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Abstract
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Human natural killer (NK) lymphocytes are able to destroy tumor cells and virally-infected cells.
Interference with their function can leave an individual with increased susceptibility to cancer
development and/or viral infection. We have shown that the tumor destroying (lytic) function of
NK cells can be dramatically decreased by exposure to the environmental contaminant tetrabromobisphenol A (TBBPA). TBBPA is a flame retardant used in a variety of materials including
circuit boards, carpeting, and upholstery and has been found in human blood samples. TBBPA
interferes with NK cell lytic function, in part, by decreasing the ability of NK cells to bind to
target cells. This study examines the effects of exposures to concentrations of TBBPA (i.e., that
were able to decrease the binding capacity of NK cells) on the expression of cell-surface proteins
(CD2, CD11a, CD16, CD18, and CD56) that are needed for NK cells to bind target cells. NK cells
were exposed to TBBPA for 24 hr, 48 hr, and 6 d or for 1 hr followed by 24 hr, 48 hr, and 6 d in
TBBPA-free media. Twenty-four hr exposures to 5 µM TBBPA caused decreases in four of the
cell surface proteins examined. CD16 was decreased by > 35%. The decreases in cell surface
proteins after a 48 hr exposure were similar to those seen after 24 hr. The results indicate that
TBBPA exposures that decrease the binding function of human NK cells do so by decreasing the
expression of cell surface proteins needed for attachment of NK cells to targets cells.
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Introduction
Human natural killer (NK) cells are lymphocytes that are capable of targeting and destroying
tumor cells, virally infected cells, and antibody-coated cells. NK cells are a crucial immune
defense against malignant neoplasms and viral infections (Lotzova, 1993; Vivier et al.,
2004). They limit the spread of blood borne metastases, as well as the development of
primary tumors (Kiessling and Haller, 1978; Hanna, 1980). Their role is vital in protecting
individuals against viral infections. This is demonstrated by increased incidences of viral
infection in individuals that lack NK cells (Fleisher et al., 1982; Biron et al., 1989). Unlike
T-lymphocytes, NK cells lyse appropriate target cells without prior sensitization making
them a frontline immune defense.
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Brominated flame-retardants (BFRs) are compounds used to prevent fires in plastics,
textiles, and electronic equipment (Birnbaum and Staskal, 2004). They may bioaccumulate
and are regarded as a potential environmental health problem (de Wit, 2002; de Boer et al.,
2002). Tetrabromobisphenol A (TBBPA) has been used as a replacement for the
polybrominated diphenylethers (PBDEs), whose persistence in the environment and
potential for negative effects on health have prompted concerns (Sjodin et al., 1999;
Eriksson et al, 2001). Its main use is as a reactive flame retardant in epoxy resin circuit
boards (IPCS/WHO, 1995; HSDB, 2001). However, it is also applied to carpeting and
upholstery (Gain, 1997). In 1998, the annual United States production of TBBPA was > 1
million pounds, with estimates ranging between 100–500 million pounds (U.S. EPA, 2000a;
Environ Defense, 2001). Studies have shown that this compound may leak into the
environment from treated products (Sellstroem and Jansson, 1995) and several recent reports
on TBBPA in human and wildlife samples have shown the presence of this compound. It is a
highly hydrophobic compound and would be expected to absorb onto suspended solids and
sediment in streams (U.S. EPA, 2002b). Its half-life in water is expected to be 48–84 days
(U.S. EPA, 2000b).
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Levels of TBBPA as high as 0.24–0.71 ng/g lipid were reported in serum samples from
Norway (≈ 1.8 – 5.3 pM, using a conversion factor of 400 mg lipid/100ml serum) (Thomsen
