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Abstract

Hypersensitivity to metallic implants remains relatively unpredictable and poorly understood. We
initially hypothesized that metal-induced lymphocyte proliferation responses to soluble metal
challenge (ions) are mediated exclusively by early T-cell activation (not B-cells), typical of a
Delayed-Type-Hypersensitivity response. We tested this by comparing proliferation (6-days) of
primary lymphocytes with early T-cell and B-cell activation (48-hours) in three groups of subjects
likely to demonstrate elevated metal-reactivity: Group 1(n=12) history of metal-sensitivity with no
implant; Group 2a(n=6) well performing metal-on-metal THRs, and Group 2b(n=20) subjects with
poorly performing metal-on-polymer total joint arthroplasties (TJA). Group 1 showed
100%(12/12) metal reactivity (Stimulation Index>2) to Ni. Group 2a&2b were 83%(5/6) and
75%(15/22) metal reactive (to Co, Cr or Ni) respectively. Of the n=32 metal reactive subjects to
Co, Cr or Ni (SI1>2), n=22/32 demonstrated >2-fold elevations in % of T-cell or B-cell activation
(CD25+,CD69+) to metal challenge compared to untreated control. 18/22 metal-activated subjects
demonstrated an exclusively T-cell or B-cell activation response to metal challenge, where 6/18
demonstrated exclusively B-cell activation and 12/18 demonstrated a T-cell only response, as
measured by surface activation markers CD25+ and CD69+. However, there was no direct
correlation (R?<0.1) between lymphocyte proliferation and % T-cell or B-cell activation
(CD25+:CD69+). Proliferation assays (LTT) showed greater ability to detect metal reactivity than
did subject-dependent results of flow-cytometry analysis of T-cell or B-cell activation. The high
incidence of lymphocyte reactivity and activation, indicate that more complex than initially
hypothesized immune responses may contribute to the etiology of debris induced osteolysis in
metal-sensitive individuals.
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Introduction

While hypersensitivity to metallic implants is well documented in case reportsl: 5: 30° 40-
54+ 62+ 68' 74 and group studies,12+ 17+ 18+ 20» 22725+ 29+ 31+ 34 43> 53: 56 it remains a
relatively unpredictable and poorly understood phenomenon.6+ 22+ 27 All metals in contact
with biological systems corrodell: 46 and the released ions, while not sensitizers on their
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own, can activate the immune system by forming complexes with native proteins.55' 75 76
These metal-protein complexes are considered to be candidate antigens (or more loosely
termed, allergens) for eliciting metal hypersensitivity responses. Although little is known
about the short-and long-term pharmacodynamics and bioavailability of circulating metal
degradation products in vivo'10: 44 45, 55 it is known that the degradation products of
metallic biomaterials include particulate wear debris, colloidal organometallic complexes
and metallic ions (both specifically and non-specifically bound to proteins), inorganic metal
salts/oxides, and precipitated organometallic storage forms.

Immunologic responses (e.g. cell-mediated hypersensitivity) associated with metal
components may be partly responsible for this differential reactivity. The most common
metals which are allergens/sensitizers include nickel,29: 42 47: 51 cobalt,51 and chromium,
51 while occasional responses have been reported to tantalum,4 titanium50+ 60 and
vanadium4. Nickel is the most common metal sensitizer in humans followed by cobalt and
chromiumé: 29: 42 47 and cross reactivity between nickel and cobalt is common.6 While
the prevalence of metal sensitivity among the general population is approximately 10% as
noted above, the prevalence of metal sensitivity among patients with well functioning and
poorly functioning implants has been reported to be approximately 25% and 60%,
respectively, as measured by dermal patch testing.34 However, the specific metals that
mediate implant related metal hypersensitivity reactions, the true clinical prevalence of
metal hypersensitivity, and the clinical impact of metal hypersensitivity on TJR patient
populations are unknown.

In this study of metal induced responses of peripheral blood mononuclear cell populations,
the term “metal hypersensitivity” will be used to describe elevated responses by T-cells and
B-cells to metal challenge. However, generally, metal hypersensitivity has been
characterized in past clinical and in vitro studies as mediated by T-cells in classical delayed
type hypersensitivity type responses, DTH type 1V.51' 67 The effector phase of a DTH
response is initiated by contact of sensitized T cells with an antigen presented in class Il
MHC by antigen presenting cells (APCs). In this phase T cells, which are antigen-activated,
are characterized as Telper Cells and, in conjunction with APC's, can secrete a variety of
cytokines that recruit and activate macrophages, monocytes, neutrophils and other
inflammatory cells. These released cytokines include: IL-3 and GM-CSF which promote
hematopoesis of granulocytes; monocyte chemotactic activating factor (MCAF) which
promotes chemotaxis of monocytes toward areas of DTH activation; IFN-y and TNF-f
which produce a number of effects on local endothelial cells facilitating infiltration; and
migration inhibitory factor (MIF) which inhibits the migration of macrophages away from
the site of a DTH reaction. Activated macrophages, because of their increased ability to
present class Il MHC complexes and IL-1, can trigger the activation of more Tijejper cells,
which in turn activates more macrophages, resulting in a vicious cycle. This DTH self-
perpetuation response can create extensive tissue damage.

