weak base that accumulates mainly in the acidic compartments, preferentially
lysosomes(Olsson et al., 1989, Canonico and Bird, 1969, Antunes et al., 2001,
Hornung et al., 2008, Kidgaard et al., 2010A0 fluoresces green in its monomeric
state and binds to nuclear and cytosolic DNA and RNA. When AO concentrates in
the lysosomes, the formation of dimers takes place and they fluoreqteaeet al.,
2008, Lessig et al., 2011, Hornung et al., 2008, Denamur et al.,.200dition to

this, increased numbers of cellular organelles in the cytoplasm, namely mitochondria
and lysosomes, is considered a feature of macrophage differentiabipes et al.,
2006, Lessig et al., 2011, Daigneault et al., 20E@ure 3.21 seem to show greater
accumulation of AO in activated U937 cells when compared to resting USIB7 ¢
(Figure 3.19), which could be indicating an increased in the number of lysosomes,
providing another evidence of cell activation. Following 24,881 120h treatment,
cells were mainly circular and fluorescgreen indicating that they were generally
healthy.Some of the images in Figure 3.21 show a few bigger cells, which could due
to cells going through division cycleélowever, it would seem that cells, particularly
cells pretreated with Co after 120h treatmt, were displaying some apoptotic
featuregmore detail can be seen in larger images in Appendix 2.3)
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Control

0.05mg
debris/1x106cells

0.1mg
debris/1x106cells

0.2mg
debris/1x106¢cells

B

0.05mg
debris/1x106cells
+0.1uM Co

0.1mg
debris/1x106cells
+0.1uM Co

0.2mg
debris/1x106cells
+0.1uM Co
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C

Co pre-treated
0.05mg
debris/1x106¢cells

Co pre-treated
0.lmg
debris/1x106¢cells

Co pre-treated
0.2mg
debris/1x106¢ells

D

Co pre-treated
0.05mg
debris/1x106cells
+0.1uM Co

Co pre-treated
0.1mg
debris/1x106cells
+0.1uM Co

Co pre-treated
0.2mg
debris/1x106cells
+0.1uM Co

Figure 3.21. Fluorescerte microscopy images (40X) following Pl (Dead cld, red)/AO
(Live cells, green) staining of activated U937 and Co pieeated activated U937 cells
exposed to 0.05mg/1xfeells, 0.1mg/1x18cells and 0.2mg/1x1%&ells wear debris for 24,
48 and 120h.A: Activated U937 cells exposed to 0.05mg/13cHls, 01mg/1x16cells and
0.2mg/1x16cells wear debris. B: Activated U937 cells exposed to 0.05mgidells)
0.1mg/1x16cells and 0.2mg/1xF6ells wear debris in combination with @l Co. C: Co
pretreated activated U937 cells exposed to 0.05mgPbells, 0.1ng/1x1Ccells and
0.2mg/1x16cells wear debris. D: Co pieeated activated U937 cells exposed to
0.05mg/1x16cells, 0.1mg/1x1fells and 0.2mg/1xF6ells wear debris in combination with
0l uMCo.ALO i ndicates | ysosomes, didaBDcellismidkage at es
and ANO indicates necrotic.
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The effects of high debris concentrations on activated cell morphology were also
assessedrigure3.22 shows the effects of 5mg debris/1%d6lls, 0.1uM Co and 5mg
debris/1x16cells+0.1uM Co after 24 and 120h exposure on cellular morphology
following staining with AOand Pl(more detail can be seen in images of Appendix
2.4). After 24h of exposurethere does not seem to be an evident change in the
morphology of neher activated nor Co piteeated activated U937 cells when
compared to control. However, after 120h treatment, there was a decrease in cell
number of cells in the psence of debris but not Co iorfaurthermore, the few cells
observed appeared to be mgiapoptotic Figure3.22.B, more detail can be seen in

larger images in Appendix 2.4

Smg
0.1uMC
debris/1x106cells L0

o - - -
Co pre-treated ’
Activated ‘

Activated

5mg debris/1x106cells
+0.1uMCo

Control

Co pre-treated
Activated

Figure 3.22. Fluorescencemicroscopy images (40X) of activated U937 and Cpre-

treated activated U937 cells exposed to 5mg debris/1Xtélls, 0.uM Co and 5mg
debris/1x1Fcells + 0.uM Co. A: 24h of exposure. B: 120h of exposufieB O i ndi cat es
blebbirg , AS0O indicates cell shrinkage
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Mean number of viable cells (AO, live cells, gree®SEM
5mg
End U937 .
) 5m debris/1x1¢
point cells Control debris/lx%(?cells 0.1uM Co cells +
0.1uM Co
Activated | 17.7%2.58 12.361.75 15.781.22| 10.64*1.05
241 Co pre
treated - 15.62:3.00 13.7#1.92| 9.69*1.12
activated
Activated | 1686+1.41 5.79%1.30 15.931.70| 5.21*1.09
120n | Copre
treated - 5.57*0.84 17.94t1.99| 5.00*0.90
activated

Table 3.2. Mean number of viable activated U937 cellas recorded by Confocal Laser
Scanning Microscopy bllowing staining with Acridine Orange and Propidium lodide.

Results are data recorded from a total of 30 independent images from each sample
(MeantSEM). *Significantly different from control values (p<0.05) by eway ANOVA

foll owed by Deompagsonttedts mul ti pl e

3.3.7 Effects of metal debris and ions on U937 proliferatioras measured by
BrduU

In the previous sections of this chapter, it was shown that the main effects on cell
viability and morphology were observed in the presence of a high wear debris
concentration. Consequently, it was decided to assess the effects of such high
concentration on cell proliferation and cytokine production. In this section, changes

in cell proliferation in response to metal debris and ions exposure are described.

3.3.7.1 RestingU937 cellsexposed to CoCr wear debris and Co ions

In order to determine if high concentrations of metal wear debris could have an effect
on cell proliferation, resting and Co pireated resting U937 cells were exposed to
5mg debris/1x1%ells, 0.1uM Caoand the combination of 5mg debris/1%délls and
0.1uM Co. Proliferation was then measured via BrdU assay following 24h exposure.
Cells in the presence of metal debris seem to have had lower prolifefgiyume

3.23). Additiondly, the effects on resting U937 and Co{reated resting U937 cells

were compared in order to establish if the-ppeatment with Co influenced the cell
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response to the treatments. Co-peated resting cells proliferated significantly less
than non C@retreated resting cells when exposed to 0.1uM Co alone, as measured
by BrdU (Figure 3.23). These findings coulduggesta potential role of Co ions in

the inhibition of resting U937 cell proliferation.

Proliferation 24h

Absorbance
Fo P NN
o (03] o (6)]

o
o

o
o

Control 5mg 0.1uMCo 5mg+0.1uMCo
m Control mU937 = PreCoU937
Figure 3.23 Resting U937 ell proliferation at 24h measured by BrdU Results are
absorbancevalues (Mean + SEM, n=8Wwhere contr@d are restinguntreated cells

ASignificant difference between non Co freated ck and Co pretreated cell values
(p<0.05) by 2 sampleTest.

3.3.7.2 Activated U937 cellsexposed to CoCr wear debris and Co ions

Activated U937 and Co preeated U937 cells were also exposed to 5mg
debris/1x16cells, 0.1uM Co and the combination of 5mg detixlFcells and
0.1uM Co. The effects on cell proliferation were determined withBirdJ assay
following 24h exposure. Contrary to the observations from resting U937 cells, the
exposure td.1uM Co caused a significant decrease in the proliferatiorctofaded

U937 cells Figure3.24). Moreover, the effects on activated U937 and Cetymated
activated U937 cells were compared in order to establish if thigament with Co
influenced the cell response teetlreatmentsk-igure 3.24 shows that Co preeated
activated cells proliferated more than non Co-tpeated activated cells in the
presence of metal wear debris but no difference was observed in the presence of C
ions alone. These findings differ from the results of resting cells, which suggest that
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cellular activation state may influence the biological response to metal particles and

ions.

Proliferation 24h

0.3 <0
U

]
202 1
5
2
3
.2: 0.1

0.0

Control 5mg 0.1uMCo 5mg+0.1uMCo

E Control ®activated U937 m PreCo activated U937

Figure 3.24 Activated U937 ell proliferation at 24h measured by BrdU Results are
absorbancevalues (Mean * SEM, n=8Where contrdd are activateduntreated cells
"Significantly different from control values (p<0.05) by emay ANOVA followed by
Dunnettds mul testASigreficant aiffepeace besveen non Co freated cell
and Co prdreated cell values (p<0.05) by 2 sampleest

3.3.8 Effects of metal debris and ions on cytokine releaseeasured by ELISA

As mentioned before, the main effects on cell viability andrphology were

observed in the presence of a high wear debris concentration. In an attempt to better
understand how such high debris concentration was affecting the cells, the levels of
production of 116, TNFU, and IFNo wer e measured tbare ELI SA

described below.
3.3.8.1Resting U937 cellexposed to CoCr wear debris and Co ions

Resting and Co preeated resting U937 cells werexposed to 5mg
debris/1x16cells, 0.1uM Co and the combination of 5mg debris/fzéls and
0.1uM Co for 24 and 120h. Atach end point, the levels of-B, TNFU and IFN9
secreted by the cells were measured in the culture medium of each sample.