et al., 2002) and averaged 4.5 ng/g lipid (≈33.8 pM) in a Japanese study (Nagayama et al.,
2001). A toxicokinetic study following a single oral dose of 300 mg/kg TBBPA to adult
humans showed a peak plasma concentration of 103 µM within 3 hr that declined, with an
elimination half-life of 13 hr (Schauer et al., 2006). The presence of this compound in
commercial drinking water that was stored in polycarbonate containers (Peterman et al.,
2000) and in seafood (IPCS/WHO, 1995), as well as dust inhalation (Peterman et al., 2000),
may account for the levels seen in human serum. TBBPA has been shown to increase the
activity of glutathione reductase in rain-bow trout (Ronisz et al., 2004) and in exposed mice
it causes decreases in serum proteins and red blood cells as well as increases in spleen
weight (IPCS/WHO, 1995). Newborn rats exposed to TBBPA developed polycystic kidney
lesions (Fukuda et al., 2004). A study in Wistar rats indicated that TBBPA exposures
affected circulating thyroid hormone (T4) levels in Wistar rats (Van der Ven et al., 2008) but
had no effect on the function of splenic NK cells in the exposed rats or their offspring. An in
vitro study indicated that TBBPA was able to compete with T4 for binding to human
transthyretin (thyroid hormone transport protein) (Meerts et al., 2000).
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Our previous studies have shown that exposures to TBBPA can cause very significant losses
of NK lytic function, which are accompanied by decreases in the ability of NK cells to bind
to targets (Kibakaya et al., 2009). Thus, TBBPA has the capacity to increase the risk of viral
infection and tumor formation by interference with NK function. In the current study,
TBBPA was examined for its potential to disrupt the cell surface protein expression of NK
cells. TBBPA concentrations and lengths of exposure previously shown to be able to
decrease binding function (Kibakaya et al., 2009) were examined for any alteration in cell
surface protein expression. Five cell surface proteins that are important in NK cells binding
and/or lysis of targets, CD2, CD11a, CD16, CD18, and CD56, were analyzed via flow
cytometry to determine whether TBBPA interferes with cell surface protein expression.
CD2, an NK cell adhesion molecule, has been implicated in activation of the cytotoxic
signaling response (Lotzova, 1993). CD11a/CD18 form the functional LFA-1 adhesion
complex shown to be required for NK binding to tumor targets (Nitta et al., 1989). CD56, a
cognate of the neural cell adhesion molecule, has also been shown to be important in NK
binding to targets (Nitta et al., 1989; Lotzova, 1993). CD16 has a role as activating receptor
of the NK lytic process with antibody-coated (Lotzova, 1993) and tumor targets
(Mandelboim et al., 1999).
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Materials and Methods
Isolation of NK cells
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Peripheral blood from healthy adult (male and female) volunteer donors was used for this
study. Buffy coats (source leukocytes) obtained from Key Biologics, LLC (Memphis, TN)
were used to prepare NK cells. Consent was obtained by Key Biologics.
Highly-purified NK cells were obtained using a rosetting procedure; this is a negative
selection technique. Buffy coats were mixed with 0.6 ml of RosetteSep human NK cell
enrichment antibody cocktail (StemCell Technologies, Vancouver, British Columbia,
Canada) per 45 ml of buffy coat. The mixture was incubated for 20 min at room temperature
(~25°C). Following the incubation, 7–8 ml of the mixture was layered onto 4 ml of FicollHypaque (1.077 g/ml; MP Biomedicals, Irvine, CA) and centrifuged at 1200 × g for 30–40
min. The cell layer was then collected and washed twice with phosphate-buffered saline
(PBS; pH 7.2) and stored in complete media (RPMI-1640 supplemented with 10% heatinactivated bovine calf serum [BCS], 2 mM L-glutamine, and 50 U penicillin G\50 µg
streptomycin/ml) at 1 million cells/ml (Whalen et al., 2002). The resulting cell preparation
was ~80% CD16+, ~0% CD3+, and ~90% CD56+ by flow cytometry.