The specific lymphocyte subpopulations associated with metal hypersensitivity are among
the many facets of metal “allergy” that remain uncharacterized. To what degree do T-cells or
B-cells mediate lymphocyte proliferation in response to specific metals when tested in vitro?
We hypothesized that metal-induced proliferation reactivity (peripheral blood mononuclear
cell, PBMC) responses to soluble metal challenge are mediated exclusively by early T-cell
activation (not B-cells). We tested this hypothesis by comparing metal induced proliferation
of primary lymphocytes with early T-cell and B-cell activation (48 hours) in subjects with
and without joint replacement implants.
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Materials and Methods

T-cell vs. B-cell reactivity was characterized using metal reactive subjects (recruited from
populations previously determined to have a high incidence of metal reactivity36: 37),
which fall into two general categories; those with implant and those without. Those subjects
with an implant were further partitioned into kind of implant (metal-on-metal or metal-on-
polymer articulating bearing). Group 1 metal-reactive control subjects had no implants but
had a clinical history of metal allergy manifested as a cutaneous reaction to “cheap” nickel
or chromium containing jewelry (Group 1, no implant and history of metal sensitivity and
osteoarthritis, n=12, with 11 females and 1 male, average age = 61.5yrs). Group 2 was
subdivided into Group 2a (subjects with well performing pain free metal-on-metal bearing
THA surface replacements, n=6, one of the six had a history of surface effusions associated
with the implant) and Group2b (subjects with poorly performing metal-on-polymer bearing
TJAs, n=20 pre-revision surgery, 18 TKA and 2 THA; all 2b subjects had painful joints with
osteolysis in excess of 0.5cm? 8). Group 2 had either a total knee arthroplasty (TKA) or a
total hip arthroplasty (THA) implant (n=26, with 17 females and 9 males, average age =
57.6). Subjects within both groups were recruited on an all-comer basis and subject groups
were selected to maximize the incidence and recruitment of subjects with in vitro
hypersensitivity to metals. Our previous studies have shown that people with no implants
and no clinical history of metal hypersensitivity do not demonstrate in vitro activation of
metal-challenged PBMCs.14: 15+ 36+ 37 Thus metal induced hypersensitivity responses were
compared to unchallenged PBMCs from the same individuals for contrast with negative
controls. Similarly, people with well performing joint arthplasties have a low incidence of
metal hypersensitivity (estimated at approx 1-3%),34 and thus subjects in this study were
limited to individuals most likely to demonstrate in vitro metal hypersensitivity.

Serum and lymphocytes were obtained from all subjects by peripheral venipuncture after
obtaining Rush University Medical Center Institutional Review Board approval and subject
informed consent. Human primary lymphocytes were isolated using Ficoll gradient
separation of mononuclear cells from approximately 30 mls of blood (15-30 x 108 cells per
subject) and incubated with DMEM and 10% autologous serum with either no metal (plain
medium) as a negative control, 0.01 mg/ml phytohemagglutinin (PHA) as a positive control,
0.1 mM CrCls, 0.1 mM NiCl,, 0.1 mM CoCl, (Sigma, St. Louis, MO). These concentrations
of metal challenge have been extensively investigated previously for toxicity, apoptosis and
DNA damage,13- 35’ 37' 38 where these concentrations have been well documented as non-
toxic, within the limited context of in vitro LTT testing of PBMCs. The amount of
lymphocyte proliferation, activation and cytokine production was normalized to that of the
negative control (no treatment), providing the stimulation index (Sl), activation index and
normalized cytokine ratio.

In vivo circulating levels of metal from implant degradation are generally an order of
magnitude less than that used to challenge lymphocytes, see Table 1.13: 35 38 In addition,
the autologous serum (with metal from an individual with an implant) was used in cell
culture at a concentration of only 10%, which results in more than two orders of magnitude
difference between in vitro metal challenge levels and that in the autologous serum used to
supplemented culture medium. However, the metal challenge concentrations used in this
study are clinically significant given that local concentrations of metal found in peri-implant
tissue (Table 1) are highly elevated, which demonstrates that local peri-implant
concentrations are similar to those used to challenge lymphocytes in the current study.

