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Background
Bortezomib is a selective and potent inhibitor of the proteasome and has prominent
effects in vitro and in vivo against tumors. Very recently, cytotoxic effects of bortezomib on
immune-competent cells such as T cells and dendritic cells were also revealed. The aim of
the study was to investigate the effects of this agent on natural killer cell survival and func-
tion.

Design and Methods
We investigated cytotoxic properties of bortezomib on natural killer cell apoptosis and
function. Primary resting natural killer cells were purified from peripheral blood mononu-
clear cells of healthy donors by negative selection. The apoptotic cells were quantified by
dual labeling of recombinant annexin V and propidium iodide. Mitochondrial membrane
potential and expression of natural killer cell activating receptors were also quantified by
flow cytometry. Natural killer cell cytotoxicity against murine and human tumor cells was
tested by chromium 51 release assay.

Results
Our results demonstrate that bortezomib induces apoptosis in resting natural killer cells in
a dose- and time-dependent manner. Glutathione, a reactive oxygen species scavenger,
prevented the loss of mitochondrial membrane potential and conferred protection against
bortezomib-induced apoptosis in resting natural killer cells, indicating a role for oxidative
stress. Additionally, bortezomib significantly decreased expression of the natural killer
activating receptor NKp46 in non-apoptotic resting natural killer cells in a dose-dependent
manner, and as a result the redirected cytotoxicity mediated via NKp46 activation was
diminished. Bay 11-7082, a pharmacological inhibitor of NF-κB activation, also reduced
NKp46 expression and suppressed redirected cytotoxicity. 

Conclusions
Bortezomib induces apoptosis in primary resting natural killer cells in a dose- and time-
dependent manner, and reduces NKp46 receptor expression as well as natural killer cell
cytotoxicity mediated by the NKp46 activation pathway, suggesting that bortezomib may
disrupt natural killer cell-mediated immunity through at least two different mechanisms:
induction of natural killer cell apoptosis, and suppression of NKp46 receptor-mediated
cytotoxicity.
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ABSTRACT



Introduction

Natural killer (NK) cells are large granular lympho-
cytes, principally found in peripheral blood and lym-
phoid tissues. Unlike T cells, NK cells are capable of
rapid recognition and elimination of tumor cells and
pathogen infected cells without pre-priming steps,
providing early host response to infections and trans-
formed or malignant cells.1 NK cells utilize
perforin/granzyme exocytosis and Fas/Fas ligand
pathways as well as secreted tumor necrosis
factor–related apoptosis-inducing ligand (TRAIL) to
kill their targets, and the granule exocytosis pathway
is the major mechanism of killing used by NK cells.1

Apart from their cytolytic activity, NK cells produce
cytokines and interact directly with other immune
components such as dendritic cells (DC), thereby reg-
ulating also the adaptive immune system.2

The proteasome is a multi-catalytic enzyme com-
plex localized in the cytosol and nucleus of all eukary-
otic cells and its principle function is to degrade ubiq-
uitinated proteins for maintenance of normal cell
function.3,4 Several intracellular proteins such as p53
and IκB, the inhibitor of nuclear transcription factor
kappa B (NF-κB) that govern cell growth and survival
are regulated by the ubiquitin-mediated proteasome
pathway.4,5

Bortezomib selectively inhibits the proteolytic
activity of 26S proteasome and thus blocks the degra-
dation of these poly-ubiquitinated proteins destined
for catalysis by the proteasome.4 Owing to its potent
cytotoxic activity against tumor cells, bortezomib has
recently received much attention from hematolo-
gists/oncologists and has been applied in treatment of
various malignancies including solid tumors.5,6 In addi-
tion to its direct cytotoxic (pro-apoptotic) effects on
tumor cells of various origin, proteasome inhibition
can also sensitize tumor cells to NK cell mediated-
lysis through TRAIL and/or Fas/Fas ligand path-
ways.7,8