Figure 3.25 shows that untreated resting cells (controls) were secreting the three

cytokines at each culture end point. It also shows that there was no statistical
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difference between the levels of cytokines secreted by treated and untreated cells.
Results from resting and Co pireated resting U937 cells were compared in order to
establi if the pretreatment with Co affected the response to the exposure to metal
debris and Co. The Co pteeatment did not cause a significant difference to the

levels of cytokine secretion at either 24 or 120h.
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Figure 3.25. Cytokine secretion levels of resting and Co prereated resting U937 cells at 24 and 120h of exposure to 5mg debris/15cdls,
0.1uM Co and 5mg debris/1x16cells + 0.uM Co.
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3.3.8.2 Activated U937 cellsexposed to CoCr wear debris an€o ions

Secretion levels of H6, TNFU and IFNo wer e al so measur ed
medium of activated and Co pmeated activated U937 cells exposed to 5mg
debris/1x16cells, 0.1yM Co and the combination of 5mg debris/fzéls and

0.1uM Co for 24 and 120hFigure 3.26 shows that untreated activated cells
(controls) were secreting the three cytokines at each culture end point. It also shows

that secretion by treated cells of-6Land TNFU si gni fi cant24ly decr
exposure. However, IFNf secreti on | evel s did not S
treatments. After 120h exposure, cells in the presence of metal debris, but not Co

ions alone, secreted significantly less-@Lthan control cells. Moreover, all
treatments @used significant decrease in the secretion of UNFb ut di d not s
affect the secretionof Il . Addi ti onal |l vy, restreated fr om
activated U937 cells were compared in order to establish if thgatment with Co

made a diierence to the effects caused by the exposure to metal debris and Co. Co
pretreated activated cells exposed to 0.1uM Co for 120h secreted significantly less

TNF-U t han nteatedcls. pr e
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Figure 3.26. Cytokine secretion levels of activated and Co prreated activated U937 cells at 24 and 120h of exposure to 5mg
debris/1x1Ccells, 0.]uM Co and 5mg debris/1x16cells + 0.uM Co. *Significantly different from control values (p<@GPby oneway ANOVA

foll owed
sample {Test.

by

Dunnet t 6 Significaht tiffepehce betsveemnoia Coipreated cell amd Qo pieeated cell values (p<0.05) by 2
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3.3.9 Summary of major findings

In this chapter, the effects of Co ioasd CoCr wear debris derived from a hip
resurfacing on cell morphology, viability, proliferatioand cytokinesecretionby
resting and activated U937 cells have been studied. The main findings of this

investigation are:

T Low concentrations of metal debri8.g5mg/1x16cells, 0.1mg/1x1%&ells and
0.2mg/1x16cells wear debrisilid not seem to be cytotoxic for either resting or
activated cel

1 High concentrations of metal debris (5mg debris/fgélls) had a detrimental
effect on the viability of both restirand activated U937 cells

1 The highdebris concentrationvas more toxidor resting cellsafter pretreating
cells with Co iongFigure 3.15)

1 Exposure to 5mg debris/1xlls for 24h did not seem to affect cell proliferation

1 Cytokine release by U937 cellsas affected by both metal debris and metal ions

Results from this chapter are also summarised in Table 3.3.
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Metal wear debris concentration + 0.1uM Co

U937
Parameter Low (0.05, 0.1 and 0.2mg . .
cells debris/1x1Gcells) High (5mg debris/ix1Ccells)
Did not cause a sianificant effect on cl A significant decrease in both cell number and metabolic activiag
Viability o 9 observed even at the 24h time poifihe high debris concentration w
viability. . . . . . )
more toxic for resting cellafter pretreatingrestingcells with Co ions
No obvious effect on cell morphology ¢
either resting or Co prigeated resting . .
Restin Morphology U937 cells was observed when compa ﬁ;trirbelrzgp t:;rﬁ);poselgfe’ d\{[irfe\fvacsllfogguld be visualised and a gr
9 to controls after 24, 48 and 120h bp bop '
exposure.
, , Parameter not evaluated with low me Although there was no significant difference when compared to con
Proliferation ) . . : X
debris doses. cells in the presence of metaldis seem to have had lower proliferation
, .| Parameter not evaluated with low mel There was no statistical difference between the levels of cytokines s¢
Cytokine secretion :
debris doses. by treated and untreated cells.
Viabilit Did not cause a significant effect on c¢ Significant decrease in both cell number and metabolic activity after
Y viability. of exposure.
No obV|ou_s effect on cell morpholog) After 120h of exposure, there was a decrease in cell number of cel
However, increased number of lysoson ; .
Morphology . : could be visualisedThe few cells observed appeared to be ma
and cell size, compared to regfigells, .
. apoptotic
Activated were observed.

Proliferation

Parameter not evaluated with low me
debris doses.

Opposite to he effects seen in resting cellssignificant decrease in tH
proliferation of activated cellswas observed in cells treated only w
0.1uM Co

Cytokine secretion

Parameter not evaluated with low me

debris doses.

Contrary to results from restingelts, there was asignificant decrease |
IL-6 and TNFU s e chy activatedrcells

Table 3.3. Summary of main results from Chapter 3.
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3.4 Discussion

Cobalt and chromium ions have been the subject of many studies becausenmeta
metal hip implants are mainly cobalt chromium (CoCr) allaggsi Cr alloys are
usually composed of 687% Co, 2730% Cr, 57 % Mo, and ~1% Ni(Singh and
Dahotre, 200) and relative percentage weight estimations (by SEM) of metals from
Co-Cr implants showing 52.5% Co, 43.5%,@nd 3.9% Mo have been reported
(Case et al., 1994)The femoral and eetabular components of ASR implants
(Articul ar Surface Replacement ; DePuy;
0.2%) content CoCr alloy (ISO 5832: Co Balance, Cr 26.80.0%, Mo 5.0 7.0%,

Ni 1.0% max., Si 1.86 max., Mn 1.06 max., Fe 0.7% max., C 0.3% max., N

0.23% max) (Dearnley, 1999)EDS analysis othe simulator generated wear debris
from an ASR implant showed a metal composition consistent with the composition
of the CoCr alloy used in the fabrication of such implants. On the other hand, tissue
retrieved from a patient undergoing revision surgery showed a higher percentage of
Cr thanCo. Similarly to these findings, Xia et al. (2011) perfornfiS analysis on
biopsies from MM peri-implant tissue retrieweat a revision surgery and found Cr

but not Co to be the predominant component of the wear nanoparticles in the tissue.
Metal partites have been shown to accumulate in tissues adjacent to the implant
(Case et al., 1994, Langton et al., 20183 these particles corrode, Cr and Co ions
are released. Sincgo is more soluble than Cr, Co corrodaster leaving mainly Cr

in the local environmentXia et al., 2011a)lt was described in Chaptérhow Cr

and Co ionenter the celand bind in tissue€ontrary toCr, Co ions tend to remain
mobile, as greater Co concentration (compared to Cr) in bloddenote organs

have been reporte@folaranmi et al., 2012)These interaction mechanisms of the
metal ions may explain why a higher percentage of Cr than predicted from alloy

composition of retrieved implant was observed.

In the current study, CoCr wear debris from an ARimplant was found to range
in size and shape. These irregularly shaped particles ranged from the nanometre scale
to micrometre particles; some of the latter were aggregates of the smaller particles.

These observations are in agreement with a variesyudies that have reported the
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tendency of nanoparticles to aggregate in solution and body {lDmwingos et al.,
2009, Ward et al., 2009, Sajjadi et al., 201&jditionally, previous SEM images of
simulator g¢nerated CoCr wear particléSermain et al., 2003, Papageorgiou et al.,
2007a)and CoCr paticles retrieved from patie(Xsa et al., 2011a, Topolovec et al.,
2013) have evealed particle aggregates. The composition analysis of the particles
retrieved from the revision patient showed organic material (i.e. C) providing
evidence that the metal wear debris binds to macromolecules such as proteins. These
findings also agree wh previous reports of depasih of CoCr wear particles in
MoM peri-implant surrounding tissues vivo (Korovessis et al., 2006, Papageorgiou

et al., 2007b, Mahendra et al., 2009he aggregation of the nanopelds in
conjunction with the protein bding could potentially mitigate the adverse
immunological response vivo, since by being bountb autologous proteins the
immune cells may not recognise the particles as foreign bodies.

In addition to the abovejue to the irregular nature of the wear particles it was
difficult to accurately quantify their number or measure their surface area. Therefore,
the dose foiin vitro studies was quantified as a dry mass which could easily be

suspended in sterile PBS aadded to the culture medium.

Clinically, the acetabular cup is commonly positioned at an angle bftat5he
vertical axis of the acetabulurfigure 3.27). During gait, the direction of the force
vector is approximated as Lthedal, resulting in a 55angle between the face of the
cup and the direction of the joint reaction force ved\illiams et al.,, 2008)
However, even small variations in the positioning angle may have a detrimental
effect in terms of wear volumes, as it has been reported that cup angles wiih a me
of 57° resulted in edge loading and increased w&&rlock et al., 2006)Previous
simulator testing of 39mm ASR bearings positioned at a 58ngle over 2 million
cyclesshowed a wear rate production of around Snofndebris per million cycles
during both the initial beddino stage (betweenezo and 1 million cycles) and the
steadystate(Leslie et al., 2008, Williams et al., 2008}he wear debris used in the
current studywas also produced from a size 39mASR™ joint. Since these

conditions mentiong above emulate the common clinical practice, the wear rate
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production of 8mm of debris per million cycles was assumed to represent the

physiological scenario for 8mmASR™ joint.

Clinical representation Laboratory simulation
Joint  \10° Joint
reaction 45° reaction 55°
force force
35°
Standard cup angle 45° Replication standard clinical
Joint reaction force 55° to cup cup angle 45°

Joint reaction force 55° to cup

Figure 3.27. Cup angular position in vivo and in the simulator (Williams et al., 2008)

The density of the CoCr alloy used to produce the wear debris was ~8.32thg/mm
(Medley et al., 1996)as a result, 8mfrof wear would equate to 66.56mg of debris
per million gscle. It has been reported that a very active person can walk up to 3.5
million cycles per yeafSchmalzried et al., 1998, Gill et al., 2012B¥suming that

the prosthesis im situfor 25 years that would equatie 5824mg of debris produced

in the total lifetime of the prosthesis. There aré Sitres of blood in an adult male
human and 4 litres in an adult female human. There are an average of 7000 white
blood cells per microlitre of blood (range: 560000C&ellsful) in an adult human
(Martini et al., 2011) Taking 5 litres as the average volume of blood, there are
~35000x16 white blood cells in an adult human. This equates to whiedkells
being exposed to ~0.2mg/1¥tells. As a consequence, a concentration of 0.2mg
debris/1x16cells was implemented as the top debris concentration for the initial
viability and morphology testing. Since this represents diliie quantity of wear
debris produced in the conditions described above, the aatkmowledges that

0.2mg debris/1x1%ells is a high dose. However, amiber of investigations
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studyingthe biological effects of CoCr wear nanoparticles have been carried out,
with higher dosesanging from 1.6mg/1xf@ells to 83.2mg/cel(Germain et al.,

2003, Papageorgiou et al., 2007b, Papageorgiou et al., 2007a, Williams et al., 2003,
Mostardi et al., 2010)Interestingly, they do not mention how thastermined such

concentrations.