Proliferation assays

Proliferation of isolated lymphocytes, also known as Lymphocyte Transformation Testing
(LTT), was conducted using [3H]-thymidine (Amersham International, Arlington Heights,
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IL) incorporation into DNA. Other techniques such as CFSE (Carboxyfluorescein
succinimidyl ester) dye using multi-color flow cytometry analysis to co-localized
proliferation to cell type was not possible because of 1) the time difference of flow marker
analysis (48 hours) and proliferation analysis typical of Delayed Type Hypersensitivity LTT
testing (6 days), and 2) the practical limitation of cells available for testing from 48-60mLs
(6% 10mL vacationers) of heparinized peripheral blood per subject. LTT proliferation assays
were performed using lymphocytes cultured in 96-well cell-culture plates (Sigma) with
metal treatments, at a density of approximately 0.2x106 cells/well with [3H]-thymidine (1
uCi [3H]-thymidine/well) for 48 hours in 150uL of DMEM/well, 10% FBS at 37° C and
0.5% CO2. Each metal concentration was tested in quadruplicate (4 wells/metal
concentration) yielding a total of 384 samples. [3H]-thymidine was added during the last 12
hours of a 6-day incubation and was measured using liquid scintillation Beta plate analysis
(Wollac Gatesburg, MD). The amount of [3H]-thymidine incorporation for each metal
treatment was normalized to that of the non-treated control producing a ratio, referred to
here as the stimulation index, Sl (also known as the “proliferation factor”, “proliferation
index”, or “proliferation ratio”). The stimulation index was calculated using measured
radiation counts per minute (cpm) as follows: Stimulation Index = (mean cpm with
treatment) / (mean cpm without treatment). Proliferation tests were conducted in
quadruplicate. The term “metal hypersensitivity” will be used to refer to in vitro elevated
proliferation and surface marker expression of activation.

Flow Cytometry

Flow cytometry was used to characterize subpopulations and activation of lymphocytes. The
fluorescent markers used to characterize lymphocytes included CD4 (T-helper cells), CD19
(B-cells), CD25 (T-cell activation) and CD69 (B-cell activation). Lymphocytes (6x10° from
each individual) were cultured in 48-well plates at a density of 1x108 cells/well and 1 metal
challenge agent per well for 48 hours. Cells collected from each of the 6 wells/subject were
stained with CD markers (following manufacturers protocol, BD Pharmingen, San Diego
Ca) which were used in 4 paired combinations to determine: 1) the ratio of activated T-
helper cells (CD4/CD25), and 2) the ratio of activated B-cells (CD19/CD25). A FACScan
flow cytometer (BD Biosciences, San Diego, CA) was used to measure cell florescence
where a total of 10,000 cells were counted per each CD marker pair. The function of surface
CD marker is as follows:

CD25 is a surface receptor on T-cells also known as IL-2 R alpha, and is a precursor type |
membrane protein with a signal peptide. CD25 binds IL-2 with low affinity, when by itself.
However, when CD25 associates with 1L-2 R beta and gamma a high affinity heterotrimeric
receptor complex that transduces I1L-2 signals is formed. T-regulatory cells express
constitutively high amounts of CD25, but represent a small proportion of circulating T-cells
(<2% in humans) and act as powerful suppressor cells that, if activated by metals, would
result in decreasing overall metal induced T-cell proliferation. The role of T-regulatory cells
in metal activation was beyond the scope of this investigation.

Confocal Microscopy

Confocal Microscopy (Nikon TE200 Confocal fitted, Melville, NY) was used to visualize
patterns of CD3 and CD4 receptor distribution on metal-treated lymphocytes from five Ni
reactive individuals selected from Groups 1 and 2. Anti-CD4/CD4 fluorescent antibodies
were used to stain isolated and treated lymphocytes (BD Biosciences, Franklin Lakes, NJ)
following the manufacturer's protocol. Antibodies were used to determine the pattern(s) of
CD4 receptor distribution that takes place upon lymphocyte and T-cell activation to visually
help identify possible mechanisms of metal induced activation (e.g. superantigen receptor
clustering vs. antigen-presenting-cell dependent interactions).

J Biomed Mater Res A. Author manuscript; available in PMC 2011 February 1.
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Statistical Analysis

Results

Proliferation and activation marker data were subjected to statistical analysis using Student's
t-tests. Student's t-tests for independent samples with unequal or equal variances were used
to test equality of the mean values at a minimum 95% confidence interval (p<0.05) allowed.
A power analysis at 80% confidence was used to determine the goal for group sizes which,
because of the hypothesis of this investigation was assumed to have at least a 50%
difference at p<0.05, means assuming a mean value of 4 and a standard deviation of 0.5
where the group size was required to be n=12.