Chemical preparation
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TBBPA (purchased from Fisher Scientific, 97% pure) was dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO) to yield a 100 mM stock solution. Desired
concentrations of TBBPA were then prepared in complete media. The final concentration of
DMSO in any of the TBBPA exposures did not exceed 0.01%.
Cell Viability
Cell viability was determined by trypan blue exclusion. Cell numbers and viability were
assessed at the beginning and end of each exposure. Viability was determined at each
TBBPA concentration for each exposure period. The viability of treated cells was then
compared to that of control cells at each length of exposure (Whalen et al., 2003). Only
those concentrations where viability was unaffected were used at a given length of exposure.
Viability data at the concentrations and time points used in the study are given in Table 1.
Flow Cytometry
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NK cells, prepared as described above, were exposed to TBBPA as follows: vehicle
(control), 2.5, or 5 µM TBBPA for 24 hr; control, 1, or 2.5 µM TBBPA for 48 hr; control or
1 µM TBBPA for 6 d. DMSO controls appropriate to the various concentrations of TBBPA
were tested. Each experiment was repeated four time using cells prepared from different
blood donors. Additionally, NK cells were exposed to control, 2.5, 5, or 10 µM TBBPA for
1 hr after which the vehicle- or TBBPA-containing solution was removed and the cells were
washed twice with fresh media, and then re-suspended in TBBPA-free media for 24 hr, 48
hr, and 6 d incubations. The studies of effects from 1-hr exposures to TBBPA followed by
varying times in TBBPA-free media were repeated three times using cells from different
donors.
Following the exposures to TBBPA or the post-TBBPA exposure/incubation in TBBPA-free
media, the cells were prepared for analysis on a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA). Briefly, the cells were washed twice with ice-cold PBS and a 100
µl aliquot of cell suspension (250,000–500,000 cells) was placed into a 12×75 mm
polystyrene tube to which 10 µl of one of the following antibodies, anti-CD2, anti-CD11a,
anti-CD16, anti-CD18, or anti-CD56 (all from Pharmingen, San Diego, CA) was then added.
Anti-CD2, anti-CD11a, anti-CD16, and anti-CD18 were fluorescein isothiocyanate (FITC)J Immunotoxicol. Author manuscript; available in PMC 2012 July 1.
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conjugated; anti-CD56 was phycoerythrin (PE)-conjugated. This is a direct staining
protocol, with appropriate FITC- and PE-conjugated isotype control antibodies used as
negative controls (Givan, 2000). Each anti-body-containing cell suspension was then
incubated a minimum of 30 min on ice in the dark. Thereafter, the cells were washed twice
with ice-cold PBS (1 ml) and suspended in 500 µl ice-cold 1% paraformaldehyde in PBS.
Each antibody was a monoclonal antibody (mouse IgG) specific for the stated human
surface protein.
Samples were ultimately analyzed using a FACSCalibur flow cytometer from Becton
Dickinson Immunocytometry Systems, Inc (BDIS, San Jose, CA). Instrument performance
was standardized weekly using Calibrite beads (BDIS) and the same instrument settings
were used for all acquisitions. The assays were sufficiently uniform to use the same forward
scatter (FSC), side scatter (SSC), and fluorescence (FL) settings. The sensitivity of the
instrument was constant. The acquisition and analysis software for flow cytometry data was
CELLQuest Pro from BDIS running on an Apple computer. A minimum of 10,000 events/
sample was analyzed.
Statistical Analysis
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Statistical analysis of the data was carried out utilizing ANOVA and Student's t test. Data
were initially compared within a given experimental setup by ANOVA. A significant
ANOVA was followed by pair wise analysis of control versus exposed data using Student’s
t test, a p value of less than 0.05 was considered significant.