A number of studies have shown that metal wear particles and high levels of metal
ions, particularly cobalt and chromium, have a cytotoxic effect on a variety of cells
in vitro (Allen et al., 1997, Fleury et al., 2006, Peait al., 2006). Most of these
investigations have been focused mainly on the gkam exposure, acute cell
response, or limited to evaluation of one parameter like cell viability or cytokine
levels. Moreover, studies carried out with U937 cells havenbeerformed either

with resting U937 cells or activated U937 cells. In this study, exposure for up to 5
days to debris concentrations up to 0.2mg/£&élls wear debris were not found to

be cytotoxic for either resting or activated U937 cells.

Metallosisis a complication of total joint replacemgiR®omesburg teal., 2010, Day

et al., 2013) The term metallosis is used to describe the infiltration of metallic wear
debris into the periprosthetic structures, including soft and bony ti§Shasg et al.,

2005, Khan et al.2009, Romesburg et al., 2010) can occur in the joint capsule,
around the acetabular cup, and around the femoral stem. It can be the result of
dissociation, fracture or wear and corrosion of the joint prostheses components
(Khan et al., 2009, Chang et al., 2005, Sporer and Chalmers,. 2002unts of
material wear ranging from 67mg@Matziolis et al., 20030 48.1g (Kempf and
Semlitsd, 1990)have been reported. Metallosis has been associated with adverse
tissue reactionsnd increased ion concentrations in peplant tissue and whole
blood (O'Brien et al., 2013)It can cause pain, formation of a mass with occasional
cystic change, osteolysis and systemic effects related to metal hypersensitivity
(Romesburg et al., 2010\ hallmark of metallosis is that of metallic staining of the
tissues. Macroscopidg the hip pseudocapsule contains a blstined synovium.
Microscopically, there is local necrosis with histiocytic and granulomatous reaction

around the deposits of metallic particles. In cases of severe metallosis, there is
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radiographic opacificationf the periprosthetic soft tissue planes by the deposition
of metallic debridKhan et al., 2009) known as t (Seetéalbad@Bp | e
as well as osteolytic lesiofi€hang et al., 2005)

Both resting and activated U937 cells were studied andgh kiear debris
concentration was chosen in an attempt to mimic a metallosis environment
surrounding an implant.In vitro, the pathophysiological pathways of the
inflammatory cascade triggered by TFbKe receptosd are widely studied using
stimulation of macrophages with lipopolysaccharide (LPS) derived from Gram
negative bacteri@Okoko and Oruambo, 2008, Hougee et al., 2005, Chen et al., 2010,
Dorresteijn, 2006) However,in vitro protocols using various stimu(i.e. DMSO,
Retinoic acid, Viamin D3, phorbol 12myristate 13acetate(PMA), IFN-2), either
alone or in combination, have been developed to induce U937 terminal
differentiation into mature macrophages and study the inflammatory resf{Raede

et al., 2009, Blottiere et al., 1995, Liao et al., 2008, Larrick et al., 1980, Caron et al.,
1994) PMA exerts its biologic effects by altering gene expression through the
activation of protein kinase C (PKC) and modulating #ttivity of transcriptional
factors such asuclear factor kapphght-chainenhancer of activated B ce(lNFkB)

and activator protein {AP1) (Garcia et al., 1999, Daigneault et al., 201Dy the
aut hor fedge, kther® ®w no evidence in the literature of U937 cells being
stimulated with LPS to study the biological effects of hip implant wear debris.
Contrary to this, PMA has been used previously to activate U937 cells in implant
wear debris related studigdlatsusaki et al., 2007, Yagielmer et al., 2004,
Bainbridge et al., 2001, Lucarelli et al., 200As a consequence, PMA was chosen

as the U937 cell activating stimulus.

In the current study, it has been showattthe metawear debris useds free of
endotoxins, which means that the changes seen in the cells exposed to the debris are
due to the metal debris and not to contaminants that couldbesreresent within

the debris. The high metal debris concentrgtismg/1x16cells, proved to be
cytotoxic for both resting and activated U937 cells. Evidence of this can be found on

the Carl Zeiss Axio Imager Microscope images as well as the Neutral Red and MTT
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results, mainly after 120h of treatment when very fewscebuld be found. This
could explain why no morphology changes were observed. Since the 5nfgAlisLO

of metal debris are so toxic, cells died before we observed a change to their
morphology. The evidence gathered in this study is probably not enogghdhude
whether or not exposure to the Co ions or the metal debris resulted in the maturation
and activation of resting U937 cells. Howevar,vivo studies have reported high
numbers of macrophages in tissues surrounding roetaletal prosthesiqCatelas

and Wimmer, 2011, Bhamra and Case, 2006, Tuan et al., 2008heir activation

upon interaction with metal wear nanoparticles has been suggested to be a
nonspecific inflammatory response to the wear prodi@aselas and Wimmer, 2011,
Kranz et al., 2009, Catelas et al., 2011)

Bone necrosis is a feature of metallo&livere et al., 2009)The findings in the
current study sugest that the extensive necrosis associated with metal{okiigere

et al.,, 2009, Romesburg et al., 2019)not limited to bone and includes other cell
types. Typical histological changes related to metallosidlude perivascular
lymphocyte infiltration, inflammatiopand the accumulation of macrophages loaded
with metal debrigOllivere et al., 2009)These factarin conjunction with the high
levels of osteolytic cytakes released by the macrophages eventually lead to bone

loss and aseptic loosenifigomesburg et al., 2010)

Severe metallosis often requires the complete removal of all hip replacement
componentgKempf and Semlitsch, 1990, Ollivere et al., 2009, Matziolis et al.,
2003, Ebreo etal., 2011) However, with extensive metallosis, excision of the
pseudomembrane using electrocautery can produce sparks, which are potentially
hazardous(Su et al., 2003) The deposition of metallic 8eis could also be so
extensive that excision of all the compromised tissue may not be possible. In the
current investigation, a piteeatment with cobalt ions was carried out to simulate the
conditions of a revision surgery in order to find out if suakgposure would have

an effect on cell response to newly derived metal wear debris and ions. Results seem
to indicate that the exposure to wear debris had a pronounced detrimental effect on
cell number and metabolic activity of cells greated with Cogspecially after an
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incubation period of 120h. It has to be taken into account that celtsgaited with

Co at the 120h end point would have been exposed to Co for 9 days in total. This
suggests that the toxic effects of the treatments could be thé ofsalchronic
exposure rather than an acute one. This could mean that in patients the effects of
cobalt ions and nanoparticles released from metal implants may be additive in terms
of adverse effects. Since resting U937 cells are not mature active ptesydbgse
findings suggest that it is the Co ions rather than the metal wear debris that are
causing the cellular response. In addition to this, the metal particles could be
releasing soluble products, such as Co and Cr ions, which could be internglised b

the resting cells causing the effects seen.

It is accepted that the presence of implant devices and wear debris incites a foreign
body inflammatory reactiofAnderson et al., 2008)'he macrophages that engulf

the particles release flammatory cytokines that may cause the {medsthetic

osteolysis leading to implant loosenifBomesburg et al., 2010)n the present

study, secretion of H6, TNFU andIFNo by U937 cell s exposed
Co ions was examined. The lower secretion eblandIFNo by r esti ng cel
with 5mg/1x16cells of metal debris after 120h are in agreement witiver cell

numbers, as measureg BIR. However, TNFU | evel s did not see.
affected by the metal debris treatments. Since there are fewer cells to produce this
cytokine, these results coultttwally indicae a higher TNFU | e v e | of expr
Moreover, when the resting U937 cells were-peated with Co, all treatnés

caused higher TNE r e Whem sompared to the ngmetreated cells. These

findings support the hypothesis th#e cellular responseis caused by chronic

exposure to metal particles and ions. Moreover, they suggest that the Co ions
released from the implant afldm the wear particles play an importanteran long

term survival of a MM implant in vivo. For examp, for a paent that has one

MoM device, this could meathnat, if in need of a second Mbhip implant on the

other hip, the survival andunction of this new joint may be impaired by the
presence of the Co ions derived from the first device. In the case of aciedied

the lower level of secretion of 46and TNFU by cel l s tr écelsed wi t

of metal debris after 120h could be due to the lower cell number. On the other hand,
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IFN-0 | evel s do not seem to have bewm affe:
that there are fewer cells to produce and release this cytokine, these results could
potentially be indicating a higher IFDl | e v e | of expression. I n
the activated U937 cells were greated with Co, all treatments caused higk&\-o

release when compared to the fpetreated cells. These results again suggest a

larger impact of a chronic exposure and a key role of Co ions. They alsotsihgges

the biological response may be influenced by the cellular activation state.

Previous studies have reported that nanoparticles can adsorb cytokines, su¢h as IL
and TNFU distorting ELISA assay outcomégeranth et al., 2007, Kocbach et al.,
2008, Brown et al., 2010, Kroll et al., 2012fwus, it is possible that the reduction in
cytokines release levels detected in the current study might be a result of the cytokine
adsorptiononto the CoCr particles. However, sualdecrease was not seen evenly
across samples and cytokine levels from ngstells were affected differently than
levels from activated cells. As a consequence, the findings from this investigation

cannot be entirely attributed to particle adsorption.