Metal-Induced Proliferation Assays

All groups demonstrated high levels of in vitro metal hypersensitivity where 100% of Group
1 and 76% of Group 2 subjects showed hypersensitivity to Ni, Co or Cr (Table 2). Nickel
induced the greatest incidence of hypersensitivity where 100% of the subjects in Group 1
and 69% of the subjects in Group 2 showed Ni hypersensitivity (SI>2). Stimulation Indices
calculated from cpm'’s (counts per minute) were used to normalize, average and compare
individual responses. Figure 1a shows the proliferation responses of all subjects tested
(n=38). All metals induced an increase in proliferation where the average of all subjects was
significantly above controls (p<0.05, paired t-test), where Ni proliferation was significantly
greater than Cr (p<0.05, paired t-test). The high (SI>8) or low reactors in the bimodal
distribution observed in subject proliferation to Co (Fig 1a) were not specific to any of the
groups tested. The average lymphocyte proliferation responses of groups 1, 2a and 2b are
shown in Fig 1b, where all three groups demonstrated statistically elevated proliferation
(stimulation index >2) to at least 2 of the 3 metals challenge agents (Cr, Co or Ni). The
highest levels of proliferation to any of the metals was found in the average responses of
Group 1 subjects to Ni which are significantly greater than Group 2a and 2b (p<0.05).
Intergroup comparison of lymphocyte proliferation to the positive control, PHA (a
lymphocyte mitogen), revealed no statistically significant differences between any of the
groups. Group 2 differed in its pattern of metal proliferation from Group 1 in that it
demonstrated a higher proliferation to Co (>6 Stimulation Index) than Ni but this increase
was not significantly above that of Ni or Cr. Both Groups 1 and 2 showed statistically
significant increased proliferation to Ni and Co (Figure 1b), where the incidence of SI>2
metal proliferation to Ni, Co and/or Cr was 100% in Group 1 and 70% in Group 2. The
averaged responses of Group 1 showed the most elevated proliferation to Ni. In contrast,
Groups 2a and 2b demonstrated the highest average proliferation responses to Co (Figure
1b). Group proliferation to Ni, Co or Cr is shown in Table 2. Ni induced the greatest
incidence of proliferation (Table 2), where 30 of all 32 metal reactive subjects were reactive
to Nickel (S1>2).

Lymphocyte Activation- Flow Cytometry

The expression of surface markers CD25 and CD69 were used to measure the amount of T-
cell and B-cell activation, respectively. The activation of T-cells and B-cells to each of the
metal challenge agents (Cr, Co, Ni and PHA) was measured using flow cytometry for each
subject at the relatively early-activation time point of 48 hours where the surface marker
expression of CD25 or CD69 in 10,000 cells was measured to calculate the % of activated
T-cells or B-cells. Flow cytometry testing of individuals was conducted on separate days,
thus calibration of the instrument varied from day to day such that gating to positive controls
of CD4+ FITC and PE vyielded different gate settings on different days. This resulted in
surface marker activation of untreated cells (negative controls) remaining in the range of
approximately 2-3%. Activation by metal challenge agents were measured using the
magnitude of the increase above negative control activation for that same individual,

J Biomed Mater Res A. Author manuscript; available in PMC 2011 February 1.
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facilitating comparison between individuals with different negative control levels of
activation. These results showed a person dependent pattern of T-cell and/or B-cell
activation (Figures 2, 3 and 4). Three individual subjects are used to highlight the different
types of T-cell and B-cell activation found to be associated with proliferation. Figure 2
shows both the proliferation and flow cytometry results of the most reactive subject tested
(i.e. with an over 80 fold proliferation response to Co) who demonstrated both T-cell (47%)
and B-cell (59%) activation in response to cobalt challenge. Subject B (Figure 3)
demonstrated a T-cell dominated response (19% activation T-cell to 5% B-cell activation,
SI>40). This is in contrast to the results in Figure 4 of Subject C where Ni and Co
proliferation responses are associated with B-cell dominated expression of cell surface
activation markers. The correlation of activation of all subjects CD4+ T-cells vs. CD19+ B-
cells with the level of metal induced proliferation is shown in Figure 5. This scatter graph
shows the order of magnitude increase in the PHA induced activation of T-cells and B-cells
when compared to metal induced activation (CD25+ and CD69+). The % activations of
metal-challenged T-cells and B-cells of all subjects are shown in Figure 5, where the
average of all metal treated T-cells and B-cells are above that of negative (untreated)
controls and where 2-3 individuals showed activation levels as high the positive control
(PHA), a powerful lymphocyte mitogen. T-cell activation induced by Co, Cr and Ni was
high enough and consistent enough to be significantly (p<0.05, t-test) increased over
controls. B-cell activation induced by Ni alone was significantly elevated over controls
(p<0.05, t-test). Nickel induced the greatest level of activation and was significantly elevated
over Cr activation (p<0.01, t-test). The average activation of untreated controls was 3% for
T-cells and B-cells (Fig 5); thus a 2 fold increase in metal-induced activation required >6%
T-cell or B-cell activation. This >2 fold activation index was used as a conservative measure
to calculate the incidence of positive activation within Groups 1 and 2 (threshold
conservatively based on guidelines previously established for proliferation testing).16' 26
36+ 37+ 39 There was no significant difference in metal-specific T-cell or B-cell surface
marker expression of activation between Groups 1 and 2 or Groups 1, 2a and 2b.