Results
Cell surface protein expression in NK cells exposed to TBBPA for 24 hr, 48 hr, and 6 d
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The effects of TBBPA on expression of cell surface proteins important to the binding of NK
cells to their target cells were examined after 24 hr exposures to vehicle (control), 2.5 µM
TBBPA, or 5 µM TBBPA. The cell surface proteins examined were CD2, CD11a, CD16,
CD18, and CD56. Figure 1 shows the effects of these exposures on the expression (mean
fluorescence intensity [MFI]) of these proteins on the cell surface. Exposures to 5 µM
TBBPA for 24 hr caused significant decreases in expression of CD11a, CD16, CD18, and
CD56. Expression of CD11a was decreased an average of 16%, while those of both CD18
and CD56 were decreased by ≈ 20% compared to control cells. The greatest decrease was
seen in CD16 levels which were decreased by 35%. A 24-hr exposure to 2.5 µM TBBPA
also caused significant decreases (i.e., of 14%) in CD18 expression compared to levels on
control cells. Figure 2 shows the shift in peak fluorescence intensity for a representative
experiment for each of the proteins whose expression was decreased after treatment with 5
µM TBBPA.
NK cells exposed to vehicle, 1 µM TBBPA, or 2.5 µM TBBPA for 48 hr were also assessed
for expression of these surface proteins (Figure 3). Statistically significant decreases in
expression (MFI) compared to in control cells were seen for CD2 (32%), CD16 (36%), and
CD56 (46%) (Figure 3). There was no significant decreases in expression of any of the cell
surface proteins of interest at 1 µM TBBPA. Figure 4 shows the shift in peak fluorescence
intensity for a representative experiment for each of the proteins whose expression was
significantly decreased at 2.5 µM TBBPA.
NK cells were also exposed to 1 µM TBBPA for 6 d and then examined for changes in
expression of cell surface proteins that have a role in NK binding to target cells (Figure 5).
CD16 was the only protein that showed a statistically significant decrease in expression
(MFI) after a 6-d exposure to 1 µM TBBPA. Expression of this protein was decreased by
35% compared to on control cells (Figure 5). Figure 6 shows the shift in peak fluorescence
J Immunotoxicol. Author manuscript; available in PMC 2012 July 1.
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intensity for a representative experiment examining CD16 expression after a 6-d exposure to
1 µM TBBPA.
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Cell-surface protein expression in NK cells exposed to TBBPA for 1 hr, followed by 24 hr,
48 hr, and 6 d in TBBPA-free medium
Exposures of NK cells to 10 µM TBBPA for 1 hr, followed by 24 hr, 48 hr, or 6 d
incubations in TBBPA-free medium, caused no significant decreases in expression of any of
the cell surface proteins that were examined in these studies (Figure 7).