Recent studies have demonstrated that proteasome
inhibition by bortezomib induced apoptosis in acti-
vated human T cells and suppressed expression of
activation-associated cell surface receptors and
cytokines,9,10 highlighting that proteasome inhibition
may suppress immune function of T cells. Moreover,
bortezomib effectively inhibited cytotoxicity of inter-
leukin (IL)-2 stimulated human NK cells without
affecting the viability of NK cells.11 Here, we show
that proteasome inhibition by bortezomib induces
apoptosis in primary human resting NK (rNK) cells in
a dose- and time-dependent manner. Moreover, borte-
zomib selectively decreases NKp46 expression on rNK
cells, resulting in a suppression of NK cell cytotoxici-
ty mediated through the NKp46 activation pathway,
as evaluated in a redirected NK cytotoxicity assay.
Thus, our findings highlight that bortezomib may
impede NK cell-mediated immunity against trans-
formed or infected cells.

Design and Methods

Cell culture medium
RPMI-1640 medium (Gibco, Paisley, Scotland, United

Kingdom) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Gibco, Paisley, United
Kingdom), 2 mmol/L L-glutamine, and 50 units/mL
penicillin-streptomycin (Gibco).

Inhibitors
Bortezomib (Velcade) (Millennium Pharmaceuticals

Cambridge, MA) was prepared as a stock solution (1
mg/mL) in 0.9% saline. Pan-caspase inhibitor, Z-VAD-
FMK (zVAD) and glutathione (GSH) were purchased
from R&D Systems (Minneapolis, MN, USA) and
Sigma-Aldrich Sweden AB (Stockholm, Sweden)
respectively. Bay 11-7082, an NF-κB inhibitor, was pur-
chased from Calbiochem (San Diego, CA, USA).

Antibodies
Monoclonal antibodies (mab) used for flow cytomet-

ric analysis were FITC-conjugated anti-human CD3,
PE-conjugated anti-human CD3, PECy5-conjugated
anti-human CD56, PE-conjugated anti-human NKG2D,
FITC-conjugated anti-human DNAM-1, PE-conjugated
anti-human NKp46, PE-conjugated anti-human NKp30
and relevant isotype control antibodies (BD
Pharmingen, San Jose, CA, USA). FITC-conjugated
anti-human perforin mab was purchased from Ancell
Corporation (Bayport, MN, USA). Purified anti-human
NKp46 mab for redirected NK cell cytotoxicity assay
was purchased from R&D systems (Minneapolis, MN,
USA).

Isolation of primary human natural killer cells
Human peripheral blood mononuclear cells (PBMCs)

from adult blood donors (Blood Bank of Karolinska
University Hospital, Stockholm, Sweden) were separat-
ed by Ficoll-Paque (Amersham Biosciences AB,
Uppsala, Sweden) gradient centrifugation, and NK cells
were isolated from PBMCs using the RosetteSep NK
cell purification kit (Stemcell Technologies, Vancouver,
Canada) and following the method described previous-
ly12 with minor modifications. Briefly, 20×106 PBMC
were mixed with autologous red blood cells (RBC) with
an RBC/PBMC ratio of 40:1, suspended in 1 ml com-
plete RPMI-1640 medium and incubated with 50 µL
RosetteSep cocktail for 20 min at RT. Then, the sample
was diluted 2 times with complete medium before
loading on Ficoll-Hypaque for separation. After cen-
trifugation, NK cells were recovered from the interface.
Purity of NK cells (CD3–CD56+) was approximately
90%, as determined by staining with CD3 and CD56
mabs.

Phosphatidylserine exposure
Phosphatidylserine (PS) exposure, a hallmark of

apoptotic cells, can be detected by using recombinant
annexin V (AV). In the present study, apoptotic cells
were quantified by propidium iodide (PI) (Sigma) and
AV (Annexin-V-Fluos staining kit, Roche Diagnostics
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GmbH, Mannheim, Germany) dual labeling according
to the protocol provided by the manufacturer. Briefly,
cells were cultured in 24-well plates in the presence or
absence of bortezomib at the indicated concentrations
for 12h, 24h, and 48h. After washing twice with cold
PBS, the cells were resuspended in 100 µL of 1 × bind-
ing buffer containing AV and PI, and incubated for 15
min at RT. Then, 400 µL of incubation buffer was
added, and cells were analyzed by flow cytometry
within 30 min after staining on a FACS Calibur (Becton
Dickinson, San Jose, CA, USA). AV+PI– and AV+PI+ cells
were defined as early and late apoptotic cells respec-
tively.

