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Summary: The responses of human peripheral blood monocytes of 10 normal volunteers and 14 patients with 
total hip replacements to particles of commercially pure titanium and chromium orthophosphate (a corrosion 
product from cobalt-chromium alloy implants) were studied. In addition, these phagocytosable particles were 
added to cultured mononuclear cells isolated from the interfacial membrane of 14 patients with failed im- 
plants. Peripheral blood monocytes from patients who had had a total hip replacement produced significantly 
higher levels of interleukin-1 (both interleukin-la and interleukin-1 p) and prostaglandin E2 following par- 
ticulate stimulation than those from normal volunteers. Supernatants from both titanium and chromium 
orthophosphate-stimulated peripheral blood monocytes from the volunteers and patients with total hip re- 
placement induced bone resorption (assayed in organ cultures of newborn mouse calvariae) and the prolifer- 
ation of human fibroblasts. The levels of bone resorption were significantly higher (p i 0.05) in patients with 
implants than in normal volunteers. There were no significant differences in the responses of cells between 
patients with focal osteolysis and those without osteolysis. Interfacial membrane mononuclear cells also pro- 
duced high levels of interleukin-la, interleukin-1 p, and prostaglandin E2 and expressed bone resorptive ac- 
tivities following stimulation with either titanium or chromium orthophosphate. More importantly, interfacial 
membrane mononuclear cells “spontaneously” produced high levels of prostaglandin E2 that were compara- 
ble with the response of peripheral blood monocytes stimulated with particulate wear debris. The clinical 
relevance of this study is 2-fold. First, mononuclear cells from patients with total hip replacement were some- 
how “sensitized” to metal particles in comparison with mononuclear cells from individuals without an im- 
plant. Second, the chromium orthophosphate corrosion product was a potent macrophagelmonocyte activator 
and may contribute to macrophage-mediated osteolysis and aseptic loosening. 

Aseptic loosening accompanied by osteolysis and 
osteolysis without loosening are the most frequent 
long-term complications of total joint arthroplasties 
(5,17,19,25,26). Particulate wear debris from pros- 
thetic materials or bone cement is phagocytosed and 
subsequently activates tissue macrophages to re- 
lease a variety of inflammatory mediators. Among 
these cellular mediators, proinflammatory cytokines 
(interleukin-1 [IL-l]), tumor necrosis factor alpha 
(TNF-a), interleukin-6 (1L-6), and prostaglandin E2 
are believed to be the most important components 
that provoke cell proliferation, induce osteoclast 
formation, and stimulate osteoclasts to resorb the 
adjacent bone (7-10,15,16,18,21,32). A fibrovascular, 
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aggressive granulomatous tissue of fibroblasts, mac- 
rophages, and foreign-body giant cells develops at 
the interface of bone and cement or bone and pros- 
thesis (the interfacial membrane) and replaces the 
resorbed bone (13,14,32). 

In previous studies, we have demonstrated that 
commercially pure titanium (Ti), titanium-6% alumi- 
num-4% vanadium, and ultra-high molecular weight 
polyethylene particles, either fabricated .or retrieved 
from the interfacial membranes of failed cementless 
total hip arthroplasties (31), stimulated peripheral 
blood monocytes of normal volunteers to release 
prostaglandin E2, IL-1, and IL-6 (33) in a size, dose, 
and composition-dependent manner. In addition, re- 
cent studies have shown that modular head femoral 
components can undergo severe corrosion (3,6,20, 
24,27,35), and their solid corrosion products, pre- 
dominantly hydrate-rich chromium orthophosphate 
(CrP04), are widely distributed throughout the peri- 
prosthetic tissue. Furthermore, CrP04 particulates 
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FIG. 1. Size distribution of chromium orthophosphate (CrPO,) and titanium (Ti) particles as measured by a Coulter counter and confirmed 
with scanning electron microscopy. The insert shows a scanning photomicrograph of CrPO, particles generated in virro that were used in 
this study. 

have been found within periprosthetic osteolytic le- 
sions in a number of cases and hence may also be 
involved in bone loss. 

In this study, we examined the biological responses 
of human peripheral blood monocytes to both Ti and 
CrP04 particulates. We compared the responses of a 
human monocyte/macrophage cell line (THP-1) and 
peripheral blood monocytes from both normal vol- 
unteers and patients with and without osteolysis who 
had had a total hip replacement. Moreover, mono- 
nuclear cells, predominantly macrophages, from the 
interfacial membrane of failed total hip replacements 
were isolated, and their responses to these metallic 
particles were determined to further delineate the role 
of macrophages in mediating osteolysis and aseptic 
loosening in vivo. 

MATERIALS AND METHODS 
Particles 

Commercially pure titanium (Ti) (1-3 pm) and chromium or- 
thophosphate (CrP0, X 4 HZO) particles, both Johnson Matthey 
(Danvers, MA, U.S.A.), were used in all experiments. The latter 
was shown to be very similar to the CrPO, corrosion product 
retrieved from human tissue of failed total hip replacement by 
x-ray and electron diffraction, Fourier transform infrared spectros- 
copy, and energy dispersive x-ray analysis (20,35). Both particle 
species were separated by density sedimentation; particle-size 
analysis was performed, and particles with closely matched size 
distribution were used in this study. The particle-size distribution 
revealed that the average CrPO, particle size was 1.42 -i- 0.83 pm, 
with 31 % smaller than 1 pm and 63% smaller than 1.5 pm, whereas 
approximately 24% of the Ti particles were smaller than 1 pm and 
a total of 52% were smaller than 1.5 pm, as measured with a Coul- 
ter counter (model ZM, Particulate Data Program; Coulter Scien- 
tific Instruments, Hialeah, FL, U.S.A.) and confirmed by scanning 
electron microscopy (S120; Cambridge Instruments, Cambridge, 
MA, U.S.A.), counting and measuring 620 CrP04 and 544 Ti par- 
ticles (Fig. 1). On the basis of the size distribution of the particles, 

0.1 YO CrPO, and 0.1 % Ti suspension (vol/vol) were calculated to 
contain approximately 6.7 X lo8 and 2.2 X lo8 particledml, respec- 
tively (Fig. 1). Both particle species were used at 0.012,0.025,0.05, 
and 0.1% (vollvol) final concentrations. 