Discussion
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Our previous studies showed that NK cells exposed to 2.5 and 5 µM TBBPA for 24 hr
showed very significant reductions in NK cell lytic function of 76% and 96%, respectively
(Kibakaya et al., 2009). Concentrations of TBBPA as low as 0.5 µM caused a greater than
23% decrease in lytic function. The data also indicated that the ability of NK cells to bind
targets was diminished at 2.5 µM (19%) and 5 µM (70%) TBBPA (Kibakaya et al., 2009). A
48 hr exposure to 2.5 µM TBBPA decreased lytic function by 86%. Binding function was
decreased by 50% at 2.5 µM TBBPA after 48 hr compared to the 19% loss seen after 24 hr.
Six-day exposures to 1 µM TBBPA decreased lytic function by 89%. Binding function
decreased 33% at the 1 µM concentration at 6 d (Kibakaya et al., 2009). The effects of a
brief (1 hr) exposure to TBBPA followed by 24 hr, 48 hr, and 6 d periods in TBBPA-free
media on lytic and binding function showed that while a brief exposure to 2.5–10 µM
TBBPA caused persistent loss of lytic function and there was a loss of binding function only
after 6 d at the highest concentration of TBBPA (Kibakaya et al., 2009). Thus, loss of lytic
function can be (but is not always) accompanied by a loss of the ability of the NK cell to
bind to its target.
As mentioned earlier, CD11a/CD18 form the functional LFA-1 adhesion complex shown to
be required for NK binding to tumor targets (Nitta et al., 1989). CD11a - along with CD2
and CD16 - has been shown to activate NK cell cytotoxic signaling responses, including
tyrosine phosphorylation of the zeta (ζ) chain (Lotzova, 1993; O’Shea et al., 1991). CD16
has also been shown to have a role in NK lysis of and tumor targets (Mandelboim et al.,
1999).
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The data presented here indicate that concentrations of TBBPA that caused a loss of binding
function in NK cells also caused decreases in cell surface proteins needed for binding. There
appears to be a greater effect of a given concentration of TBBPA as the length of exposure
increases, as evidenced by the fact that 2.5 µM TBBPA caused no statistically significant
decrease in CD56 expression after 24 hr as compared to a 46% decrease after 48 hr. A 1-µM
TBBPA exposure for 48 hr caused no decreases in CD16 while a 6-d exposure to that same
concentration caused a decrease of 35% (relative to value on control cells). The results also
indicate there is a dose-response relationship in the loss of the surface proteins examined.
For example, treatment with 2.5 µM TBBPA for 48 hr caused expression decreases of 36%
and 46% in CD16 and CD56, while a 48-hr exposure to 1 µM TBBPA caused no decrease in
either protein. The greater decreases in CD16 and CD56 compared to the expression of the
other proteins with most TBBPA treatments suggest that the intracellular molecular targets
of TBBPA may be involved in pathways that differentially regulate these proteins.
Previous studies have shown that a variety of environmental contaminants cause decreases
in NK cell-binding function that were accompanied by decreases in expression of cell
surface proteins. These include another brominated flame retardant,
hexabromocylododecane (HBCD) (Hinkson and Whalen, 2010), the carbamate pesticide
ziram (Taylor and Whalen, 2009), as well as the organotin compounds tributyltin (TBT) and
J Immunotoxicol. Author manuscript; available in PMC 2012 July 1.
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dibutyltin (DBT) (Whalen et al., 2002; Odman-Ghazi et al., 2003). The effects of HBCD,
ziram, TBT, and DBT on the expression of cell surface proteins have in common very
significant decreases in CD16 on NK cells under conditions where binding was decreased
(Whalen et al., 2002b; Odman-Ghazi et al., 2003; Taylor and Whalen, 2009; Hinkson and
Whalen, 2010). This is similar to what was seen here with the TBBPA exposures. Thus, loss
of CD16 may be at least in part responsible for the loss of binding seen with TBBPA as well
as the other contaminants that have been shown to interfere with NK lytic and binding
function. Each of these compounds, like TBBPA, was able to dramatically decrease the lytic
function of NK cells (Wilson et al., 2004; Dudimah et al., 2007a,b; Hinkson and Whalen,
2009).
The negative effects of TBBPA on NK cells in our previous studies suggest that TBBPA
may have the potential to inhibit NK function in vivo. The importance of NK cells in
preventing neoplasm in humans has been illustrated by the fact that individuals whose NK
cells are unable to lyse target cells have a predisposition to development of certain tumors
(Ortaldo et al., 1992). While there are no direct in vivo studies of NK cell function in
response to TBBPA, there is a study in mice indicating that TBBPA exposure increased
respiratory syncytial virus infection (Watanabe et al., 2010); such an outcome could at least
in part be due to suppressed NK function (although this possibility was not addressed in that
study).
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Levels of TBBPA in human serum of 4.5 ng/g lipid (33.8 pM, using 400 mg lipid/100 ml
serum) have been reported (Nagayama et al., 2001) in humans with no occupational TBBPA
exposure. Computer Technicians, who work with components that contain TBBPA, were
examined for TBBPA levels. Their levels of TBBPA were higher than other workers in the
same location but not higher than levels reported by the Nagayama group (Jakobsson et al.,
2002). Thus, the levels of TBBPA appear to be considerably lower in the general population
than those levels wherein effects on NK function were noted. However, those involved in
the production of TBBPA and its application to epoxy resins, carpeting, and upholstery may
have exposures that are considerably higher possibly even approaching the concentrations
where NK function was affected. Studies of these workers have not been carried out. The
concentrations where our laboratory has seen effects on lytic function, binding function
(Kibakaya et al., 2009), and cell-surface proteins were much lower than those in a study
examining TBBPA effects on cell proliferation in a human cell line (Strack et al., 2007).
Studies in rats have shown that at plasma levels of TBBPA ranging from 6 – 94 µM, there
were decreases in plasma levels of thyroxine (T4) and increases in triiodothyronine (T3)
(Van der Ven et al., 2008). These levels of TBBPA are mostly above the highest levels
tested in the current study. Additionally, TBBPA may have additive/synergistic effects with
other compounds that have been shown to block NK function (and are also present in human
blood), such as the organotin and carbamate compounds and HBCD mentioned above. This
interaction could make even very low concentrations of TBBPA harmful (Wilson et al.,
2004; Dudimah et al., 2007a,b; Hinkson and Whalen, 2009).
In summary, the data indicate that exposure of NK cells to TBBPA can cause very
significant losses of cell surface proteins needed by NK cells, most especially CD16 and
CD56, to bind to targets. This is a pattern seen when NK cells are exposed to a variety of
other environmental contaminants. The current study shows that part of the mechanism by
which TBBPA interferes with the essential immune function of NK cells is by decreasing
the presence/availability of some important cell surface proteins.
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Figure 1. Effects of 24-hr TBBPA exposures on NK cell surface protein expression