Caspase-3-like activity
Caspase-3-like activity was assessed using the

method described previously.13 In brief, cell lysates of
1.0×106 treated or untreated rNK cells were combined
with DEVD-AMC, a fluorogenic substrate, in 1 ×
HEPES buffer (20 mM HEPES, pH 7.5, 10% glycerol,
and 2 mM dithiothreitol) and real-time release of AMC
catalyzed by caspase-3-like enzymes was measured
using a Fluoroscan II plate reader (Labsystems,
Stockholm, Sweden). Fluorescence values for each sam-
ple were converted to picomoles of AMC release using
a standard curve generated with free AMC and the
maximum rate of AMC release (pmol/min) was calcu-
lated.

Mitochondrial membrane potential
Functional mitochondria were labeled by Mitotracker

Red CMXRos (Mitotracker Red) (Molecular Probes,
Eugene, OR) as described previously14 with minor mod-
ifications. In brief, a total of 1.0×106 rNK cells were pel-
leted and suspended in 1 mL of pre-warmed complete
medium with a final concentration of 125 nM
Mitotracker Red for 35 min at 37°C. Excess dye was
removed with 2 washes in pre-warmed complete medi-
um at 37°C, and finally the labeled cells were resus-
pended in PBS for mitochondrial membrane potential
(MMP) measurement. Mitotracker Red fluorescence
was detected using a FACS Calibur (Becton Dickinson).

Natural killer cell cytotoxicity
To compare differences in cytotoxicity of borte-

zomib-treated and untreated rNK cells, a standard 4h
chromium 51 (51Cr)-release assay was performed using
protocols described previously.15,16 Briefly, rNK cells
were incubated with 51Cr (Amersham Biosciences,
Uppsala, Sweden) labeled target cells in triplicates at
various effector to target (E/T) ratios. K562, a human
leukemia cell line, or FcγR+ P815, a murine mastocytoma
cell line were employed as target cells, as indicated. For
assessment of redirected cytotoxicity, 51Cr-labeled FcγR+

P815 cells were first incubated with anti-human NKp46
ab (2.5 µg/mL) for 30 min before adding rNK cells into
wells at different E/T ratios. After 4h incubation at
37°C, 100 µL of cell-free supernatants were collected
and the amount of 51Cr released into the supernatants
was measured using an automatic gamma counter
(Wallac, Upplands Väsby, Sweden). Specific lysis was
calculated by the method described previously.16

Natural killer cell protein expression
For surface staining, cells were first incubated with

10% FCS-PBS buffer for 15 min at RT to block non-spe-
cific binding of antibodies to Fc receptors. The cells were
then stained with fluorescence labeled antibodies in 10%
FBS-PBS buffer for 30 min at 4°C, washed in PBS and
finally resuspended in 1% PFA-PBS buffer prior to analy-
sis on a FACS cytometer (FACSCalibur) (Becton
Dickinson). Detection of intracellular perforin expression
in purified NK cells was performed by using the
Intrastain Kit (DAKO, Glostrup, Denmark) according to
instructions provided by the manufacturer. Briefly, NK
cell surface marker (CD56) was stained first as described
above and cells were then fixed using reagent A for 15
min at RT. After washing, cells were resuspended in
reagent B for cell membrane permeabilization, and the
anti-human perforin (Ancell Corporation) or correspon-
ding isotype control mab was added and cells were incu-
bated for 15 min at RT. Finally, cells were washed with
PBS and resuspended in 400 µl PBS prior to analysis by
flow cytometry. The collected data were analyzed using
CELLQUEST software (Becton Dickinson).

Statistical analysis
Non-parametric Mann-Whitney test or Student’s t test

was used to compare differences between the groups
studied. A difference was considered to be statistically
significant when the two-sided p value was less than
0.05.