Patients 
Ten age-matched healthy donors (seven men and three wo- 

men, used as a control group) and 23 patients with a total hip 
replacement prosthesis were used in this study (Table 1). Eight 
patients (three men and five women) had a clinically successful, 
well functioning total hip replacement that had been in siru for 
a mean of 88 months (range: 24-132 months). These patients had 
no other implants. Three of these patients had asymptomatic fo- 
cal osteolysis that was noted on follow-up radiographs. Focal os- 
teolysis was defined as a localized area of cortical bone loss 
adjacent to the implant or cement mantle. The indications for 
surgery, the type of implant, and the mode of fixation are specified 
in Table 1. 

A heterogeneous group of 15 patients (11 men and four women) 
had had failed total hip replacement in sifu for a mean of 113 
months (range: 11-281 months). Revision surgery was performed for 
aseptic loosening in 12 patients (seven with focal osteolysis, five 
without focal osteolysis) and for progressive osteolysis without loos- 
ening in two patients. One patient (Case 9 in Table 1) was awaiting 
revision surgery for aseptic loosening without focal osteolysis. The 
mode of fixation, the type of implant, and the components that were 
revised are specified in Table 1. Five of these patients were known 
to have other joint replacements. Five patients had had one previous 
revision and two patients had had two previous revisions in the hip 
under study (Table I). 

Blood alone was taken from the 10 healthy donors (controls) 
and the eight patients with clinically successful implants. Of the 15 
patients with a failed implant, blood alone was taken from one; 
blood and interfacial membrane, from five; and interfacial mem- 
brane alone, from nine (Table 1). For the patients undergoing 
revision surgery, the blood was collected, on average, 2 weeks prior 
to surgery. No patient had a significant history of occupational 
exposure to metal. 

Cell Lines and Peripheral Blood Monocytes 
The human monocyte cell line THP-1 (TIB-202 [34]) and hu- 

man foreskin fibroblast (CCD27SK) were purchased from the 
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TABLE 1. Data on patients 
~ 

Case 

1 
~ 

2 

7 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

I6 

17 

18 

19 

20 

21 

22 

23 

~ 

Time 
Age Indications m sifu Component Osteo- Specimens 
(yrs) for surgeryu (mos) Femoral component Acetabular component Type of fixation revised lysis obtained Sex 

F 
~ 

M 

F 

F 

F 

M 

M 

F 

M 

M 

M 

M 

F 

F 

M 

F 

M 

M 

M 

M 

M 

F 

M 

68 Avascular 
necrosis 

76 Osteoarthritis 

59 Osteoarthritis 

80 Osteoarthritis 

55 Osteoarthritis 

67 Osteoarthritis 

102 

37 

93 

74 

24 

124 

132 

1 I4 

74 

128 

87 

161 

33 

119 

62 

I83 

281 

179 

123 

12x 

80 

11 

46 

Harris-Galante: cement- 
less Ti stem wi mod. 
Co head 

Iowa: cemented Co stem 
wi mod. Co head 

Bias: cementless Ti stem 
wi mod. Co head 

Precoat: cemented Co 
stem wi mod. Co head 

Precoat: cemented Co 
stem wi mod. Co head 

Harris-Galante: cement- 
less Ti stem wi mod. 
Co head 

Harris-Galante: cement- 
less Ti stem wi mod. 
Co head 

Harris-Galante: cement- 
less Ti stem wi mod. 
Co head 

Porous-coated anatomic: 
cementless Co stem 
wi mod. Co head 

Harris-Galante I: 
cementless Ti 

Cementless No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

NO 

Yes 

Yes 

Yes 

Yes 

NO 

Yes 

No 

No 

No 

~ 

Blood 

Blood 

Blood 

Blood 

Blood 

Blood 

Blood 

Blood 

Blood 

Blood, mem- 
brane 

Blood, mem- 
brane 

Blood, mem- 
brane 

Blood, mem- 
brane 

Blood, mem- 
brane 

Membrane 

Membrane 

Membrane 

Membrane 

Membrane 

Membrane 

Membrane 

Membrane 

Membrane 

Harris-Galante 11: 
cementless Ti 

Harris-Galante I: 
cementless Ti 

Harris-Galante I I :  
cementless Ti 

Harris-Galante 11: 
cementless Ti 

Harris-Galante 1: 
cementless Ti 

Cementless acetab. comp, 
cemented fem. stem 

Cementless 

Cementless acetab. comp, 
cemented fem. stem 

Cementless acetab. comp, 
cemented fem. stem 

Cementless 

68 Osteoarthritis Harris-Galante I: 
cementless Ti 

Cementless 

61 Osteoarthritis Harris-Galante 1: 
cementless Ti 

Cementless 

54 Loosening Cemented all 
polyethylene 

Hybrid: cementless fem. 
stem. cemented acetab. 
comp; previous hemi- 
arthroplasty revised 
to THR 

Cementless 71 Osteolysis 
without 
loosening 

50 Loosening 

Harris-Galantc: cement- 
less Ti stem wi mod. 
Co head 

Cementless (unknown 
comp. type) 

Harris-Galante I: 
cementless Ti 

Fem. 