Bone remodelling involves tight regulation of three proteins, receptor tmtioa

NFFeB | igand (RANKL), -aeBcéPRADNK) acandabDst e
(OPG). These proteins are key determinants of osteoclastogenesis and regulate bone
resorption (Takayanagi, 2005)As mentioned in Chapter 1, pmaflammatory
cytokinessuch as IL6, and TNFU can accelerate osteoclast formation and bone
resorption. By upregulatingRANKL expression on osteoblastghese pro
inflammatory cytokinesiccelerate RANKIsignalling and thus directly contribute to
osteolysig(Oishi et al., 2012)In biomaterials research, TNF, -1)ahd other pro
inflammatory cytokines are also known as mediators of the foreign body reaction, an
inflammatory response that can cause both severe tissue damage and premature
failure of implanted material@ountziaris and Mikos, 2008)FN-0 pr omot es i n
immune responses by activating macrophages. In parallelplFNe x er t s r e g u |
functions to limit tissue damage associated with inflammadii@n syppressing

osteoclastogenesisiu and lvashkiv, 2009)
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According to the above, the results from this study seem to suggeshehhigh
concentration of metal debris in combination with Co ions not only have a direct
effect on cell viability but also influence cell function. Moreover, these findings

could potentially mean that the survival and wWelhctioning of MV devices could

be compromisg in patients undergoing revision surgery or receiving a second
device. The potential increase in TNNF | e v e | by the resting ¢
contributing to the osteolysis process, while the potential increase iRo IFN
production by the activatedelts could be a cellular effort to counteract tissue
damage. This also suggests thia cellular activation state affects the biological
response to wear debris and caution should be taken when chwositrg models

to study immune and molecular respes.
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4. CORRELATION BETWEEN GENE EXPRESSION, APOPTOSIS AND
METAL ION LEVELS ON U937 CELLS IN VITRO

4.1 Introduction

The previous chaptarhave describedow particulate debris can provoke biological
tissue responses, including vascularizgdnulomatous tissue formation along the
implantto-bone interface, inflammatory cellmacrophages, lymphocytes) influx,
bone resorption, osteolysis, and finally loss of prosthesis fixdtang et al.,
2009)

Over the past few years numerous investigations have been carried out to study the
effects of different ionsral particulate wear debris on the expression of an array of
genesin vitro. TNFU, -1) dnd I-6 are cytokines that have been reported as
playing a central role in the induction of implant osteolygitgan et al., 1996,

Merkel et al., 1999, Stea et al., 2000Bxtensive work has beerarried out on

cytokine production by macrophages in response to wear déletisi. et al.(2003)

studied the macrophage response to eliokged UHMWPE and compared it to
conventional UHMWPE as well as titaniuatioy (TiAlV) and cobalt chrome alloy

(CoCr). At 24 and 48h, macrophages cultured on TiAlV and CoCr alloy expressed
higher levels b1L-1 U,-1 B -6 dand. TNFU  atmad when grown on UHMWPE

materials according to qRPCR analysisJakobsen et a(2007) compared surfaces

of ascast and wrought CoCrMo alloys and TiAlV alloy when incubated witluse
macrophage J774A.1 cells and reported a significant increase in the levels of
expressionof TNRJ, -6J1l-1U and b from cells incubate
nonstimulated cells.Garrigues et al.(2005) used microarrays to investigate
alterations m the phenotype of macrophages as they interact with UHMWPE and

TIAIV alloy particulate wear debris. Their findings further validate the important
rolesof TNFU, -11bL-1 06, LMI P1U and MIP1b in osteo

As well as macrophages, other cell types have been reported as being involved in the

biological response to implant wear debris. As a result, there are similar studies on
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monocytes, lymphocytes, ostytes, and osteoblasts. For example, the effects of
CoCr particles on osteocytes were testedKbypaji et al.(2009) CoCr treatment of
MLO-Y4 osteocytes significantyupe gul at ed TNFU genéh expr e
and TNFU protein pr oduct iegulatedal6tgene exgréssion b u't
after 6h. MG63 osteoblasts were treated Wermes et al(2001) with titanium,
titanium alloy, chromium orthophosphate, polyetimdeand polystyrene particles and

they reported that each type of particle significantly suppressed procollagen alphal[l]
gene expression (p<0.05), whereas other osteedpasific genes (osteonectin,
osteocalcin, and alkaline phosphatase) did not shavifisignt changeskoulouvaris

et al. (2008) studied the role of particulate debris in macrophage activation and
inhibition of osteogenic signallingy vitro by exposing human monocytes and MG

63 cells to Ti and PMA particles. Both Ti and PMMA patrticles induced-up
regdation of chitinase (CHIT1) in iiman CD14+ monocytes. Titanium particles
reduced expression of a regulator of osteogenesis (BMP4) and induegd IL
expression in M@&3 cells. Murine MC3T&E1 preosteolaists were treated with T}O
nanoparticles of different sizes (32nm and 5nm)Zang et al(2005) and they

found that these nanoparticles increased granulangiophage colony stimulating
factor (GMCSF) and gmaulocyte colonystimulating factor (GCSF) gene
expression. The effect of particulate derivatives of nickel and cobalt alloys on the
MRNA levels of chemokine receptors CCR1 and CCR2 on monocytes/macrophages
from whole blood were analysed Byjiyoshi and Hunt(2006). Although there were

no significant differences in the level of CCR1 mRNA in monocytes/macrophages
incubated with NiCr particulates, there was a daegulation in the level of CCR2

in cells incubated with NiCr and CoCr particles. Alese investigations indicate that
wear debris and metal ions derived from MoM implants can cause an adverse tissue
response by modulating gene expression on several types of cells, which suggests
that osteolysis and subsequent aseptic loosening is the attue concerted action

of the different cell types.
Previous studies have stated that ions released from the wear debris could also affect

gene expression. litas been reported that'©and C3? ions could induce damage to

proteins in macrophage cellsin vitro, probably through the formation of reactive
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oxygen species (ROSPetit et al.,, 2005, Petit et al., 2006&4)937 cells were
exposed to CP and Cd? ions by Tkaczyk et al.(2010) Cr*® induced the protein
expression of Mssuperoxide dismutase, Cu/Zn superoxide dismutase, catalase,
glutathione peroxidas and heme oxygena%e(HO-1) but had no effecon the
expression of their MRNA whereas ‘€induced the expression of both protein and
MRNA of HO-1. The overexpression of HD has been suggested to play an
important role in cellular protection againstidentmediated cell damagg&hen et

al., 2000, Rothfuss and Speit, 2002his suggests that the results from Tkaczyk et
al., (2010) show that Cr and Co ions cause oxwdaediated cell damag&ype-|
collagen genexpression was evaluated Bigllab et al(2002) treating M@&3 cells

with increasing concentrations (from 0.001 to 10 mM) of a variety of metal ions
including Co and Cr. At toxic concentrations (1mM), Co deprksssteoblast
function by significantly decreasing the levelstgbe | collagengene expression to
40% of control valuesQueally et al.(2009) showed that 10ppm cobalt ions induce
chemokine secretion in primary iman osteoblasts by measuring theregulation of

IL-8 and MCP1 gene expression in osteoblasts stimulated viitD@pm C6". The

level of expression of matrix metalloproteinases and tissue inhibitors of
metalloproteinases in U937 cells exposed to'Card Cr* ions for 24h was
determined by.uo et al.(2002) who showed that these ions induceagulation in a
dosedependent manner. These findings suggest that Co and Cr ions may modulate
bone tissue remodelling.h€se studies provide more evidence of potential gene

expression modulation by wear debris and ions derived from MoM implants.

A great number of investigations have looked at various aspects of aseptic loosening.
As mentioned above, the response of varioal types including macrophages,
fibroblasts and osteoblasts to implant wear debris has been explored and the
molecular mechanisms of this process have been proposed. In the current study, a
general human toxicology microarray assay was carried outlar to select a short

list of genes for further analysis. Based on the results from this assay, the genes
lymphotoxin alpha (LTA), BCLZassociated athanogene (BAG1), growth arrest and
DNA-damagenducible alpha (GADD45A)inducible nitric oxide synthase (0&2)
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and FBJ murine osteosarcoma viral oncogene homolog (FOS) were selected to be

analysed in the context of prosthetic wear debris.

LTA (lymphotoxin alpha LTU), a member of the TNF family, is an inflammatory
mediator that influences multiple processaschs as activation, proliferation,
differentiation, and death induction in many different cell types. It is mainly
produced by lymphocytes during a variety of autoimmune and infectious diseases
(Kagietal.,1999) LTU is secreted as the homotrim
surface with LTBhb,-Ulpbr2e dioeni éliant dtigmeacs) L T

l nducti on of LTU and LThb gene transcr.i
transcription factors in hematopoietic and #@matopoietic cells. Uncontrolled
activation of these genes leads to inflammatsgociated dsders(Remouchamps

et al., 2011) It has been shown to induce apomos murine and human T
lymphocytesn vitro (Sarin et al., 19950 be one of the main messengers involved

in the response to acute toxic stress caused by(NB®%selova et al., 2006and to

mediate the monocytendd hel i al i nteraction via the
following TNFRI/PI3K activation in human umbilical vein endothelial c€é8sina et

al., 2009)

BAG1 (BCL2-associated athanogeris)a multifunctional protein able to delay cell
death by a synergistic action with BCI(Aveic et al., 2011)It exists as multiple
isoforms which are differentially localized in the cell and interacts with a diverse
array of molecular targets, including the BCL2 apoptosis regufdttwnsend et al.,
2005) It has been described as a part of the regulation of apoptotic, transcriptional,
and proliferative pathways, as well as cell signalling and differentigfiveic et al.,