Results

Bortezomib induces apoptosis in primary resting 
natural killer cells

To evaluate cytotoxic effects of bortezomib on NK
cells, highly purified resting NK cells (rNK) were cul-
tured in the presence of bortezomib for 12 and 24h. We
found that bortezomib markedly induced apoptosis in
rNK cells in a dose- and time-dependent manner (Figure
1A and B). The percentages of total apoptotic cells
(AV+PI– + AV+PI+) were significantly increased in the rNK
cells treated by bortezomib with the doses of 4.7 ng/mL
and 18.8 ng/mL for 12h (Figure 1C) and 24h (Figure 1D).
Consistently, flow cytometric assessment of light scat-
tering properties of rNK cells demonstrated a reduction
in forward scatter (FSC), indicative of apoptosis, in
response to bortezomib (Figure 1A, B).

Bortezomib treatment for 12 and 24h at the dose of
18.8 ng/mL induced more pronounced apoptosis in rNK
cells than 4.7 ng/mL, respectively (p<0.01 for 12h and
p<0.001 for 24h, respectively, by Mann-Whitney test)
(Figure 1C and D). When the same dose of bortezomib
(4.7 ng/mL or 18.8 ng/mL) was applied, 24h treatment
triggered more apoptosis in rNK cells than 12h treat-
ment (p<0.0001 for both comparisons by Mann-
Whitney test).

Reactive oxygen species-dependent bortezomib-
induced apoptosis in resting natural killer cells

Next, we asked whether reactive oxygen species
(ROS) and/or caspase activation contribute to borte-



zomib-induced NK cell apoptosis. Our results demon-
strated that GSH, a potent ROS scavenger, markedly
abolished total (AV+PI– + AV+PI+) apoptosis induced by
bortezomib at 4.7 ng/mL for 24h (Figure 2A and B).
Blocking caspase activation by zVAD, a pan-caspase
inhibitor, did not effectively block total apoptosis in
rNK cells induced by bortezomib (Figure 2B). For com-
parison, zVAD completely prevented caspase-3 activa-
tion of rNK cells induced by bortezomib at the same
time-point, demonstrating that the inhibitor was func-
tional under these conditions (Figure 2C). Moreover,
GSH almost completely prevented the caspase-3 acti-
vation induced by bortezomib, indicating that caspase
activation is ROS-dependent in this model (Figure 2C).
Together, these data indicate that ROS generation con-
tributes to apoptosis in rNK cells induced by borte-
zomib at the doses tested.

Bortezomib decreases mitochondrial membrane
potential in primary resting natural killer cells