Fem., 
acetab. 

Fem., 
acetab. 

Fem. 

Fem . 

Fern., 
acetab. 

Fem., 
acetah. 

Fern., 

Fcm., 
acetab. 

acetab. 

Acetab. 

Fem. 

Fem. 

Fern., 
acetab. 

Fem. 

Cemented (unknown 
comp. type) 

Hybrid: cementless fem. 
stem, cemented acetab. 
comp; one previous 
revision 

Cementless; bilat. surface 
replacements revised 
to THRs, contralat. 
THR lysis 

Cemented 

40 Loosening Mittlemeir: cementless 
Co stem. threaded 
alumina socket wi 
mod. alumina head 

Austin Moore bipolar: 
cemented mod. Co 
stem wi mod. Co head 

Harris-Galantc: cement- 
less Ti stem wi mod. 
Co head 

Co stem wi nonmod. 
Co head 

Co stem wi nonmod. 
Co head 

comp. type) 

Co stem wi nonmod. 
Co head 

locking: cementless Co 
stem wi mod. Co head 

Gustillo-Kyle: cement- 
less Ti stem w/ mod. 
Co head 

Harris-Galante: cement- 
less Ti stem wi mod. 
Co head 

locking: cementless Co 
stem wi mod. Co head 

Mueller: cemented 

Mueller: cemented 

Charnlcy (unknown 

Mueller: cemented 

Anatomic medullary 

Anatomic medullary 

Mittlemeir: cementless 
Co stem, threaded 
alumina socket wi 
mod. alumina head 

None 73 Loosening 

72 Lmosening Harris-Galante 1: 
cementless Ti 

Cemcntleas, two previous 
revisions 

77 Loosening Cemented all 
polyethylene 

Cemented all 
polyethylene 

Cemented all 

Cemented all 
polyethylene 

polyethylene 

Cemented, two previous 
revisions 

65 Lousening Cemented, presence of 
other implants unknown 

58 Loosening 

81 Loosening 

Cemented. contralat. THR 

Cemented, contralat. THR 
revised once 

78 Loosening Threaded acetab. 
comp.. material 
type unknown 

Harris-Galante 1: 
cementless Ti 

Cementless, presence of 
other implants unknown 

Cementless, contralat. THR 
and ipsilat. TKR 

Cementless, bilat. hemi- 
arthroplasties revised to 
bilat.THRs 

Cementless 

38 Osteolysis 
without 
loosening 

43 Loosening Harris-Galante 1: 
cementless Ti 

80 Loosening Anatomic medullary 
locking ccmentlcss Ti 

63 Loosening Anatomic medullary Anatomic medullary Cementless, presence of  
locking: cementless C o  locking: cementless Ti other implants unknown 
stem wi mod. Co head 

~ 

All Ti and Co components are alloys except for the Harris-Galante I, the Harris-Galante 11, and where otherwise indicated 
THR = total hip replacement and TKR = total knee replacement. 
0 Loosening includes loosening with or without ostcolysis. 
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American Type Culture Collection (Rockville. MD, U.S.A.). In 
addition. fibroblast cell lines from human synovial tissue and 
interfacial membranes were established in our laboratory ( 1  I ,  
1238). Peripheral blood monocytes were isolated on a discon- 
tinuous Percoll gradient followed by adherence of the cells to 
plastic, as described previously (11). Macrophagelserum-free me- 
dium (Gibco BRL. Gaithersburg, MD, U.S.A.) supplemented with 
10 mM HEPES (Boehringer Mannheim Biochemicals. Indianapo- 
lis, IN, U.S.A.), 0.5 mM 2-mcrcaptoethanol (Sigma Chemical, St. 
Louis, MO, U.S.A.), 1% nonessential amino acids (Gibco BRL), 
1 %  sodium pyruvate (Gibco BRL). and 100 pg/ml gentamicin 
(Sigma Chemical) was used to exclude the effects of serum fac- 
tors on cell stimulation. Nonadherent cells were removed after 12 
hours of incubation at 37"C, and cells adhering to plastic were 
harvested with a solution of trypsin-EDTA (Sigma Chemical). This 
cell separation yielded approximately 8.5% recovery of monocytes 
from peripheral blood, and the cell population was shown to be 
81-89% Mac-I' by flow cytometry (data not shown).The cells were 
washed twice, resuspended at a concentration of 1 X lo6 cellslml 
in macrophageiserum-free medium, and plated in a 24-well tissue 
culture plate (1 ml per well). One hour later, 100 pl of cell-free 
medium was replaced with 100 pl of a 10X concentration of the 
particle suspension of interest. 

Isolation of Mononuclear Cells 
of the Interfaciat Membrane 

This procedure was established and has been routinely used in 
our  laboratory (11). Briefly, interfacial membranes obtained at 
revision surgery were transported immediately from the operat- 
ing room to the tissue culture laboratory in Dulbecco's modified 
Eagle medium (Gibco BRL). The samples were washed three 
times with phosphate buffered saline and cut into 2-3 mm pieces; 
the cells were released by digestion with pronase (Calbiochem, La 
Jolla, CA, U.S.A.) for 30 minutes followed by a &hour digestion 
with 0.4% collagenase (Worthington Biochemical, Freehold, NJ, 
U.S.A.) in Dulbecco's modified Eagle medium containing 10% 
fetal calf serum (Hyclone, Logan, UT, U.S.A.). The cells were then 
washed with phosphate buffered saline, and interfacial membrane 
mononuclear cells were isolated by Percoll gradient density sepa- 
ration as described above. Preliminary experiments have shown 
that more than 95% of these Percoll-separated cells adhere to 
plastic within 4-6 hours, whereas the discarded population has less 
than 3% adherent cells. These cells ( 5  X los cells/ml) were seeded 
in macrophageiserum-free medium in wells of a 24-well tissue 
culture plate (Costar, Cambridge, MA, U.S.A.). In all experiments, 
the medium was removed aftcr 8 hours, the adhered cells were 
washed twice with macrophage/serum-free medium, and the cells 
were then challenged with either Ti or CrPO, particles at 0.012, 
0.025,0.05, and 0.1% (volivol) concentrations. 