Values are the mean (± SD) of mean fluorescence intensity (MFI) combined from four
different experiments each using a different donor (n = 4). Control cells were vehicle
treated. *Statistically significant decrease (p < 0.05) analyzed as described in the materials
and methods section.
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Figure 2. Representative histograms from studies of effects of 24-hr exposures to 5 µM TBBPA
on NK cell surface protein expression

(A) CD11a (control mean fluorescence intensity (MFI) = 643.32, TBBPA MFI = 512.52);
(B) CD16 (control MFI = 580.52, TBBPA MFI = 390.5); (C) CD18 (control MFI = 259.63,
TBBPA MFI = 210.54); and, (D) CD56 (control MFI = 68.54, TBBPA MFI = 46.54).
Dotted line = IgG control; thin solid line = control NK cells + appropriate antibody; bold
line = TBBPA-exposed cells + appropriate antibody. Y-axis = cell number; X-axis =
fluorescence intensity. (E) Dot-plot of cell preparation used in experiment. Shifts in
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Figure 3. Effects of 48-hr TBBPA exposures on NK cell surface protein expression

Values are the mean±S.D. of mean fluorescence intensity (MFI) combined from four
different experiments each using a different donor (n = 4). *Statistically significant decrease
(p < 0.05).
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Figure 4. Representative histograms from studies of effects of 48-hr exposures to 2.5 µM TBBPA
on NK cell surface protein expression

(A) CD2 (control MFI = 123.71, TBBPA MFI = 79.36); (B) CD16 (control MFI = 678.42,
TBBPA MFI = 442.22); and, (C) CD56 (control MFI = 277.39, TBBPA MFI = 154.74).
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Dotted line = IgG control; thin solid line = control NK cells + appropriate antibody; bold
line = TBBPA-exposed cells + appropriate antibody. Y-axis = cell number; X-axis =
fluorescence intensity. (D) Dot-plot of cell preparation used in experiment.
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Figure 5. Effects of 6-d TBBPA exposures on NK cell surface protein expression

Values shown are the mean (± SD) of mean fluorescence intensity combined from four
different experiments each using a different donor (n = 4). *Statistically significant decrease
(p < 0.05).
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Figure 6. Representative histograms from studies of effects of 6-d exposures to 2.5 µM TBBPA
on CD16 expression in NK cells

(A) CD16 (control MFI = 392.05, TBBPA MFI = 182.58). Dotted line = IgG control; thin
solid line = control NK cells + appropriate antibody; bold line = TBBPA-exposed cells +
appropriate antibody. Y-axis = cell number; X-axis = fluorescence intensity. (B) Dot-plot of
cell preparation used in experiment.
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Figure 7. Effects of 1 hr exposures to TBBPA - followed by 24 hr, 48 hr, or 6 d incubations in
TBBPA-free media - on NK cell surface protein expression

(A) 1 hr exposures to 10 µM and 5 µM TBBPA followed by 24 hr incubation in TBBPAfree media. (B) 1 hr exposures to 10 µM and 5 µM TBBPA followed by 48 hr incubation in
TBBPA-free media. (C) 1 hr exposures to 10 µM, 5 µM, and 2.5 µM TBBPA followed by 6
d incubation in TBBPA-free media. Values shown are the mean± (± SD) of mean
fluorescence intensity (MFI) combined from three different experiments each using a
different donor (n = 3).
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Effect of 24 hr, 48 hr, and 6 d TBBPA or 1 hr followed by 24 hr, 48 hr, or 6 d periods in TBBPA-free media on human NK cell viability.

NIH-PA Author Manuscript

Table 1
Hurd and Whalen
Page 21

J Immunotoxicol. Author manuscript; available in PMC 2012 July 1.