Mitochondria play pivotal roles in the process of
apoptosis. To determine the role of mitochondria in the
bortezomib-induced apoptosis in resting NK cells,
mitochondrial membrane potential (MMP) of rNK cells
cultured with bortezomib for 12 or 24 h, respectively,
was measured. As shown in Figure 3A, bortezomib
markedly induced a loss of Mitotracker Red fluores-
cence intensity in rNK cells in a dose-dependent man-
ner. Statistical analysis showed that the differences in
mean fluorescence intensity of Mitotracker Red
between bortezomib (4.7 ng/mL or 18.8 ng/mL)-treated
and untreated rNK cells were significant (Figure 3B).
Furthermore, in line with our finding showing that
GSH suppressed apoptosis in rNK cells (Figure 2), our
studies showed that GSH partially and significantly
prevented the loss of MMP induced by bortezomib (4.7
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Figure 1. Resting human natural killer cells are sensitive to bortezomib-induced apoptosis. Highly purified resting NK cells obtained from
PBMCs from healthy blood donors were harvested after 12 h and 24 h of culture in the presence or absence of bortezomib at the indi-
cated doses, and apoptosis was quantified by flow cytometry with dual staining of annexin V, to detect phosphatidylserine (PS) expo-
sure, and propidium iodide (PI), to detect cells with a loss of plasma membrane integrity. Percentages of early (AV+PI–), late (AV+PI+) and
total (early + late) apoptotic cells were calculated. Dot plots of one representative experiment showing apoptotic cell detection after 12
h (A) and 24 h (B) of treatment with bortezomib. The percentages of the cells positive for AV/PI or of cells with decreased Forward
Scatter (FSC) and increased Side Scatter (SSC) are indicated in the dot plots. (C) Comparisons of percentages of apoptotic cells among
resting NK cells cultured with bortezomib at the indicated doses for 12 h. The values presented are the mean ± SEM (n=6-12). *p<0.05,
**p<0.002 and ***p<0.001 versus untreated group, by the Mann-Whitney test. (D) Comparisons of apoptotic cell percentages among
resting NK cells cultured with bortezomib at the indicated doses for 24 h. Data expressed as mean ± SEM (n=10-15). *p<0.0001 ver-
sus untreated group, by the Mann-Whitney test.
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Figure 2. Bortezomib induces apoptosis in resting NK cells in a ROS-dependent manner. Resting NK cells were treated with zVAD (20
µM) or GSH (2 mM) for 30 min prior to adding bortezomib (4.7 ng/mL) for 24 h. Apoptosis was monitored by flow cytometric detection
of annexin V (AV)/ propidium iodide (PI) staining. (A) Apoptosis of resting NK cells induced by bortezomib in the presence or absence
of zVAD or GSH. Dot plots of one representative experiment are shown. Percentages of positive cells for AV and/or PI are indicated in
the plots. (B) Apoptosis of NK cells treated with bortezomib in the presence or absence of zVAD or GSH. The results are expressed as
mean percentage ± SEM of total (AV+PI– + AV+PI+) apoptotic cells from five independent experiments. *p<0.05 by Student’s t test. (C)
Caspase-3-like enzyme activity of the untreated and treated rNK cells was determined as described in the Design and Methods section,
and fold increase of caspase-3-like activity is shown. The values are presented as mean ± SEM (n=4).

Figure 3. Bortezomib triggers a ROS-
dependent drop in mitochondrial mem-
brane potential of resting NK cells. The
changes in fluorescence intensity of
Mitotracker Red, reflecting MMP, were com-
pared between untreated (Ctrl) and borte-
zomib (Bor) (4.7 ng/mL and 18.8 ng/mL)
treated resting NK cells at 12h and 24h, by
flow cytometry. (A) Histograms of one rep-
resentative experiment depicting Mito-
tracker Red fluorescence intensity in
untreated and bortezomib-treated resting
NK cells. Staurosporine (STS) (2 µM) was
applied as a positive control in the assay.
(B) Mean fluorescence intensity (MFI) of
Mitotracker Red staining results are pre-
sented as mean ± SEM (n=3-4). *p<0.02,
**p<0.005 and ***p<0.0001 versus
untreated group, by Student’s t test. (C)
Resting NK cells were pre-incubated with
GSH (2 mM) or zVAD (20 µM) for 30 min
prior to adding bortezomib (4.7 ng/mL) for
24 h. MMP was quantified as mentioned
above. Data are shown as mean ± SEM
(n=3-8). The differences in MFI between
resting NK cells treated by bortezomib
alone and bortezomib plus GSH or zVAD
was compared (*p<0.001, by Student’s t
test).
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ng/mL) (Figure 3C). In contrast, zVAD did not show
any protective effects on MMP, suggesting that the dis-
sipation of MMP is upstream of caspase activation in
bortezomib-treated rNK cells (Figure 3C).
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Figure 4. Bortezomib and Bay 11-7082 downregulate NK cell acti-
vating receptor NKp46 expression in resting NK cells. Primary rNK
cells treated by bortezomib (4.7 ng/mL or 18.8 ng/mL) or the NF-
κB inhibitor, Bay 11-7082 (1.25 µM) for 12h and untreated rNK
cells (control) were stained with fluorescence conjugated antibody
specific for NKp46 and the expression of NKp46 (mean fluores-
cence intensity, MFI) was quantified by flow cytometry. (A)
Comparison of NKp46 expression (MFI) between bortezomib-treat-
ed and untreated rNK cells. The results presented are mean ±
SEM (n=3). *p<0.05 and **p<0.02 by Student’s t test. (B)
Comparison of cell surface expression of DNAM-1, NKG2D and
NKp30, as well as intracellular perforin expression (MFI) between
bortezomib (4.7 ng/mL)-treated and untreated rNK cells.
Expression of the NK cell activating receptors (DNAM-1, NKG2D
and NKp30) and perforin was quantified by flow cytometry as
described in the Design and Methods section. Data are expressed
as mean ± SEM (n=3). *p<0.01 by Student’s t test. (C)
Comparison of NKp46 expression (MFI) between Bay 11-7082-
treated and untreated rNK cells. 