Preparation of Conditioned Media 
Conditioned media from all cell cultures were harvested 24 hours 

following stimulation with particulates and were centrifuge-filtered 
through a 0.22 pm polycarbonate filter unit with a microcentrifuge 
tube (SpinX, centrifuge filter unit; Costar). Prostaglandin E2 was 
immediately converted to the methyloximate form (22). Samples 
were stored in aliquots at -80°C and all assays, including the 4sCa 
release, were performed within 1 month. 

Viability Tests and [3H]thymidine Incorporation 
The trypan blue exclusion test was routinely used to determine 

the viability of cells (7,8,11). Sincc the presence of phagocytosed 
Ti particulates, especially at higher concentrations, precluded a 
precise evaluation of dye-exclusion, cell viability was determined 
with fluorescein diacetate (Molecular Probes, Eugene, OR, U.S.A.) 
according to a method previously described (29). In both cases, 
macrophages were detached by trypsin-EDTA and transferred to 

a polypropylene tissue culture tube for 2 hours to allow regener- 
ation of the cell membrane before viability testing. Viability tests 
were performed in duplicate. At least 200 cells were counted in 
transmission (for trypan blue exclusion) o r  epifluorescent mode 
(for fluorescein diacetate) in a Microphot-FXA microscope (Ni- 
kon, Melville, NY, U.S.A.). 

Proliferation of cells was measured by two methods: count- 
ing cells at the beginning and end of the experiments and using 
incorporation of [3H]thymidine (Amersham, Arlington Heights. 
IL, U.S.A.) into DNA in a microplate system (7,8). Cells were 
harvested (Tomtec, Orange, CT, U.S.A.) from 96-well micro- 
titration plates at different time periods after a 12-hour iso- 
tope incorporation (1 pCi [0.037 MBq] [?H]thymidine per well) 
followed by a 20-minute trypsin-EDTA (25 111 of lox trypain- 
EDTA per well) treatment. 13H]thymidine incorporation was 
measured using a Betaplate scintillation counter ( W a l k ,  Gai- 
thersburg, MD, U.S.A.). 

Flow Cytometry 
Flow cytometry analysis was used for phenotypic charac- 

terization of Percoll-sedimented and plastic-adhered interfacial 
membrane mononuclear cells. Adherent cells were trypsinized 
(as above). and the re-expressions of cell surface receptors were 
allowed by incubating the cells in Dulbecco's modified Eagle 
medium containing 10% fetal calf serum for 4-6 hours in poly- 
propylene tubes at  37°C. Cells (5 X LO7) were incubated with 
appropriate monoclonal antibodies, washed, and then treated 
with biotinylated goat anti-mouse immunoglobulin (Pharmin- 
gen, San Diego, CA, U.S.A.). Both antibody treatments were 
performed in phosphate buffered saline containing 1 YO bovine 
serum albumin (Sigma Chemical) and 0.02% sodium azide for 
1 hour at 4°C. Following antibody treatments, the cells were 
washed and then incubated for I hour at 4°C in the dark with 
streptavidin-R-Phycoerythrin (Gibco BRL). Mouse isotype- 
matched irrelevant (antiproteoglycan) antibodies (4), followed 
by biotinylated rat anti-mouse IgG (Pharmingen), were used as 
negative (isotypc) controls. After two more washes, the cells 
were fixed in 1% formaldehyde and samples were read on a 
FACSCAN (Becton-Dickinson, Rutherford, NJ, U.S.A.) using 
Lysis 11 software. 

Murine monoclonal antibodies to human macrophageimono- 
cyte (Mac-liCD11 biOKM-1 from Pharmingen. clone 44; CD68 
from Dako, Copenhagen, Denmark, clone KPl), fibroblast (propyl 
4-hydroxylase, from Dako, clone 5B5) and endothelial cell (ATCC 
clone 14E5) markers were used (11). For the localization of intra- 
cellular markers, cells were permeabilized with methanol for 5-10 
minutes at 4°C prior to treatment with monoclonal antibody KP1, 
SBS, or 14ES. Using Percoll gradient centrifugation and plastic 
adherence, in the primary cultures of interfacial membrane mono- 
nuclear cells, Mac-1' cells ranged from 42 to 84%; CD68' cells, 
from 32 to 78%; propyl 4-hydroxylase (fibroblasts) positive cells, 
from 18 to 32%; and fewer than 5% of endothelial cells were 
detected. 