Among the n=32 metal reactive subjects (SI>2) in Groups 1 and 2, there were 22 subjects
who demonstrated >2 fold activation to metal challenge above that of controls (i.e. >6%
increase above unchallenged self-controls expression of CD25 or CD69 per 10,000 cells).
However, only 18 subjects of these 22 demonstrated an exclusively T-cell or B-cell
activation response to Co, Cr or Ni challenge, where 6 of these 18 subjects demonstrated a
B-cell only activation response (>fold) and 12 of 18 demonstrated a T-cell only >2 fold
activation response to Co, Cr or Ni. 9 of 22 subjects with >2 fold activation showed a T-cell
and B-cell >2 fold activation to challenge with Co, Cr or Ni (Table 2).

Ni and Co induced the greatest incidence of T-cell and/or B-cell activation: where 18 of 29
“Ni reactive” (S1>2) subjects and 7 of 11 “Co reactive” subjects had >2 fold increase in T-
cell and/or B-cell activation over subject matched negative control activation. Only 3 of 11
“Cr reactive” subjects demonstrated a >2 fold increase in activation of T-cells and/or B-
cells. Of the 29 Ni-reactive subjects, 9 demonstrated only T-cell activation, 3 demonstrated
only B-cell activation, 6 demonstrated T-cell and B-cell activation, and 9 demonstrated
neither T-cell nor B-cell activation at 48 hours after challenge with Ni (Table 2). Of the 11
Co reactive subjects, 3 demonstrated only T-cell activation, 3 demonstrated only B-cell
activation, 3 demonstrated T-cell and B-cell activation, and 3 demonstrated neither T-cell
nor B-cell activation at 48 hours after challenge with Co (Table 2). Of the 11 Cr reactive
subjects, 1 demonstrated only T-cell activation, 0 demonstrated only B-cell activation, 1
demonstrated T-cell and B-cell activation, and 9 demonstrated neither T-cell nor B-cell
activation at 48 hours after challenge with Cr (Table 2).

J Biomed Mater Res A. Author manuscript; available in PMC 2011 February 1.
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Confocal Microscopy

Metal treated lymphocytes from five selected Ni-reactive subjects demonstrated two
mechanisms of activation, using the distribution of anti-CD3 and anti-CD4 fluorescently
labeled T-cell receptors. Examples of T-cell and antigen presenting cell contact under
control (non-activated) and metal-activated conditions are shown in Figures 6, 7 and 8. In
these figures antigen presenting cells (APCs) are characteristic of PBMC derived monocytes
which have differentiated into monocyte-macrophages during the course of the 48 hour in
vitro testing. B-cells (CD3+ or CD19+) were not observed as APC in contact with T-cells.
Figure 8 demonstrates the less common occurrence of individual T-cell receptor clustering
into discrete node-like patterns or clustering onto a single side of the lymphocyte (so called
capping) on the T-cell surface, independent of an APC. T-cell/antigen presenting cell
coupled T-cell activation was the dominant mechanism detected visually and was associated
with T-cell activation, only <10% of 100 visually identified activated T-cells were involved
in APC independent clustering per subject.

Discussion

Lymphocyte analysis of primary human peripheral blood mononuclear cells did not
demonstrate a correlation between in vitro lymphocyte proliferation to metal challenge and
T-cell activation (CD69+ or CD25+). Thus, our results did not support our original
hypothesis that early lymphocyte expression of activation is exclusively T-cell mediated.
Only 12 of 32 metal-reactive subjects (Stimulation Index >2) demonstrated T-cell activation
exclusively. Four conditions were all shown to be associated with metal induced PBMC
proliferation to one (or more) of the metals tested: 1) exclusive T-cell surface expression of
activation markers, 2) exclusive B-cell activation, 3) both T-cell and B-cell surface
expression of activation markers, and 4) neither T-cell or B-cell surface expression of
activation markers. This heterogeneity of expression of surface activation marker responses
indicates that T-cells and/or B-cells can be associated with in vitro metal hypersensitivity.
The activation of B-cells without commiserate T-cell activation suggests a potential role for
B-cells in eliciting metal reactivity in vitro and thus may further complicate mitigating and
diagnosing metal hypersensitivity responses in some individuals.