Figure 5. Bortezomib inhibits cytotoxicity of resting NK cells via
the NKp46-mediated pathway. Resting NK cells selected from
healthy blood donors were cultured with bortezomib (4.7 ng/mL)
or NF-κB inhibitor Bay 11-7082 for 12 h. Standard 4h-51Cr
release assay was applied using FcR+ P815 (A and B) or K562 (C)
as target cells, respectively, to determine suppressive properties
of bortezomib on resting NK cell cytotoxicity. For the redirected
cytotoxicity assay (A and B), FcR+ P815 cells were pre-incubated
with a purified anti-human NKp46 monoclonal antibody (ab) (2.5
µg/mL) for 30 min prior to incubation with bortezomib-treated
(Bor) and untreated resting NK cells (Ctrl) (A), or Bay 11-7082
(1.25 µM) and solvent (DMSO)-treated resting NK cells (B) at dif-
ferent effector:target (E:T) ratios. Ctrl NK cells incubated with FcR+

P815 without (w/o) NKp46 ab were used as an internal control
(A). *p<0.05, #p=0.05 by Student’s t test. Data shown in A and C
are expressed as percentages (mean ± SEM) of specific lysis of
target cells at different E/T ratios indicated from three independ-
ent experiments. Results presented in B are mean ± SEM of spe-
cific lysis (%) at different E/T ratios, generated from triplicate sam-
ples from two independent donors.
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Bortezomib treatment down-regulates NKp46
expression on resting natural killer cells

To examine whether proteasome inhibition affects
expression of NK cell activation receptors (NKp30,
NKp46, NKG2D and DNAM-1), rNK cell were exposed
to bortezomib (4.7 ng/mL or 18.8 ng/mL) for 12h and
the expression of these receptors was then quantified
by flow cytometry. Additionally, expression of these
receptors was analyzed only in non-apoptotic NK cells,
as determined by forward and side scatter with more
than 95% AV-cells (data not shown). As shown in Figure
4A, NKp46 expression in rNK cells was significantly
reduced upon treatment with bortezomib in a dose-
dependent manner. The same trend was seen in experi-
ments performed in each of the 3 separate donors, i.e.
NKp46 expression (MFI) on rNK cells treated with
bortezomib was reduced to 88.7% (MFI: 110 vs. 124),
83.8% (MFI: 88 vs. 105), and 82.3% (MFI: 116 vs. 141),
respectively. By contrast, expression of DNAM-1,
NKG2D and NKp30 on bortezomib (4.7 ng/mL)-treated
rNK cells was not significantly different from untreated
rNK cells (Figure 4B). Moreover, expression of intracel-
lular perforin was compared between bortezomib (4.7
ng/mL)-treated and untreated rNK cells, and no differ-
ence was found between these two groups (Figure 4B).

To uncover a role of NF-κB in regulation of NKp46
expression, we further tested NKp46 expression on rNK
cells after blocking NF-κB activity by a NF-κB blocker
Bay 11-7082 and found that blocking NF-κB activity
induced significant loss of NKp46 expression on rNK
cells (Figure 4B), indicating that the bortezomib-induced
decrease in NKp46 expression may be, at least in part,
attributable to the known inhibitory effects of this
agent on NF-κB function.