Immunohistochemical Study 
Ten thousand peripheral blood monocytes or interfacial mem- 

brane mononuclear cells in 500 p1 of macrophageiserum-free me- 
dium were plated in eight-well chamber slides (Nunc, Naperville, 
IL, U.S.A.), incubated overnight, washed in phosphate buffered sa- 
line, and fixed in cold methanol (4°C) for 15 minutes.The cells were 
washed in phosphate buffered saline three times for 2 minutes each, 
treated with 100 pI of 1 % normal goat serum in phosphate buffered 
saline with 1 Yo bovine serum albumin to prevent non-specific bind- 
ing, and then incubated for 1 hour at room temperature with a 
panel of different monoclonal antibodies (11): anti-CD68, anti- 
Mac-1 (both are reactive with macrophages), 5B5 (reactive with 
fibroblasts). and 14E5 (reactive with endothelial cells). The cells 
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were washed four times, and then the rhodamine or fluorescein- 
labeled secondary antibody (goat anti-mouse IgG; ICN Biomedi- 
cal% Costa Mesa, CA, U.S.A.) was applied for 45 minutes. The cells 
were rinsed, fixed in 10% neutral formalin, fluoromounted, and 
examined under a Nikon Microphot-FXA microscope. 

IL-1 Assay 
Initially, IL-1 was measured by bioassay using the IL-1-sensitive 

DlOS T-cell line (28), as described previously (7,8). The bioassay 
is sensitive down to femtomolar concentrations of IL-1. Receptors 
of DlOS cells recognize both a and forms of either human or 
murine IL-1 (30). The proliferation of DlOS cells is independent 
of the presence of other growth factors, such as mouse and human 
IL-2, IL-4, IL-6, murine TNF-a, or interferon-y, which was tested 
by Orencole and Dinarello (28) and in our laboratory as well. 
Briefly, serial dilutions of conditioned media from human periph- 
eral blood monocytes, THP-1 monocytes, interfacial membrane 
mononuclear cells, and control (synovial and interfacial mem- 
brane) fibroblasts were made in macrophagelserum-free media. 
Samples (100 pl) in 96-well microtitration plates were cultured 
with DlOS cells (2,000 cells in 100 pl; starting cell number) for 72 
hours. Twelve-hour incorporation of [3H]thymidine (1 pCi [0.037 
MBq]) into DNA was measured in each culture by scintillation 
counting after the cells were harvested and placed onto fiberglass 
filter paper as described for other cell proliferation assays (8). 
Recombinant human IL-la (rH IL-la) (Genzyme, Boston, MA, 
U.S.A.) was used as a standard. After this initial screening, human 
IL-la and IL-10 also were measured by enzyme-linked immuno- 
assay (ELISA) using a kit available from R and D Systems (Min- 
neapolis, MN, U.S.A.). 

Prostaglandin E2 Assay 
Prostaglandins of the E series are the most important but the 

least stable prostanoids, since they are readily converted to pros- 
taglandin A and prostaglandin B. Thus, prostaglandin E2 in samples 
was converted immediately to prostaglandin E,-methyloximate 
(22) and measured by the Amersham prostaglandin E2 12sI com- 
petitive radioimmunoassay system, as previously described (7,s). 

Fibroblast Proliferation Assay 
Subconfluent cultures of human foreskin fibroblasts (cell line 

CRL1475) were trypsinized, washed, and resuspended in Dulbec- 
CO’S modified Eagle medium containing 10% fetal calf serum. A 
suspension of 1 X lo4 cells in 200 pl was added to each well of a 
96-well plate (Costar). After 24 hours at 37”C, the medium was 
replaced with 200 pl of Dulbecco’s modified Eagle medium con- 
taining 0.3% fetal calf serum to culture fibroblasts in a quiescent 
serum-starved state. After a further 24 hours, the medium was 
replaced with 150 pl of serum-free Dulbecco’s modified Eagle 
medium together with 50 p1 of a serial dilution of particulate- 
challenged monocyte/macrophage conditioned media in macro- 
phagdserum-free medium. The plates were incubated for 48 hours 
at 37°C. The cells were then pulsed with 1 pCi (0.037 MBq) of 
[3H]thymidine for 16 hours and trypsinized. Incorporated radioac- 
tivity was measured by a scintillation counter. 

Bone Resorption Assay 
For the quantitative bone resorption assay, we used neonatal 

calvariae from BALB/c mice, as described previously (7). Briefly, 
newborn mice were subcutaneously injected with 1 pCi (0.037 
MBq) of [45Ca]C12 (ICN Biomedicals), and the calvariae were re- 
moved 4 days later (7). Paired half-calvariae of the parietal and 
frontal bones were cultured in 1 ml of Dulbecco’s modified Eagle 
medium (7,ll) supplemented with control macrophage/serum- 
free medium or conditioned medium that was harvested from 
particle-stimulated cells. The effects of various particulates were 
expressed as percentages of 45Ca release relative to the sponta- 

neous W a  release measured in the nontreated control (paired) 
calvariae (7). 

Statistical Analysis 

with Bonferroni correction. 
Group comparisons were accomplished with Student’s t test 

RESULTS 
Effect of Ti and CrP04 on Cell Proliferation 
and Viability of Peripheral Blood Monocytes 

Cultures of peripheral blood monocytes with either 
CrP04 or Ti (0.012-0.1% concentrations) for 3-5 days 
did not result in a decrease in cell viability compared 
with nonstimulated cells. Neither particle species in- 
duced any measurable drop in cell proliferation of 
peripheral blood monocytes. In contrast, both CrPO, 
and Ti particles caused some increase in cell prolif- 
eration that was dose-dependent. However, these 
stimulatory effects of metal particles (maximum 10% 
increase in a 24-hour culture) were quite variable 
from donor to donor and from patient to patient, and 
there was no significant difference in cell proliferation 
among any patientjdonor groups. 