2011) Since the initial demonstration of BAG1 as an antiapoptotic molecule, BAG1
overexpression has been shown to inhibit apoptosis induced by a wide range of
inducers in warious cell types, including activation of cell surface death receptors,
radiation, chemotoxic drugs and heat shbtwnsend et al., 2003Yhis has led to
several reports on the significance of BAG1 in human caffavnsend et al., 2003,
Turner et al., 2001, Tang, 2002, Cutress et al., 2002)
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The family of growth arresind DNA damage (GADD) proteins is comprised of five
members that are mostly localizen nuclei and ceordinately regulated. These
include GADD34, GADDA4 5, and GERODIXSiafdkas atADD4 5
Richardson, 2009)The GADD group of nuclear proteins are regulatory molecules

that function prinarily to protect cells and ensure survival by inducing cell cycle
arrest, DNA repair and ultimately promoting apoptaSsafakas and Richardson,

2009) Expression of GA®BW&dI DNAdGamagihg ageats at e d
including UV radiation, hypoxia, peroxynitrite free radicals, low pH, arsenic, Cr(VI)
compounds, cisplatinum, cadmium, and many other soil, air, and water pollutants
(Moskalev et al.2012, Hollander et al., 1993, Son et al., 2010, Nickens et al.,.2010)
GADDA45 proteins also modulate immune responses by stimulating proliferation of T
helper 1cells(Moskalev et al., 2012)

The FOS FBJ osteosarcoma oncogerggne fanly consists of 4 members: FOS,
FOSB, FOSL1, and FOSL2. These genes encode leucine zipper proteins that can
dimerize with proteins of the JUN family, thereby forming the transcription factor
complex AR1 (Marks-Konczalik et al., 1998)FOS is a critical factor involved in
osteclast development and activatig€hen et al., 2011)The bonesof FOS
deficient mice are osteopetrotic and highly deficient in osteoqBsigunathan et al.,
2002) The efects of heavy metals on FOS expression have been studmeed. heen
shown that tungsten, nickel, and cobaliuse doseelated induction of FOS
expression(Miller et al., 2004) There are also several studies on the effects of
cadmum on the levels of expression of F@Shen et al., 2011, Kondo et al., 2012)
and the role of FOS in cadmiumduced bone losgRegunathan et al., 2002,
Bhattacharyya, 20Q9Moreover, it has been suggested to have a pivotal role in nitric
oxide synthase 2 (NOS2) expression in airway epithelial ¢Elhembellan et al.,
2009, MarksKonczalik et al., 1998)NOS2, which is inducibleni diverse cell types

by cytokines, converts-arginine to Lcitrulline, and nitric oxide (NO)Xu et al.,
2003) NOS2 is widely expressed in every type of tissue and cell after transcriptional
induction following &posure to a vast array of immunologic and inflammatory
stimuli (Marks-Konczalik et al., 1998, Zeidler and Castranova, 20@¢}ivity of

NOS2 has been associated with inflammatory tissue damage in human di¥eases
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et al., 2003) NO produced by macrophages is an important component of host
defense against pathogens and tumor ¢&lis1 et al., 2002) It has been reported
that mercury inhibits NO and NOS2 expression induced by interleulin -IT b . i n
pancr eat-cells (Eckhdrde £t alh 1999@nd that in BALB/c murine
macrophage cells (J7748 it inhibits NO production through decreases in NOS2
MRNA and proteir{Kim et al., 2002) On the other hand, it has been shown that lead
treatmenin vitro at early deelopmental stage of bone marralerived macrophages
enhances NOS2 gene expression and NO production throetbIL a f6dSong L

et al., 2001)

As mentioned above, even thoughvast spectrum of toxicology studies has been
carried out on LTA, BAG1, GADD45A, FQSnd NOS2, their gene expression
levels have not been analysed from the orthopaedic point of view. In addition to this,
the general human toxicology microarray assay tesséemed to suggest that the
expression of these genes could be affected by metal ions released from MoM
implants. These genes are involved in key cellular and immunological processes
which could potentially be unbalanced by particulate and soluble wéaisdierived

from implant devices. Understanding the impact of CoCr wear debris on the
expression of these genes may contribute to even better comprehension of the

periprosthetic osteolysis process and the potential effects of circulating debris.

In addtion to gene modulation contributing to wear particlduced osteolysis, some
recentin vivo andin vitro studies showed that direct or indirect induction of cell
death was involved in the wear partioheluced bone resorptio{Zzhang et al.,
2012b) Apoptosis is a complex, highly regulated cell death process that can result
from a range of developmental, genetic, and environmental cues including injury,
mild toxic stimuli, loss of cell attachment to matrices, dosk of trophic signals
needed to maintain cell viabilitfCardoso et al., 2009)t is a necessary biological
process involved in embryonic development, tissue remodelling, and regulation of
the immune system. Yeseveral pathological conditions have been associated with

unintended or uncontrolled induction of apopto§iar et al., 2006) as seen in
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cancer, autoimmune disorders, neurodegenerative disease andhtluiad disease
(Li et al., 200).

Apoptosis can be initiated either via an extrinsic or intrinsic pathway, with the
extrinsic pathway being initiated by cell surface receptors and the intrinsic pathway
being initiated by a mitochondria mediated death signalling cas@@gen et al.,
2001, Shin et al., 2009 he early apoptotic events include changes in membrane
structure, membrane permeability and mitochondrial potential. These early changes
are followed by alterations in the chromatin sttwe, DNA strand breaks with
formation of DNA fragments, decreases in nuclear DNA content and shrinkage in
cell size(Ciapetti et al., 2002)

A variety of sgnalling systems activate apoptosis, such as surface receptors for
cytokines (mainly TNF), expression of genesar(gc, bax), DNA injury through a
mechanism driven by p53 protein, injury to the cell membrane or to mitochondria
(Stea et al., 2000aMacrophage apoptosis ime interface membrane has been
suggested to play an important role in the pathogenesis of aseptic loosening. It has
been shown that apoptosis occurs in the interface membrane of aseptic loosening of
total hip/knee replacements by using 20 specimens of -ibgplant interface
membrane foimn situ localization of apoptotic changes, namely-Bdax expression

and DNA fragmentatiorfZhang and Revell, 1999)n a similar study, 54 biopsies
taken from the tissue surrounding loosened hip joint prostheses were examined.
situ apoptotic cell identification was performed by the detection of singlel
doublestranded DNA breaks thabccurred in the early stages of apoptosis.
Apoptotic cells were present in a higher percentage in tissue sections where metal
particles were present (24% apoptotic cells) if compared to areas where no metallic
wear (6%), or plastic wear (2.8%) or ceramiear (1.5%) was observé8tea et al.,
2000a) Using TUNEL staining, DNA laddering and immunodetection of PARP, a
high incidence of apoptosis in cells at the interface membranes harvested at the time
of hip revision surgery from 25 failed THRs was also revegiedk et al., 2001)
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It has also been suggested that different apoptosis pathways meagdesetd by
implant wear debris. Fas receptor, BAK and cas@aséecavage were evaluated
immunohistochemically in capsules and interface membranes from patients with
aseptic hip implant loosening. A strong expression of cleaved ca3p&ses and

BAK in macrophages, giant cells andlyimphocytes was observed. The fibroblasts
showed cleaved caspa3eand BAK, but no Fas staining. Increased proliferation of
macrophages and fibroblasts was also fo(lrahdgraeber et al2008) Analysing
periprosthetic interface membranes from 23 patients undergoing revision operations
for aseptic loosening of hip joint prostheses, it was reported that death receptor
pathway, mitochondria/cytochrome ¢ caspdspendent pathway and entigmic
reticulum stress pathway are involved in the process of macrophage apfyaosjs

et al., 2011) Similarly, it has been reported that the mode of cell death is dependent
on the ion type and concentrationwasll as the duration of incubation. With short
incubation tims, the norinflammatory process of apoptosis was predominant. With
longer incubation time and high concentrations of ions, however, necrosis
predominatedHuk et al., 2004) In lymphocytes from interface membranes from
patients with aseptic hip implant loosenifgandgraeber et al(2009) observed that

the intensity of the apoptotic process tended to follow the radiological changes and

stages of osteolysis.

Using anin vivo murine air pouch model of inflammation, the apoptotic changes
associated with various shapes of UHMWPE particles were evaluatethdor
correlation of wear debrsduced inflammation and macrophage apoptosis by
(Yang et al.)(2002). At 7 days posgarticle introduction, there was a significant
increase in the number of apoptotic cells presenthe air pouch membrane
containing the elongatedHMWPE particles, compared with pouches containing
globular particles or noeparticle controls. The apoptotic cells were predominantly
focused within the contact zone of the UHMWPE particle deposit, dteh o
accompanied by local inflammatory reactions.

The bone marrow stroma contains mesenchymal stem cells (MSCs), multipotential

cells capable of differentiating into various mesenchymal lineages such as bone,
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cartilage, tendon, ligament, and mus(Beuder et al., 1994)in procedures such as
THA, the MSCs are likely to be subjected to prolonged and direct exposure to
implant devices(Wang et al., 2003)(HaleemSmith et al.)(2012) observed that
exposure to submicresize titanium (Ti) particles results in reduced osteogenic
differentiation and proliferation, and enhanced apoptosis in human (h) N\&@sg

et al.) (2003) reported direct and indirect induction of apoptosis in hMSCs in
response to titanium particles. Exposure of hMSCs to commercially pure Ti (cpTi)
particles diminished cell viability through the induction of apoptosis in a srann
dependent on partel dosage and time. Following 72culture in conditioned
medium collected from cpiloaded cell cultures, hMSCs exhibited increased
apoptosis compared to cells cultured in conditioned medium frompaditle
loaded controls suggesginthat soluble factors released in response to particulate
stress are capable of inducing apoptosis.