Bortezomib treatment impairs NKp46-dependent
cytotoxicity

NKp46 is one of the important activating receptors
that are required for NK cell function. To investigate
the functional consequence of decreased NKp46
expression on rNK cells following bortezomib treat-
ment, we employed a redirected NK cell cytotoxicity
assay using FcγR+ P815 as target cells in the presence of
anti-NKp46 antibody, and found that the lysis of FcγR+

P815 cells by the rNK cells exposed to a low dose of
bortezomib (4.7 ng/mL) for 12h was significantly
decreased when compared with controls at E:T ratios
of 20:1 and 10:1 (Figure 5A). Moreover, blocking NF-κB
activation by Bay 11-7082 for 12h substantially inhibit-
ed rNK cell-mediated lysis of FcγR+ P815 cells in the
presence of anti-NKp46 antibody (Figure 5B). In the
absence of this antibody, the rNK cells showed no or
limited lysis of FcγR+ P815 cells (Figure 5A), demon-
strating that the NK cell-mediated killing of FcγR+ P815
cells was dependent upon the anti-NKp46 antibody.
Importantly, very limited percentages of apoptosis (4-
9% vs. 3-6% apoptotic cells in bortezomib-treated and
untreated rNK cells, respectively) were observed under
these conditions, implying that the bortezomib-
induced impairment of NK cell killing mediated
through the NKp46 activation pathway is not related to
the apoptosis inducing-properties of bortezomib.

Consistently, rNK cells treated by bortezomib (4.7
ng/mL) for 12h were able to lyse K562 target cells as
efficiently as the untreated rNK cells (Figure 5C).

Discussion

Our studies reported herein show for the first time
that primary human resting NK cells (rNK) undergo
apoptosis in response to proteasome inhibition by
bortezomib, a novel anti-cancer agent. Moreover, borte-
zomib treatment selectively decreased NKp46 expres-
sion on rNK cells resulting in the inhibition of NK cell
killing of target cells mediated through the NKp46 acti-
vating pathway. Importantly, we selected bortezomib
doses of 4.7 ng/mL (12.2 nM) and 18.8 ng/mL (48.8 nM),
which were in the dose range mostly applied in previ-
ous studies on tumor cells and cell lines.8,17,18 

Generation of ROS triggered by proteasome inhibi-
tion appears to play a critical role in bortezomib-
induced tumor cell apoptosis.17,19,20 Interestingly, our
results demonstrated that GSH, a ROS scavenger, signif-
icantly abolished apoptosis and prevented the dissipa-
tion of MMP in rNK cells induced by bortezomib, indi-
cating that increased ROS generation is associated with
bortezomib-mediated apoptosis. However, our findings
do not exclude a role for additional, ROS-independent
pathways in proteasome inhibition-mediated apoptosis
of rNK cells. Bortezomib-induced caspase activation has
been observed in tumor cells.17,18 Our results obtained in
primary human NK cells also showed that bortezomib
triggers caspase-3 activation in a dose-dependent man-
ner. However, the pan-caspase inhibitor, zVAD did not
significantly reduce apoptosis in rNK cells incubated
with bortezomib. Additionally, such caspase inhibition
did not protect rNK cells from bortezomib-mediated
loss of mitochondrial membrane integrity. Taken
together, the current findings suggest that ROS genera-
tion rather than caspase activation is a key triggering
factor for bortezomib-induced apoptosis in rNK cells.
Consistently, our results showed that GSH almost com-
pletely prevented caspase activation induced by borte-
zomib. Previous studies on the effects of bortezomib in
cancer cells, including one recent report on malignant
NK cell lines21 have also implicated mitochondria in
bortezomib-triggered apoptosis. Thus, bortezomib may
act via similar mechanism(s), including a disruption of
mitochondrial membrane integrity, to trigger apoptosis
in both malignant NK cells and primary resting NK cells.