Effect of Particles on IL-1 and Prostaglandin E2 
Production by Peripheral Blood Monocytes 

Both CrP04 and Ti particles induced IL-1 release in 
a dose-dependent manner in peripheral blood mono- 
cytes both from healthy volunteers and from patients 
who had had a total hip replacement (Fig. 2A and B). 
IL-1 was detected by both ELISA (Fig. 2) and bioassay 
(results not shown); however, the levels detected by 
ELISA were several-fold higher, indicating that some 
IL-1 secreted in the medium was present in an inactive 
form. Large variations were observed among patients, 
even when unstimulated. Generally, titers of IL-lp 
were greater than those of IL-la, and responses to Ti 
particles were always greater than those to CrP04 par- 
ticles at a given concentration. As the “baseline” level 
of IL-1 released by nonstimulated peripheral blood 
monocytes showed substantial individual variation, 
and peripheral blood monocytes from patients who 
had undergone total hip replacement produced higher 
levels of IL-1 than those from normal volunteers, even 
when unstimulated, we subtracted the nonstimulatory 
level in each case from the post-stimulatory levels in 
order to calculate the net effects of the stimulants (Fig. 
2). Even after this correction, the peripheral blood 
monocytes from the patients produced significantly 
(p < 0.05) more IL-1 (both IL-la and IL-1p) than was 
produced by peripheral blood monocytes from nor- 
mal volunteers in response to either Ti or CrPO, 
particles (Fig. 2A and B). Beyond the individual dif- 
ferences, monocytes from patients with or without os- 
teolysis produced approximately the same levels of 
IL-1 after particulate stimulation, and there were no 
significant differences found in these mediators in 
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FIG. 2. Interleukin-la (IL-la) (A), interleukin-lp (IL-lb) (B), and prostaglandin EZ (PGE2) (C) were measured in 24-hour culture medium 
harvested from a nonstimulated human macrophageimonocyte (THP-1) cell line, peripheral blood monocytes of age-matched healthy 
(normal) volunteers (NV-PBM) and patients who had undergone a total hip replacement (IT-PBM), and from those cells after stimulation 
with chromium orthophosphate (CrPO,) or titanium (Ti) (all at 0.1 % concentration). D: The bone resorptive activities of conditioned 
media harvested from the same macrophagehonocyte cultures used for measurement of cellular mediators. The bone resorption is 
represented as a ratio of 4SCa release measured in calvarial organ cultures treated with conditioned media from particle-stimulated mac- 
rophage/monocyte cultures relative to 45Ca release measured in control cultures (first column of each group). IL-la, IL-lb, and prosta- 
glandin E2, and 4sCa release were significantly higher (p < 0.01) in peripheral blood monocyte cultures exposed to conditioned media 
from particle-stimulated monocyte cultures. 

various groups of patients (results not shown). 
Human peripheral blood monocytes from patients 

who had had a total hip replacement produced signif- 
icantly higher levels of prostaglandin E, than periph- 
eral blood monocytes from normal volunteers after Ti 
particle stimulation (p < 0.05) but not after CrP04 
particle stimulation (Fig. 2C). Patients with osteolysis 
tended to produce higher levels of prostaglandin E2 
than those without osteolysis, but these increases were 
not statistically significant (p = 0.141 for Ti and p = 
0.154 for CrPO,). The results from all patients are 
summarized in Fig. 2C. We studied the correlation be- 
tween peripheral blood monocytes and interfacial 
membrane mononuclear cells using samples from five 
patients from whom both blood and interfacial mem- 
brane were obtained (Table 1). Although the small 
number of samples did not permit definitive conclu- 
sions, in general there was a correlation in the re- 
sponses of peripheral blood monocytes and interfacial 
membrane mononuclear cells in terms of IL-lD and 
prostaglandin E2 secretion following stimulation both 
with Ti and CrP04 particles (results not shown). 

Cytokine and Prostaglandin E2 Production 
by Interfacial Membrane Mononuclear Cells 

Conditioned media from explant cultures of interfa- 
cial membrane tissue contained both IL-1 and prosta- 

glandin E2, but it has not been determined precisely 
which cells are responsible for this production (32). 
As fibroblasts of the interfacial membrane did not 
produce measurable levels of IL-1 or prostaglandin 
E2 (11,12,38), we isolated mononuclear cells, pre- 
dominantly Mac-1' and CD68' macrophages, from 
interfacial membranes and characterized them by 
flow cytometry and immunohistochemistry, as pre- 
viously described (1 1). These interfacial membrane 
mononuclear cells were subsequently challenged with 
particulates. Mononuclear cells from the interfacial 
membrane of all 14 patients produced both IL-la and 
p and prostaglandin E, (Fig. 3A-C) and exhibited 
strong bone resorption activity following stimulation 
with either Ti or CrP04 particles (Fig. 3D). However, 
the levels of these cellular mediators varied greatly 
among patients. Interestingly, interfacial membrane 
mononuclear cells produced significantly higher lev- 
els of prostaglandin E2 (in comparison with periph- 
eral blood monocytes), with or without stimulation 
(compare scales of Figs. 2C and 3C). The prostaglan- 
din E2 levels in nonstimulated cultures of interfacial 
membrane mononuclear cells (Fig. 3C) were approxi- 
mately the same as the highest levels measured in 
tissue-culture media of particle-stimulated peripheral 
blood monocytes (Fig. 2C), even though the interfacial 
membrane mononuclear cell number was approxi- 
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FIG.3. Interleukin-la (IL-la) (A), interleukin-lp (IL-lb) (B),prostaglandin E2 (PGEJ (C), and reiease (D) were measured in culture 
media harvested from nonstimulated and from titanium (Ti) or chromium orthophosphate (GPO,) (both 0.1 %) particle-stimulated mono- 
nuclear cells of the interfacial membrane. The results of interfacial membrane mononuclear cells from patients with (n  = 8) or without 
(n = 5 )  osteolysis are indicated separately (Table 1). There are no significant differences between corresponding values of the responses 
of interfacial membrane mononuclear cells derived from patients with or without osteolysis. 

mately half that in peripheral blood monocyte cul- 
tures. In general, there was no significant difference 
in levels of cellular mediators between patients with 
osteolysis and those without (Fig. 3). As before, cy- 
tokine production in response to Ti stimulation was 
higher than that in response to CrPO, at equivalent 
volume fractions (p < 0.05); however, both particle 
species induced similar levels of bone resorptive activ- 
ity (Fig. 3D). 