Cytotoxicity and genotoxicity of metal compounds have been studied in a variety of
systems in human carcinogenegfkita et al., 2007) Apoptosis was originally
viewed as a normal physiologic process by which correct functional cellular
population dynamics are maintained through the apoptotic loss of cell populations
carrying abnormal genetic information. It is kmo that metals under certain
circumstancescan induce apoptosi€Chen et al., 2001)Some researchers have
suggestd that the preferential induction of macrophage apoptosis irppethetic

tissue would be a desirable therapeutic modality since no inflammatory response is
generated and therefore it may create a more favourablpmpsthetic environment

(Huk et al., 2001, Catelas et al., 2000Dn the other hand, the presence of apoptosis

in the periprosthetic membrane may be alternatively considered as a contributing
detrimental factor in arthroplasty failure rather thanpieventive element of
osteolysis(Sabbatini et al., 2010)f uncontrolled apoptosis is induced, recognition
and clearance of cells undergoing apoptosis may be overwhelmed and cells would
start leaching their coehts perpetuating the inflammatory response. Moreover,
chronic and lower dose exposure of cells or tissues to metals may perturb or even
inhibit appropriate apoptosis, leading to the accumulation of cells with carcinogenic
potential(Chen et al., 2001)
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4.2 Aims

The aim of this chapter was to expldtes relationship between changes in gene
expression and apoptosis vitro with the release of metal ions derived from
incubationof culture mediunwith the metal wear debri©f particular interest was
to assess the potential effectadll pretreatment with Co ionsn gene expression

and apoptosis.

4.3 Results

4.3.1 Protocol devdopment for ICP-MS analysis of culture medium

ICP-MS analysis was carried out in order to find out if metal ions were being
released from the CoCr wear debris used to treat the cells, and, if so, to quantify the
levels of such iondn the current studya protocol for the processing and K/
analysis of cell culture medium was developElis development was necessary due

to the lack of an existing protocol in the research laboratory to carry out this analysis.
Details of this development are given beloAs a starting point culture medium
samples were diluted witthe solubilisation matrix solution used fotule blood
samples Brifely, all samples and standards were diluted using the solubilisation
matrix solution used for lole blood samples (Table&2.S ct i on 2. 2. 2) .
culture medium sample or standard was added to 2.5ml of the dilution matrix in a
plastic vial. 2ml of deionized watel (8 m qvas then added into each vial. A final
solution of 5ml was attained giving a 10X dilution of the sampleseach sample

was then sonicated. Standards were prepared by diluting TracéCESIOmMg/I Co

in nitric acid, TraceCERY, 1000mg/l Cr in nitric acid and Trace CERTL000mg/!I

Mo in nitric acid (all SigmaAldrich (Fluka); Dorset, UK). Final concentration of
standards used were 0.001, 0.01, 0.1, 1at0 10qQug/l. Samples were then analysed
using anAgilent 7700x octopole collision systeitP-MS (Agilent Technologies;

Wokingham, UK) in helium gas mode using Rhodium as internal standard.
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Results from this fgt analysis showed thdtd detection limits required could not be
achieved due to poor internal standard recovery from the culture medium samples.
Figure4.1 shows that the internal standard recovery was outside 14 ®% range

in the samplesThe instability of the analysis was likely to be due to a space charge
effect as a result of the EDTA salt, which would cause a reduction in sensitivity. A
space charge effect is an effect created by matrix ions interfering with the ion
focussing of the analyte ions, which leads to poor sensitivity and detection limits
(Thomas, 2008) This realisation led to reviewing the matrix components and
preparing a new matrix with EDTA acid. Additionallyyen though the set of data
obtained could not be considered due to the poor internal standard recovery, it
seemed to suggest that the ion @amtration in some samples were outside the 0
100ug/l range.Moreover, it came to our attention that the standard solutions were
not the most appropriate for IGRS analysisConsequentlya new set of standards
were prepared by diluting Multielement Stand Solution 1 for ICP (SigmAldrich
(Fluka); Dorset, UK in the modified solubilisatin matrix to obtain 0, 0.1, 1, 10, 50,

100 and 500ug/l final concentrations of Cobdince the multielement standard
solution composition includes 22 elements in défg concentrations, Cobalt
(10mg/l) was chosen as the reference to prepare the staréguds 4.2 shows that
although the internal standard (Rh) recovery remained within tHiELlO% range, it

fluctuated greatlyluring the run.
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Figure 4.1. ICP-MS Internal standard (ISTD) recovery. Red dotted line marks acceptable range limitsi20%) for internal standard recovery.
Red dotgepresent the samples that are al#ghe range (outlier setting) Rh: Rhodium. Standards: 0, 0.001, 0.01, 0.1ahd 1®MOppb (0, 0.001,

0.01, 0.1, 1, 10and 10Qg/l).
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Figure 4.2. ICP-MS Internal standard (ISTD) recovery. Red dottedihe marks acceptable range limits {800%) for internal standard recovery.
Rh: Rhodium. Standards: 0, 0.1, 1, 10, 100, 500 and 1000ppb (0, 0.1, 1, 10, 100, 500 pgd)1000
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Based on this, the possibility of the culture medium samples not being istab&e
dilution matrix was considered and an analysis of internal standard recovery (Rh, Sc,
In) in a set of standards diluted in serdree RPMI1640 was performedtigure4.3

shows that there is minimal fluctuati in the internal standard recovery of the three
candidates for internal standard. The generally flat slope of the internal standard
recovery curve shows that there was no loss of sensitivity when implementing
RPMI-1640 as the diluting matrix. Additiong/l the mean {SEM, n=3) detection

limit for Co and Cr was 0.04&)/ (z0.019) and 0.0971y/l (x0.028), respectively. As

a result, from this point on, analysis of metal ion levels in culture medium samples
were carried out by diluting the samples in seffuee RPMF1640and following the
protocol described in Section 2.1.18In Chapter 7, it is shown that Sc is the least
fluctuating internal standard in the analysis of whole blood samples. So, it was
decided to use Sc as internal standard for allM3Panaysis. Figure4.4 shows that

the recovery of the internal standard from culture medium samples was stable with

minimal fluctuation during the analysis.
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4.3.2 Metal ions release into cell culture medium

Experiments were carried out to determine the extent of metal ion release when wear

debris was incubated with cultured cetflsvitro.

Metal debris was incubated under different conditi(®ecton 2.1.17.1)in order to

analyse the effects that some variables have on the amount of metal ions released

into the culture medium. Analysis of IGRS results found that CoCr wear debris

release metal ions into culture mediualle 4.1Error! Reference source not

found.). There was no significant difference (p>0.05) in ion release in the presence

and absence of FBS. However, the acidic pH had a considerable effect astheen in

significant increase (p<0.05) ithe ion concentrations measured. Co was the ion

predominantly released in all cases.

Mean Concentration [ pg/l ] £ SEM

CoCr wear debris

Condition
Cr Co Mo
RPMI - FBS 0.15+0.12 0.03+0.03 3.17+0.33
RPMI + 10% FBS 0.19+0.06 0.09+0.09 6.32+0.16
RPMI - FBS + CoCr | 15 9141 5% | 1226.56+38.97%| 127.82+4.28*
wear debris
0,
RPMI+10% FBS + | 19 1815 64% | 1259.41439.58*| 124.60+2.70*

pH4 RPMI + 10% FBS
+ CoCr wear debris

372.10+£14.45*

3182.85+115.68%

222.26+7.69%

Table 4.1. Metal ions in RPMI-1640 in the presence and absence of metal wear debris.
Results are expressed as mean valtt&&El, n=3). *Significantly different from RPMI +
10% FBS values (p<0.05) by omeay ANOVA followed byDunnet t 6 s

test.

Different concentrations of metal

mul tiople

debrigd, 02, 0.5, 1, 2.5, and 5mg

debriglx1Ccells) were incubatedn cell culture medium for 24kt 37°C and 5%

(v/v) CO.in order to analyse the correlation between debris corateat and metal
ions releasedTable4.2). Analysis of ICPMS results found a significagt(p<0.05)

increasing amount of ions released with increasing wear debris concentrations. Once

again, Co was the ion withe highest concentrations detected.
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Con(I:Dei?:;ions Cr (Lo/l Co (ug/) Mo (ug/)

(mg/10 cells) Mean+ SEM Mean+ SEM | Meant SEM
0.2 2.61+0.54 165.85+13.90 | 12.47+1.41
0.5 4.94+0.54 329.73+19.28 | 28.49+1.82
1.0 10.08+0.20 | 731.95+16.00 | 60.53+158
25 19.47+0.33 | 1560.06+£30.60| 147.97+2.32
5.0 26.83+0.80 | 2485.11+101.83 245.90+10.10

Table 4.2. Metal ions released from different concentrations of wear metal debris.
Results are expressed as mean va(tt&&EM, n=6). All values are significantly different
from control (Omg debris/1xf6ells) values (p<0.05) by oneay ANOVA followed by
Dunnettdés multiple comparison test.

Considering these findings and to complement the viability and cytokine release
realts discussed in chapter 3, metal ion levels were measured in culture medium
from resting Figure4.5) and activatedHigure 4.6) cells exposed for 24 and 120h to
5mg debis/1x1Ccells, 0.1uM Co and a combination of 5mg debris/fg&0s and
0.1uM Co.

ICP-MS results showed significantly (p<0.05) higher concentrations of Cr and Co
ions in the culture medium of both resting and activated cells exposed to metal wear
debris vihen compared to control. In the presence of wear debris, significantly higher
levels of Co and Cr ions were measured after 120h exposure compared to levels at
24h. Additionally, significantly higher levels of both metal ions were observed in
cells pretreged with 0.JuM Co compared to ne@o pretreated cells. Moreover,
significantly higher concentrations of Co than Cr were measured in the medium from

both resting and activated cells in the presence of metal debris aMd Gd.
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Figure 4.5. Metal ion concentrationsin culture medium from resting U937 cells.Cells

were exposed for 24 and 120h to 5mg debris/loel3, 0.1puMCo and a combination of

5mg debris/1x1®ells and 0.1uMCo. PreCo: cellsegreated with 0.1uM CoResults are

expressed as mean valuesSEM, n=3).*Significantly different from control (untreated

resting cells) values (p<0.05) by ownea y ANOVA foll owed by Duni
comparison testAl20h values significantly differeritom 24h valuesy two-sample {Test

(p<0.05.
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Figure 4.6. Metal ion concentrationsin culture medium from activated U937 cellsCells

were exposed for 24 and 120h to 5mg debris/lodl3, 0.1uM ® and a combination of

5mg debris/1x1%ells and 0.1uM Co. PreCo: cells greated with 0.1uM CoResults are

expressed as mean valuesSEM, n=3).*Significantly different from control (untreated

resting cells) values (p<0.05) by emay ANOVA followed by Dunng t 6 s mul tipl
comparison tes&X120h values significantly different from 24h values.