NK cell functions are finely regulated by a balance
between activating and inhibiting signaling originated
from engagements of activation and inhibition recep-
tors expressed on NK cells with corresponding ligands
expressed on the target cells.22,23 We found that borte-
zomib selectively down-regulated the expression of
NKp46 but not other NK receptors tested (NKp30,
NKG2D and DNAM-1) and this effect was not attribut-
able to the apoptosis inducing-property of bortezomib.
We cannot exclude the possibility that bortezomib
treatment could affect other downstream signaling
activities in resting NK cells. Nevertheless, NK cell cyto-
toxicity mediated by the NKp46 activation pathway



was impaired, and these results were in accordance
with the decreased NKp46 expression observed after
administration of bortezomib. By contrast, NK cells
treated with bortezomib killed the NK cell sensitive tar-
get cells, K562 cells, as efficiently as untreated NK cells.
NK cell activity is controlled by the expression of acti-
vating and inhibiting receptors on NK cells and the
presence or absence of major histocompatibility com-
plex (MHC) class I molecules on target cells.24,25 Human
K562 leukemic cells are commonly used as targets in
NK killing assays and are known to lack expression of
MHC class I molecules26 thereby rendering these cells
especially sensitive to lysis by NK cells. NKp46 signal-
ing is only one of the known pathways triggering NK
cell activation,22 and selective reduction of NKp46
expression on NK cells induced by bortezomib may
thus not affect NK cell cytotoxicity against all target
cells. Nevertheless, previous studies27 have shown that
the destruction of certain virus-infected and tumor cells
is mediated, in part, via NKp46, suggesting that the
bortezomib-induced suppression of NKp46-mediated
killing may impact on these processes. Additionally, we
found that there was no defect in NK cell expression of
perforin or cytolytic granule degranulation28 in borte-
zomib-treated NK cells (C. Zheng et al., unpublished data,
2008). Bortezomib is thus likely to inhibit NK cell cyto-
toxicity by suppressing NKp46 activation pathway-
associated NK cell cytolytic activity rather than inter-
fering with the cytolytic granule exocytosis machinery.
One recent study claimed that clinically relevant con-
centrations of bortezomib (10 nM) did not affect NK
cell viability or function whereas MHC class I expres-
sion was down-regulated in multiple myeloma cell
lines.29 However, the authors did not present such data
in the manuscript and no information was provided on
the specific assays used to monitor NK cell function
upon treatment with bortezomib. In contrast, the pres-
ent study provides conclusive evidence that primary
human rNK cells are susceptible to bortezomib-
induced apoptosis at doses ranging from 4.7 ng/mL
(corresponding to 12.2 nM). 

Interestingly, we also observed that blocking of NF-
κB with a selective pharmacological inhibitor (Bay 11-
7082) substantially decreased NKp46 expression on
rNK cells and also suppressed rNK cell cytotoxicity
mediated by the NKp46 activation pathway, suggesting
a role of NF-κB in the regulation of NK cell activating
receptor expression and function. In line with this

hypothesis, NF-κB was shown to play an important
role in regulating the expression of the NK surface mol-
ecule, Ly49 in mice.30 NF-κB is one of the main targets
of proteasome inhibition3,4 and the blocking effects on
NF-κB function mediated by bortezomib may thus be
involved in the selective down-regulation of NKp46
observed in the present study.

Cytotoxic effects of proteasome inhibition on other
components of the immune system have been reported
in recent years. Bortezomib treatment thus induced
apoptosis and diminished expression of several activa-
tion related-cell surface molecules on activated T
cells,9,10 and resulted in a remarkable loss of T and B cell
precursors in mice.31 Furthermore, proteasome inhibi-
tion induced apoptosis in DC,32 resulted in decreased
expression of maturation and co-stimulatory molecules
on DCs and consequently inhibited DC-induced CD4+

T cell proliferation and NK cell activation.33 These find-
ings, in conjunction with the present data, highlight
that proteasome inhibition may result in multiple sup-
pressive effects on the immune system not only
through direct induction of apoptosis but also by dis-
rupting expression of specific cell surface molecules
that are important for the functions of immune-compe-
tent cells, and also suggest a clinical potential of borte-
zomib in prevention of graft loss in patients who have
undergone organ transplantation.

In conclusion, our results demonstrate that protea-
some inhibition by bortezomib induces apoptosis of
human primary resting NK cells through a ROS-
dependent pathway. Moreover, bortezomib treatment
decreases NKp46 expression on resting human NK cells
and suppresses NKp46-mediated NK cell killing of tar-
get cells, suggesting a role of bortezomib in modulation
of NK cell-mediated immunity through apoptosis
induction and suppression of NKp46 expression.
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