The subjects tested did not have unexpectedly high incidence of in vitro metal
hypersensitivity given that the subject groups were selected based on their high likelihood
for predisposition for metal hypersensitivity, based on past studies.34:36: 37 Group 1
individuals with a history of dermal metal sensitivity were found to be 100% (12 of 12)
metal reactive to Ni. Group 2a individuals with well functioning metal-on-metal implants
were found to be 83% (5 of 6) metal reactive (to Ni, Co or Cr) and Group 2b subjects with a
poorly functioning metal-on-poly TJA (pre-revision surgery) were found to be 75% (15 of
22) metal reactive (to Co, Cr or Ni). These incidences of in vitro assayed metal
hypersensitivity are slightly higher than incidence levels previously reported for similar
groups.34: 36: 37 The general prevalence of dermal metal sensitivity among patients with
well functioning and poorly functioning total joint replacements implants has been reported
to be approximately 25% and 60%, respectively.34 Past investigations of patients with
metal-on-metal implants using patch testing have found similarly high incidences of
sensitivity from 10% to 74% with an average of approximately 46% incidence (subject-
weighted average of 6 previous investigations with n=157 subjects cumulatively),7> 23725
34+ 36+ 37' 58 whereas the prevalence of dermal metal sensitivity among the general
population is approximately 10%.34

Group 1 (subjects with a history of metal sensitivity and no implant) demonstrated the
highest proliferative hypersensitivity to Ni (p<0.05), whereas Group 2 individuals with TJAs
were most proliferative to Co (p<0.05), the major metal within their TJA implants. This
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indicates that priming or sensitization may occur in vivo, however, the expression profile of
surface markers of activation of T-cells or B-cells was not significantly different from Group
1 individuals without implants (Figure 1b).

The practical limitations necessitating a limited time-point study of B-cell and T-cell metal-
induced activation (at 48 hours) in metal-reactive individuals reflects only an early cross-
section of many cumulative events, which includes late and early competing and cooperative
immune cell dynamics (e.g. mechanisms of tolerance, synergy, APC activation, individual
dependent B-cell to T-cell ratio, etc.). Practical limitations associated with the amount of
blood draw (6 x 10mL vacutainers) did not facilitate the analysis of multi-time point
activation analysis. Thus 48 hours was chosen based on prior previous reports.28: 63: 64 71
However, the goal of this investigation was to link more causal “early” T-cell or B-cell
activation, with “late” proliferation responses. Thus an important finding of this study was
that metal-hypersensitivity as detected by proliferation assay is not well correlated with the
T-cell and/or B-cell surface expression of activation markers using a single 24 hour time
point.60 This indicates that there may be limits on the utility of flow cytometry analysis in
the diagnosis of metal hypersensitivity given the variability in relatively upstream activation
of surface marker expression when compared to proliferation.

Our results of both T-cell and B-cell activation associated with hypersensitivity are novel in
that they show a mixed picture of early activation, i.e. no ubiquitous exclusive early T-cell
activation and some cases of exclusive B-cell activation (5 of 32 metal-reactive subjects).
These findings are consistent with past studies that have shown abnormalities in circulating
white blood cell populations associated with loose implants49 and metal-on-metal
implants41. Hart et al41 reported that in patients with metal-on-metal implant (surface
replacements) a threshold level of circulating cobalt and chromium ions was significantly
correlated with reduced CD8+ T-cell counts.41 However, other studies of metal sensitive
individuals without implants or heterogeneous populations of orthopedic patients3: 9 have
not shown such altered circulating immune cell function to exposure correlations. This
demonstrates that alterations in circulating immune cell (e.g. T-cell or B-cell) number or
activity is likely a subtle phenomenon that requires either more specific subject groups and
analysis41 and/or requires amplification of any altered immune reactivity using in vitro
challenge and assay, such as the current study.

The amount of metal induced T-cell proliferation did not generally correlate (R2<0.5,
p<0.05) with the amount of T-cell or B-cell surface marker expression of activation levels.
This lack of correlations suggests a de-coupled more generalized mechanism of “polyclonal-
like” metal induced adaptive immune reactivity. This more generalized respones was
observed with confocal microscopy (Figs 6, 7 and 8), i.e. both classical antigen presentation
by antigen-presenting cells and superantigen-like T-cell receptor clustering. This is
surprising given that it has been well established that T-cell activation will result in
proliferation and non-antigen dependent activation of B-cells.60' 65 This underscores the
utility of downstream assays such as proliferation testing (LTT) for diagnosis and the
inability of shorter-term flow analysis of activation using flow cytometry to indicate in vitro
metal reactivity. This is important, as proliferation testing has been reported to show similar
incidence of metal reactivity as that of dermal patch testing.19: 26 61 66 69 70