Co and Cr ion levels measured in culture medium from activated cells were
significantly higher than levels in medium from resting cells in the presence of metal
debris. Activated macrophages contribute to the extracellular acidification during
inflammatory reactiongPark et al., 2012)which in turn would enhance the release

of ions from the metal debris. These findings complement the results documented in
Chapter 3 and illstrate the contribution of metal ions in metal wear debris toxicity.
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4.3.3 Cellular metal ion up-take

U937 cells were exposed to varying metal debris concentraiiors2, 0.5, 1, 2.5,

and 5mg debri¢x1CPcelly fro 24h at 37°C and 5%v/v) CO; in order to deect
cellular uptake of ions released into the culture medium during incubation with
CoCr wear debris. Analysis of IGKS results found significantly higher (p<0.05)
levels of Co than Cr in cells after all treatmenigalfle 4.3). Mo could not be
detected (mean detection liritSEM, 0.04@0.020, n=6). There is an increase in ion
levels with increasing wear debris concentrations. However, there is a slight decrease
in ion levels when cells were exposed to 5mg débri€fcells probably due to the

fact that this concentratioral been shown to be cytotoxich@pter 3). Once again,
these findings demonstrate thag tioxicity seen in Chapter 3 ot solely due to the

metal nanoparticles and that metal ions contrilguéatly to such toxic effects.

concenatons | | Cr{gee) | Coalea)
(mg/1@ cells)
0.2 3.18+1.27 10.180.64
0.5 5.09:0.64 24 1#1.27
1.0 3.75:0.06 32.441.10
2.5 16.54:0.64 122.14:2.92
5.0 14.630.64 110.0%:3.18

Table 4.3. Cellular ion up-take. Results are expressed as mean val#&&, n=6). All
values are significantly different from control (Omg debris /fx&bs) values (p<0.05) by
oneway ANOVA f ol | o mdtgple doppari3annestet t 6 s

4.3.4 Apoptosis analysis of U937 cells following exposure to CoCr wear debris

and Co ions

In order to assess apoptgsix1Gcells/ml resting U937 cells, with and without Co
pretreatment, were exposed for 24 and 48h to 2.5mg dextiFtells, 0.1uM Co
and 2.5mg debris/1x®€ells plus 0.1uM Co, in 1vell plates at 37°C and 5%/v)

CO..
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4.3.4.1 Flow cytometry of resting U937 cells following 24 and 48h exposure to

CoCr wear debris and Co ions

Flow cytometry using Annexin V/FITC and-AAD double stainingallowed
distinction between cells that were viable, in early stages of apoptosis, in late stages
of apoptosis and necrotic. This was possible as Annexin V binds to the negatively
charged phospholipid phosphatidylserine (PS) which is rediséabfrom the inner

to outer layer of the cell membrane during apoptosis. Cells in early stages of
apoptosis are not permeable t&AZD but bind to Annexin V. Cells which bind to
Annexin V, and are permeant teAAD, are in the later stage of apoptosistees cell
membrane is compromised. Cells which havAAD bound to DNA, but are not
Annexin V positive are said to be necrotic, as they arevnsle but not through

apoptotic mechanisms.

Flow cytometry analysis revealed that after exposure to 2.5mgstietirfcells and

2.5mg debris/1x1%ells with 0.1uM Co, the number of cells with externalized PS
started to increase by 24h of treatment. This increase became significant by 48h of
exposure Metal wear debris induced a greater PS externalization in ¢eltshiad

been prereated with CoKigure4.7).
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Figure 4.7. Early apoptosis late apoptosis and necrosisf resting U937 and Co pretreated resting U937 cells measured by &CS. Cells were

exposed for 24 and 48h to 2.5mg debris/fxéls, 0.1uM Co and a combination of 2.5mg debris/fzélls and 0.1uM Co. Results are mean values

(xSEM, n=6). PreCo: cell prgeated with 0.1uM Co. *Significantly different from control valyes0.05) byonavay ANOVA f ol |l owed by Dun
multiple comparison testSignificantly different from nofCo pretreated cells.
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4.3.4.2Western blot of resting U937 cells following 24 and 48h exposure to CoCr

wear debris and Co ions

Western blot analysis vakded the flow cytometry results by showing the
fragmentation of PARP after 48h of exposure to 2.5mg debrisidatl and 2.5mg
debris/1x16cells with 0.1uM Co Figure4.8). PARP is cleaved by members of the
caspas family (for example, caspase 3 and 7) during early apopfdgibolson et

al., 1995, Ding et al., 2009)These proteases cleave PARP to fragments of
approximately 89kD and 24kD and detection of one or both feaggrhas been used
as a hallmark of apoptogisludter and Neurath, 2007, Gambi et al., 2008)

Figure 4.8 shows the fragmentation of PARP in the presence of wear debnbut

in the presence of 0.1uM Co after 48h of treatment. These results together with flow
cytometry findings suggest that the mechanism of cell death could correlate to
particle concentration. High concentrations of wear debris may be more likely to
inducenecrosis, results in Chapter 3 are evidence of this; and lower concentrations

may be more likely to induce apoptosis.

A 24h B 48h
1 2 3 4 5 6 7 8 1 2 3 a4 5 6 7 8
113kDa o —
S by w— —
—82k0a 5, — — aine —
24kDa_ - . _

Figure 4.8. Detection of PARP and PARP fragments by western blot as indicatioof

early apoptosis of resting U937 and Co prireated resting U937 cells.Cells were
exposed for 24 and 48h to 2.5mg debris/fe&ls, 0.1uM Co and a combination of 2.5mg
debris/1x16cells and 0.1uM Co. Lane 1: Molecular marker. Lane 2: untreated cells
(control). Lane 3: U937 cells + 2.5nugbris/1x16cells. Lane 4: U937 cells + 0.1uM Co.
Lane 5: U937 cells + 2.5mg debris/1%&@lls with 0.1uM Co. Lane 6: Co pteecated U937

cells + 2.5mgdebris/1x16cells. Lane 7: Co preated U937 + 0.1uM Co. Lane 8o pre
treated U937 cells+ 2.5mg debris/1%ddlls with 0.1uM Co. Figure A shows intact PARP
(113kDa) after 24h for all treatments. Figure B shows fragmentation of PARP (89kDa and
24kDa) after 48h of treatment with debris and debris with Co.
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4.3.5Gene expressin analysis of resting U937 cells following 120h exposure to

CoCr wear debris and Co ions

4.3.5.1StellARray® gene expression array

This toxicology array used here was specifically designed to profile the expression of
the 94 top ranked genes important for monitg the metabolic responses against
drugs and other toxins. Primer pairs present on this array are specific for genes
involved in DNA damage and repair processes, apoptosis, cell cycle, electron
transport, growth and proliferation, metabolite transpsytemd stress response

genes.

Lonza recommend the wuse of the GIlBabal Pa
Harbor Biotechnology Inc, USAyith the StellARray system data to define the
invariant normaker genes from the experimemtnalysis is performedby logging

into Gene Expression Arrays System
(https://www.bhbio.com/BHB/(S(pbw4hguf2capymwtwal3fam5))/GUI/Account/Login.aspx
?ReturnUrl=%2fBHB%2fGUI%2fAP%2fGPR.aspx  selecting the  appropriate
StellARray product, uploading the data and submitting it faalysis. A HTML or

Excel formatted file is generated which gives a ranked list of genes and links to MGl

and NCBI gene pages.

In the current study, the standard Human General Toxicology 96 StellARray was
used in order to identify genes related to thedaedfects of metal wear debris and
ions on resting U937 cell§.he procedure was carried out as recommended by the
manufactureand is detailed in Section 2.1.Z3PR compared the qPCR results from
treated and untreated cells and gaveanked list of gere by fold change value
(Table4.4).
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Rank | Gene Name CEglr?ge Rank | Gene Name CEglr?ge Rank ,\(l;;r?]z CEglr?ge
1 AHR -21.92 33 XPC -2.09 65 FOS 3.40
2 PPARD -10.88 34 E2F1 -2.06 66 UNG 3.67
3 CDK2 -9.09 35 ERCC3 -1.72 67 CYP2F1 3.75
4 ABCC1 -7.08 36 DNAJAL -1.72 68 BAG1 3.96
5 BCL2L1 -6.89 37 EPHX1 -1.67 69 CYP2D6 4.55
6 RAD23A -5.48 38 CASP8 -1.60 70 FGF2 4.61
7 CYB5R3 -5.18 39 NFKB1 -1.58 71 ABCC2 4.71
8 MYC -4.70 40 RAD51 -1.37 72 MAOA 6.22
9 ERBB2 -4.70 41 TNF -1.35 73 TRPV6 7.34
10 XDH -4.51 42 MLH1 -1.32 74 CYP2A13 9.16
11 HSPA5 -4.42 43 BCL2 -1.29 75 FASLG 17.58
12 GSR -4.33 44 CASP3 -1.28 76 LTA 22.25
13 PPARGC1A| -4.24 45 CYP27B1 -1.26 77 NOS2 25.74
14 SOD1 -3.96 46 HSPA1B -1.08 78 ABCB1 37.69
15 GPX1 -3.93 47 XRCC2 -1.07 79 ESR2 50.07
16 IGF1R -3.90 48 ACADSB 1.11 80 CYP3A4 50.77
17 ARNT -3.57 49 CYP1A1 1.15 81 EGFR 74.85
18 MDM2 -3.42 50 HSPB1 1.17 82 CYP1A2 154.99
19 HSPA1A -3.40 51 TNFRSF1A 1.23 83 CYP7A1 228.49
20 BAX -3.28 52 CYP8B1 1.31 84 CYP1B1 234.92
21 XPA -3.13 53 HSPA1L 1.33 85 CYP4B1 297.35
22 CHEK?2 -3.10 54 CCND1 1.39 86 ABCB4 329.93
23 CDK4 -3.02 55 POR 1.43 87 MGMT 483.04
24 ERCC1 -2.86 56 CDKN1A 1.51 88 CYP7B1 514.13
25 DDIT3 -2.82 57 CDKN1B 1.52 89 IGFBP6 65985
26 HSP90AAl | -2.63 58 NQO1 1.81 90 CYP11Al | 659.85
27 CCNE1 -2.57 59 TRADD 1.81 91 CYP2B6 895.16
28 BRCA1 -2.42 60 CYP2E1 1.82 92 CYP2C9 952.78
29 MSH2 -2.37 61 GPX2 1.99 93 CYP24A1 | 1301.54
30 CAT -2.34 62 HIF1A 2.24 94 FMO1 2313.72
31 CDKN2A -2.32 63 FMO4 2.47
32 PRDX1 -2.12 64 GADD45A 2.98