Fibroblast Proliferation Induced 
by Conditioned Media 

Conditioned media from peripheral blood mono- 
cytes of normal volunteers stimulated with either Ti 
or CrP04 particles (0.1 and 0.05% concentrations) in- 
duced human fibroblast proliferation. Using the same 
volume of conditioned medium harvested from the 
same number of peripheral blood monocytes (1 X 
lo6 cellslml), the response was proved to be dose- 
dependent, i.e., higher concentrations of particles 
elicited a higher proliferation of fibroblasts. However, 
there was no difference between conditioned media 
of peripheral blood monocytes cultured from normal 
volunteers or from patients who had had a total hip 
replacement (results not shown). In summary, (a) the 
effect of conditioned media from Ti-stimulated cells 
(either peripheral blood monocytes or interfacial 
membrane mononuclear cells) was greater than that 
of conditioned media from CrP0,-stimulated cells, 
(b) conditioned media cultured from interfacial mem- 
brane mononuclear cells were significantly (p < 0.01) 

more stimulatory than those cultured from peripheral 
blood monocytes, and (c) there was no significant 
difference in fibroblast proliferation by conditioned 
media of interfacial membrane mononuclear cells de- 
rived from patients with or without osteolysis. 

Induction of Bone Resorption in 
Organ Cultures by Conditioned Media 

Stimulation of all cell types with either CrP04 or Ti 
particles resulted in varying degrees of bone resorp- 
tion activity of the conditioned media. In all cases, 
levels of bone resorption (unlike cytokine production) 
were comparable with conditioned media from CrPO, 
and Ti-stimulated cultures (Figs. 2D and 3D); thus, the 
levels of bone resorption did not correlate with levels 
of IL-1, prostaglandin EZ. or fibroblast proliferation 
measured in conditioned media. Responses of normal 
human peripheral blood monocytes varied from vol- 
unteer to volunteer, with some eliciting strong bone 
resorption and others only very little. One parameter, 
however, was consistent: peripheral blood monocytes 
from patients with implants produced higher levels of 
bone resorption activity when stimulated than those 
from normal human volunteers (p < 0.05) (Fig. 2D). 
Conversely, there was no significant difference in lev- 
els of bone resorption in patients with and without 
osteolysis (Fig. 3). 

DISCUSSION 
The aggressive granulomatous tissue that develops 

at the bone and cement or the bone and prosthesis 
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interface is believed to play a central role in peri- 
prosthetic osteolysis and aseptic loosening of total hip 
arthroplasties (13). It is hypothesized that the for- 
mation of this aggressive granulomatous soft tissue is 
a response to particulate wear debris derived from 
the prosthetic material and (when present) bone ce- 
ment (2,13). Phagocytosed particulates activate mac- 
rophages and osteoblasts, and perhaps also fibroblasts, 
to produce factors that stimulate osteoclastic bone 
resorption and reduce bone formation (36). More re- 
cently, CrPO, particulates, produced as a result of fret- 
ting corrosion at modular headheck assemblies, have 
been observed in osteolytic tissue (20,35) and hence 
may also contribute to bone resorption. We have pre- 
viously demonstrated the ability of Ti wear debris to 
stimulate murine macrophages (7,8,12) and human 
monocytes to release factors (33) that can induce bone 
resorption. Among these cellular mediators, prosta- 
glandin E2 is believed to be the major regulatory com- 
ponent of IL-1-mediated bone resorption (1,23,39); 
therefore, in this study we compared the effects of 
both CrP04 and Ti particles on the secretion of IL-1 
and prostaglandin E2 by human monocytes from nor- 
mal volunteers and from patients with implants. We 
correlated the levels of these cytokines measured in 
cell supernatants with bone resorption activity and 
fibroblast proliferative activity. 

We found that monocytes both from patients who 
had undergone a total hip replacement and from 
normal individuals produced high levels of IL-la 
and IL-lP as well as prostaglandin following stimu- 
lation with either Ti or CrP04 particles. Levels of 
IL-1 and prostaglandin E2 in conditioned media 
from Ti-stimulated peripheral blood monocytes were 
higher than those in conditioned media from CrP04- 
stimulated cells at all particle concentrations used, 
and this corresponded with an increase in fibroblast 
proliferative activity of these supernatants. However, 
conditioned media from peripheral blood monocytes 
stimulated with either particulate species produced 
similar levels of bone resorption when assayed in 
organ cultures, implying that there was no direct cor- 
relation between IL-Uprostaglandin E2 levels, fi- 
broblast proliferation, and bone resorptive activity. 
Indeed, we have previously shown that antibodies to 
IL-1 can reduce, but not abrogate, bone resorptive 
activity of supernatants from particulate-stimulated 
macrophages (7,12), highlighting the participation of 
other factors in particulate-induced bone resorption. 