Metal induced reactivity associated with APC independence is consistent with past reports
by Gamerdinger et al 28+ 72 that show metals such as Ni can act in a superantigen-like
manner. In this case normal antigen processing is not required to activate lymphocytes. This
superantigen-like enhancement of T cell receptor-protein can occur when metals act as
facilitating agents in the crosslinking of receptors (e.g. VB17 of CDR1 T-cell receptor and
others CD3, CD4 and CD45).32: 33 48: 57: 59 72! 73 Despite these reports of APC
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independent antigen processing for activating T-cells, there is a general consensus
implicating the T cell receptor (MHCII and TCR) in metal induced activation.32: 33+ 48

While the majority of early activation responses involved elevated T-cell activation
(CD25+), the activation of B-cells (CD69+) without commiserate T-cell activation suggests
a potential role for B-cells in eliciting and mediating metal reactivity in some individuals.
End point proliferation assay results (LTT) showed greater utility for the diagnosis of metal
reactivity than did flow cytometry analysis of T-cell or B-cell activation at early time points.

Because lymphocytes reside within the periprosthetic space it is likely that metal-induced
lymphocyte proliferation may contribute to the cascade of events leading to
osteoclastogenesis2: 21: 52 osteolysis and aseptic loosening (Figure 9). The high incidence

of

reactivity within the groups of subjects with implants provides evidence that adaptive cell

mediated immunity responses likely play a role in the etiology of osteolysis in susceptible
individuals. However, without the linkage between adaptive hypersensitivity reactions and
bone loss (e.g. osteoclastogenesis) this remains incomplete. Prospective, longitudinal

cli

nical studies combined with in vitro mechanistic studies will provide the basis for

assessing the clinical relevance of this phenomenon and will provide the requisite
knowledge for potential prophylactic and therapeutic interventions for implant related metal
hypersensitivity responses.
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Lymphocyte Proliferation of all Subjects (n=38)
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Figure 1.

(1a) All subjects proliferation values in responses to Cr, Ni and Co are shown, where an S
>2 was considered positive for metal reactivity. Reactivity to Co is demonstrably bimodal
with high or low reactors that are not subject of any one group tested but are comprised of
Groups 1 and 2. Negative controls are shown as a line at SI=1 to underscore that the
stimulation index represents normalized data that facilitates compilation, group comparison
and comparison to threshold values of high proliferation (e.g. SI>8 = high reactivity) of
different individuals within a group. However, statistical comparison was based on paired t-
testing of raw cpm proliferation data. (1b) The averaged proliferation responses of metal
challenged subjects in Groups 1 and 2 are shown. There were no intergroup differences in
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reactivity to PHA (a lymphocyte mitogen). Group 1 subjects with THA demonstrated
elevated reactivity to Cr (p<0.05) with respect to Group 2a and 2b. Group 1 subjects
demonstrated significantly elevated responses to Ni (p<0.02) with respect to Group 2a and
2b. Note: An * = p<0.05, t-test compared to untreated controls.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hallab et al.

Page 16

Control ) Proliferation

PHA il
Co —

(a)

Metal Challenge
Agents (0.1mM)

0 20 40 60 80 100 120

(b) Stimulation Index (Sl)

T-cell Activation B-cell Activation

425 CONTROL 003 - 1868 CONTROL 004

2.5% ) | 2.4%

Congvr?ol

10 o2
FLIH FliH

425 PHA 007 18-68 PHA 008

PHA

10 10 i ?
FLIH

FLIH
4-25C0.019 - 1969 Co.020

e it 102 10 10 Rt T’ 10? 0’ 0!
- 425¢rait - 1960 Crii12
4% = 6.6%
e
= o' 102 i o =0 10! e i 1o
FLin FLTH
o 425NOIS o 19-60 0016
Nick 11%
ol -
3| =
=
< | &% 7 z 3 4
a2 10 10 e 10 It
o
CD25 (T-cell Activation) CD69 (B-cell Activation)

Figure 2.

T-cell and B-cell activation: Flow cytometric analysis of a highly Co reactive subject
(S1>40) is shown to contain both T-cell (47% CD4+CD25+) and B-cell (59%
CD19+CD69+) activation at 48 hours. Control activation for non-challenged T-cells and B-
cells from this subject was below 2.5%. An increase in T-cell and B-cell activation is also
demonstrated with Ni where a 11% and 6% increase in activation, respectively, is associated
with a SI>5. Subject A: Group 1, 43 year old female with a history of dermal sensitivity to
jewelry.
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Figure 3.