Table 4.4. GPR results derived from resting U937 cells treated with 2.5mg/1xic®lls
wear debris and 0.1uM Co for 120hFold change values are displayedhwi¢spect tahe
control group. For exampleAHR (rank position 1) is dowregulated ~22 fold in treated
cells. Thegenes of interestre highlishted in gray
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Gene Set Enrichment Analysis (GSE&)a microarray data analysis method that
uses predefinedeme sets and ranks of genes to identify significant biological
changes in microarray dataséfang et al., 2013)The gene sets agroups of genes
that share common biological function, chromosomal location, or regulatioarand
defined based on prior biological knowledge, e.g., published informattmut
biochemical pathways or eexpression in previous experiments. The goal of GSEA
is to determine whether members of a gené&see randomly distributed throughout
the listL or primarily found at the top or bottom, in which case the gene set is
correlated with phenotypic differen¢®ubramanian et al. 0B5). Toppgene is an en

line portal for GSEA and candidate gene prioritization based on functional
annotations and protein interactiof@hen et al., 2009 Exposure to metal ions may
cause early cellular changes tlcauld induce a deviation frora normal biological
pathway.As thecellularlevels ofexposurancrease, the metal ions could potentially
interact with amoleculartargetto induce perturbatio of cellular function(Figure

4.9). At low levels ofexposure, adaptive stress respornsesactivatedto try to
restore theathway to produce its normal outputs. At high enough levedspdsure

and internal dose, perturbatiexceeds the homeostaapacity of he adaptive

responses, and céfljury occurs(Bushnell et al., 2010)

Metal ions
Molecular
interaction
Biological
process
perturbation
) . Normal
Biological o
biological
process T
T function
Adaptive Biological High
stress € process exposure
response perturbation / levels
Low Cell injury

exposure
levels

Figure 4.9. Schematic overview ofa biological process perturbation (adapted from
Bushnell e@l., 201Q.

149



The StellARray gene set was submitted to Toppgene for analysis. After screening the
biological processes identified by thisnline portal and taking into account the
results from the StellARray profiling, five genes were chadable 4.5) for further

expression investigation in U937 cells treated with metal debris and ions.

Biological Process Gene Name

Regulation of cell death BAG1, LTA

Regulation of programedcell death BAG1, LTA
Response to toxin FOS
Negativeregulation of growth LTA

Response to metal ions BAG1, FOS

Regulation of cell proliferation NOS2, LTA
Nitric oxide metabolic process NOS2

. : : GADDA45A,
Oxygen and reactive oxygen species metabolic proj NOS2

Table 4.5. Genes chosen for further expression analysit.TA (lymphotoxin alpha):
inflammatory mediator that influences multiple processes such as activation, proliferation,
differentiation, and death induction in many different cell ty@€sgi et al., 1999)BAG1
(BCL2-associated athanogene): multifunctional protein able to delay cell death by a
synergistic action with BCLZAveic et al., 2011) GADD45A (growth arrest and DNA
damage): nuclear protein involved in cell cycle arrest, DNA repair and apoffisiakas

and Ritardson, 2009) FOS (FBJ osteosarcoma oncogene): involved in osteoclast
development and activatiofChen et al., 2011)NOS2 (inducible nitric oxide synthase)
inducible by cytokines, convertsarginine to Lcitrulline, and nitric oxidgXu et al., 2003)

4.3.5.2Primer specificity

Forward and reverse SYBR Green primers were then designed for each of the
shortlisted genes to target all their variants and to generate acpimdger than
100bp but smaller than 150bp. SYBR Green is a dye that binds in the minor groove
of doublestranded DNA (dsDNA) in a sequence independent way. When it binds, its
fluorescence increases over ol (Deprez et al., 2002However, since SYBR
Green binds indiscriminately to dsDNA, priradimer artifacts or other nospecific
products contribute to the detected fluorescé@qaper et al., 2004)which is why it
requires melting curve analysis to determine the specificity of the amplification
(VanGuilder et al., 2008

PostPCR melting curve analysis is a technique used for determining the presence of
primerdimer artifacts or other nespecific products and to ensure reaction
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specificity. PCR products can be distinguished by their melting curves because the
melting curve of a product is dependent on GC content, length and sequence
(VanGuilder et al., 2008)

If the fluorescence of SYBR Green is monitoredntinuously throughout a
temperature cyel, productdenaturation can be observed as a rapid loss of
fluorescence near the melting (denaturing) temper&Witwer et al., 1997)A melt

curve is produced by gradually increasing the temperature, thereby gradually
denaturing an anlified DNA target. Since SYBRGreen is only fluorescent when
bound to dsDNA, fluorescence decreases as duplex DNA is denatured. The highest
rate of fluorescence decrease is generally at the melting temperature of the DNA
sample (Tm)Ririe et al., 1997)The Tm is defined as the temperature at which 50%
of the DNA sample is doublstranded and 50% is singt¢randed. The Tm is
typically higher for DNA fragments that are longer and/or have a high GC content
(von Ahsen et al., 2001)

Sincea SYBR Greendye-based chemistrwas used in the current study, specificity
of gRT-PCRwasassessed with melting curveadysis after every runHgure 4.10)

and with ftorizontal gel electrophoresis (Section 2.3.20

The St ep OnevEl, plaisftie waltrcurvas derivative fluorescenceR(6 )

vs. temperature. A single peak ah@h temperature (>75°C) in all reactions and
nothing, or very little, detected in the stemplate controls, showed high specificity
(Figure 4.10). Since some of melting curve analysis showed-spetific product
formation, the ER reactions were qualitatively assessed on ethidum bremide
stained agarose gels. Each gene expression assay displayed a single product of the
desired length and no bands were present in the negative controls? CRs/with

cDNA from cells treated with Bmg/1x10cells wear debris showedonspecific
productsin the presence d6APDH primers These nosspecific products arkkely

to be primer dimers (primers attached to each othag)to the lack of a full length

ampliconresultingin an excess of primg(Figure4.12.A).
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Figure 4.10. Melting curve analysis.Curves showingeals of specific product at >78°C
and some nowspecific product at lower temperaturdg. GAPDH. B) HPRT. C) B2M. D)
NOS2. E) LTA.F) BAG1. G) GADDA45A.

Following PCR, horizontal gel electrophoresis of negative control and cDNA
reaction mixtures was performed as a qualitative assessment of thenee&CR.

Two different negative control reacti®mnwere included for each gene, namelOH
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and RTF. Negative controls were included to monitor contamination to ensure that
the fluorescence measured during the PCR corresponds to product amplification
(Bustin et al.,, 2010) H,O reactions helped monitor PCR contamination and
contained all the PCR reagents but instead of 1l of cDNA template, 1ul of nuclease
free water was added. In a similar way,-R&actions helpedonitor potential carry

over contamination from the cDNA synthesis. These reactions contained all the PCR
reagents but instead of Lpf cDNA template, 1l of reverséranscriptase free
reaction (from the cDNA synthesis) was added. These reactions staiujgnerate

amplification products during the PCR process.
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Figure 4.11. Horizontal gel electrophoresis of PCR amplification productsfrom untreated resting U937 cells (control).HyperLadder Il
(Bioline, UK) molecular ladder was used) Amplification products of GAPDH (lanes#®), HPRT (lanes &), B2M (lanes 8L.0), NOS2 (lanes t1
13) and LTA (lanes 146). C) Amplification products of BAG1 (lanes4), GADDA45 (lanes &) and FOSlanes 810). Lane 1 in Band B shows
the HyperLadder Il molecular ladder. There are three lanes for each gene: the first two lanes are negative contrdHgaaimh®RT) and the

third lane is the cDNA reaction.
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Figure 4.12. Horizontal gel electrophoresis of PCR amplification products from resting and Co préreated resting U937 cells exposed to
2.5mg debris/1x16cells for 120h.A) Amplification products of GAPDH (lanes®), HPRT (lanes-11), B2M (lanes 8.0), B) NCS2 (lanes 1113)
and LTA (lanes 1416). C) Amplification products of BAG1 (lanes4}, GADDA45 (lanes &) and FOS (lanes-80). Lane 1 irA), B) and C) shows

the HyperLadder Il molecular ladder. There are five lanes for each gene. The first three |arezgative control reactions §8, RTyss~ and
RTprecouss?)- The faurth lane is the cDNAys; reaction and the fifth is the cDNAcougsreaction.
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Figure 4.13. Horizontal gel electrophoresis of PCRamplification products from resting and Co pretreated resting U937 cells exposed to
0.1uM Co for 120h. A) Amplification products of GAPDH (lanes-@), HPRT (lanes 711), B2M (lanes 8.0). B) NOS2 (lanes 1-13) and LTA
(lanes 1416). C) Amplification prodcts of BAG1 (lanes -2), GADDA45 (lanes &) and FOS (lanes-80). Lane 1 inA), B) and C) shows the
HyperLadder Il molecular ladder. There are five lanes for each gene. The first three lanes are negative control re@xsti®ig.{H and
RTerecouss?). The faurth lane is the cDNAy3; reaction and the fifth is the cDNAcougz7reaction.
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