To gain an understanding of the clinical implica- 
tions of particulate debris in failed total hip replace- 
ment prostheses, we compared the responses to both 
Ti and CrP04 of peripheral blood monocytes from 
both normal volunteers and patients who had had a 
total hip replacement. Interestingly, we found that 
both the cytokine levels and bone resorptive activities 

produced by peripheral blood monocytes from pa- 
tients with implants were significantly higher than 
those produced by the normal volunteers. This sug- 
gests that the patients with implants have become 
more sensitive to the metal particles or to ions derived 
from prosthetic components, or both. Metal ions can 
directly enhance the release of proinflammatory cyto- 
kines, such as IL-1, IL-6, and TNF-a, by activated hu- 
man monocytes (37), and this may contribute to their 
in vitro responsiveness to metal particulates. More- 
over, it is likely that a select group of patients with 
osteoarthritis who undergo joint replacement surgery 
have an increased sensitivity to inflammatory stimuli 
or exhibit a slightly different signaling mechanism in 
comparison with healthy volunteers. 

Having demonstrated the ability of both Ti and 
CrPO, particles to effect bone resorptive activity from 
peripheral blood monocytes (precursors of the tissue- 
based macrophages), we next sought to determine the 
effect of these particles on the more clinically relevant 
mononuclear cells from the interfacial membrane of 
patients with failed total hip replacements. Interfacial 
membrane mononuclear cells consist not only of tis- 
sue macrophages but also of many fibroblasts and 
endothelial cells and a small number of lymphocytes 
(11,12,14,32). The ratio of these cell types differs enor- 
mously from patient to patient depending on the de- 
gree of fibrosis, the type of implant, and the mode 
of fixation. On average, we recovered 5-10 X lo6 ad- 
herent mononuclear cells from 1-3 g (wet weight) of 
interfacial membrane tissue. In preliminary exper- 
iments, we measured the levels of various cellular me- 
diators in conditioned media of mononuclear cells 
isolated from three patients after plastic adherence 
with or without additional purification by flow cy- 
tometry. When the same numbers of CD68' cells of 
the same patient wereused, there were no differ- 
ences in the production of IL-1 or prostaglandin E2 in 
flow cytometry-separated or unseparated cultures. In 
addition, conditioned media from Ti-stimulated cul- 
tures of interfacial membrane mononuclear cells (ei- 
ther highly purified or after adherence) exhibited 
similar bone resorptive activities. Although the vari- 
ous types of adherent cells can be separated by flow 
cytometry or the magnetic-bead method using cell- 
specific monoclonal antibodies (ll), we have used all 
the mononuclear cells that remained adherent to the 
plastic after an 8-hour culture period. These cells pro- 
duced very high levels of cytokine and bone resorp- 
tion activities, especially following stimulation with Ti 
and CrPO, particles. 

Interestingly, interfacial membrane mononuclear 
cells produced higher levels of prostaglandin EZ, not 
only with but also without stimulation, when com- 
pared with peripheral blood monocytes. A possible 
explanation is that the interfacial membrane mono- 
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nuclear cells consisted of already activated so-called 
exudate macrophages, which release certain levels of 
mediators even without stimulation. However, it is 
difficult to exclude the stimulatory effect of the cell- 
isolation procedure. If we subtract the prestimulatory 
(baseline) levels from post-stimulatory levels, the net 
amount of mediator release was not significantly dif- 
ferent between peripheral blood monocytes and inter- 
facial membrane mononuclear cells, suggesting that 
the total capacity of the cells to respond to foreign 
particulates was similar. Further studies to examine 
the individual and combined effect of various cell 
types and the combined effect of multiple particulates 
are required and have already been performed in our 
laboratory (11,12,38). In the present study, the re- 
sponses of cells from interfacial membranes with or 
without osteolysis to particulates are not significantly 
different, although cells from interfacial membranes 
with osteolysis tended to produce higher levels of me- 
diator release. Further studies with a greater number 
of samples and a more homogeneous patient popula- 
tion will help to clarify this issue. The aggressive be- 
havior of cells from osteolytic areas is most likely the 
consequence of multiple cellular interactions, the ef- 
fects of various products of cells exposed to particu- 
late biomaterials, and perhaps the mechanical milieu. 

An inherent limitation in these patient-based stud- 
ies is that, by their very nature, the study groups are 
very heterogeneous in terms of their underlying diag- 
noses, co-morbidities, number of previous revisions, 
presence of other metallic implants, composition of 
the implants, mode of fixation, time in sity mechanism 
of failure, and other demographic factors. This heter- 
ogeneity may confound the interpretation of the data. 
For this reason, a comparison of groups was limited to 
(a) subjects with and without implants and (b) sub- 
jects with and without osteolysis. We compared the 
former two groups to address the hypothesis that in- 
dividuals with permanent metallic implants have an 
altered reactivity to the degradation products of their 
implants, whereas the latter comparison addressed the 
hypothesis that individuals with osteolysis are some- 
how “biologically susceptible” to this aggressive peri- 
prosthetic reaction. The findings of this study support 
the former hypothesis. However, the current investi- 
gation does not support the latter hypothesis; more 
definitive conclusions regarding the issue of individual 
susceptibility to osteolysis await additional patient- 
based investigations with larger, more homogeneous 
groups. 

Although cytokine production by peripheral blood 
monocytes of normal volunteers exposed to Ti and 
polyethylene particulate wear debris (33) has previ- 
ously been demonstrated, this study is unique, to our 
knowledge, in that peripheral blood monocytes from 
patients who had had a total hip replacement were 

shown to exhibit higher sensitivity and increased re- 
sponsiveness to particulate stimulation. In addition, 
the ability of CrPO, corrosion products to evoke cy- 
tokine production and bone resorption activity from 
these cells was demonstrated. Both of these findings 
provide important insights into the pathophysiology 
of periprosthetic bone loss. 
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