T-cell activation: Flow cytometric analysis of a highly Co reactive subject (S1>30) subject is
shown to contain high T-cell (19% CD4+CD25+) activation and low B-cell (5%
CD19+CD69+) activation at 48 hours. Control activation of for non-challenged T-cells and
B-cells from this subject was below 2%. Subject B: Group 2b 73 year male with a metal-on-
metal total hip arthroplasty surface replacement well performing, but had a history of
effusions problems associated with the implant.
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B-cell activation: Flow cytometric analysis of a highly Co reactive subject (SI>30) is shown

to contain high B-cell (11% CD4+CD25+) activation and no increase in T-cell (3%

CD19+CD69+) activation at 48 hours. Control activation for non-challenged T-cells and B-
cells from this subject was below 3%. An increase in T-cell and B-cell activation is also
demonstrated with Ni where a 8% and 12% increase in activation, respectively, is associated

with a SI>90. Subject C: Group 1, 71 year old female with a history of dermal

hypersensitivity to nickel and silver.
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T-cell and B-cell Activation of all Subjects (n=38)
Challenged with Chromium, Cobalt and Nickel
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Figure 5.

All subjects activation values in responses to Cr, Ni and Co are shown, where an activation
level >6% represented a >2 fold over unchallenged controls. The horizontal line represents
the average of the control values, approx 3%. Reactivity to Cr, Co and Ni demonstrated
levels of activation that were significantly above controls for both T-cells and B-cells. There
were no significant differences in the elevated levels of reactivity to Cr, Co and Ni.
Additionally, there were no intergroup (Group 1 vs. Group 2) differences in reactivity to the
metal challenge agents (a lymphocyte mitogen). Note: An * = p<0.005, paired t-test
compared to untreated controls. An ** = p<0.06, paired t-test compared to untreated
controls.
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Macrophage

Macrophage

Lymphocyte

Figure 6.
3-D reconstruction and midsection confocal micrographs of CD4 antibody-labeled

lymphocyte/macrophage interactions under conditions of (a, b) 0.1 mM nickel chloride, 48
hour Ni challenge and (c, d) control untreated conditions. Images (a and c) are three-
dimensional reconstructions of 50 fluorescent confocal microscope serial image slices
through the lymphocyte-macrophage complex. Mid-section image slices (of a and c) are
depicted in b and d. Note CD4+ clustering at the immunologic synapse and up-regulated
expression of T cell receptor complexes (CD4) in the Ni challenged lymphocyte. The CD4
containing tendrils of the CD4+ T cells cover the surface of the antigen presenting cell
(monocyte-macrophage) during metal activation, facilitating visualization of the entire
antigen presenting cell surface. This “tendril coverage” is not observed with the
unchallenged control lymphocyte-antigen presenting cell complex (c and d).
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Figure 7.

Antigen presenting cell/lymphocyte mediated metal activation: Images of CD3 antibody
labeled lymphocyte/macrophage interactions under conditions of (a) Ni challenge and (b)
control untreated conditions. Images (a) and (b) are combined phase contrast bright-field and
fluorescent confocal microscope images to visualize the CD3 labeled lymphocytes
interacting with the macrophages. (a) Primary human lymphocyte/macrophage interactions
under Ni challenge (0.1mM) demonstrate clustering and up-regulated expression of T cell
receptor complexes at the macrophage/lymphocyte border. (b) Unchallenged control
lymphocytes in contact with a macrophage do not demonstrate redistribution of the CD3 T-
cell receptors to the macrophage-lymphocyte synapse.
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Figure 8.
Metal induced effects on T-cell receptor clustering of lymphocytes show a variety of

patterns. Confocal microscopy of Ni challenged (0.1 mM, 48 hour exposure) and control
untreated lymphocytes stained with anti-CD4 are shown in cluster pattern (indicative of
activation) independent of antigen presenting cells. Four examples of each pattern are
shown. (a-d) Metal treated lymphocytes (0.1 mM Ni) are shown with antigen-induced
receptor redistribution during activation termed “capping”. (e-h) Metal challenged
lymphocytes (0.1 mM Ni, 48 hour exposure) show clustering of lymphocyte CD4-containing
receptors into node-like segments, characteristic of superantigen-like cross-linking of
surface receptors. (i-1) Untreated control lymphocytes are shown with their characteristic
smooth distribution of CD4 containing receptors.
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Figure 9.

A variety of cell types in the periprosthetic space can be affected by T-cell and B-cell
activation and/or reactivity resulting from a response to metal implant debris (where
stimulation and inhibition of function are shown by “+“ and “-”, respectively). All cell types
within the periprosthetic space participate in the cascade of events that result in osteolysis
and aseptic loosening.
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