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Natural killer (NK) cell-based immunotherapy is promising, because NK cells form the first line of defense against
cancer and are capable of lysing tumor cells without pre-stimulation. However, NK cells from multiple myeloma (MM)
patients are always deficient in number, and the expression of certain activating receptors disables their cancer cyto-toxicity.
Therefore, effective strategies to expand NK cells and increase NK cell-mediated cyto-toxicity against MM are imperative. Herein, NK cells were efficiently expanded from peripheral blood mononuclear cells (PBMCs) of newly diagnosed
MM patients after co-culture with irradiated K562 cells transfected with 41BBL and membrane-bound interleukin (IL)-15
(K562-mb15-41BBL) in the presence of 200 IU/ml human IL-2. The ex vivo-expanded NK cells were demonstrated to
vigorously kill both MM cells and autologous primary MM cells without significant lysis of normal patient cells. Further
exploration revealed significant increase in cell surface expression of most activating receptors of NK cells and indicated that
expanded NK (exp-NK) cell killing of MM cells was mediated by perforin/granzyme. NK cells are capable of lysing human
leukocyte antigen (HLA) I-deficient tumor cells and carfizomib, a selective proteasome inhibitor approved for the treatment
of relapsed/refractory MM patients down-regulates the expression of HLA class I, thus enhancing NK cell-mediated lysis
in MM. Herein, we established for the first time that carfizomib dramatically augmented ex vivo exp-NK cell cytotoxicity
against patient autologous MM cells, thus suggesting successful use of exp-NK alone or in combination with the drug in
treating MM patient.
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Multiple myeloma (MM) is a hematological malignancy
of the B-cell line [1]. It is estimated that approximately 30,280
cases of myeloma are expected to be diagnosed in 2017 and
almost 12,590 myeloma patients will die from the disease
[2]. While autologous stem cell transplantation (ASCT) and
high-dose chemotherapy have recently improved the overall
survival of MM patients [3, 4], the minimal or measurable
residual disease (MRD) followed by ASCT and the inevitable
drug resistance to chemotherapeutic drugs are still major
causes of MM progression and relapse [5, 6]. Therefore,
cancer immunotherapy capable of killing multi-drug-resistant malignant cells and stabilizing or even clearing the MRD
should be an effective strategy for patients with relapsed/
refractory MM [7, 8].
Human natural killer (NK) cells are CD56+CD3– large
granular lymphocytes and an important subset of the innate

immune system, capable of lysing certain tumor and virusinfected cells [9]. NK cells mainly kill target cells through
perforin/granzymes granule-mediated exocytosis and death
receptor interaction. Cytokines, such as Fas ligand, tumor
necrosis factor (TNF) and the TNF-related apoptosisinducing ligand (TRAIL) expressed by NK cells interact with
corresponding death receptors on target cells, resulting in NK
cell-mediated killing of certain target cells [10]. The recognition of target cells by NK cells is regulated by a balance of
positive and negative signals arising from various inhibitory
and activating receptors on NK cells interacting with ligands
on the target cells [9, 10].
Studies have reported that NK cells from the bone marrow
of MM patients exert strong activity against myeloma cell
lines [11]. Additionally, NK-cell cytotoxicity against MM
positively correlates with the expression of activating recep-
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tors on the surface of NK cells and also with the number of
cells [12, 13]. However, the levels of NK cells in MM patients’
peripheral blood show significant decrease [14] and NK cell
activity is frequently impaired. This is significantly associated
with advanced clinical stage [15]. Moreover, MM patients
with lower NK cell activity have worse disease-free survival
than those with higher NK cell activity [16]. Hence, effective strategies to expand NK cells and their cell-mediated
cytotoxicity against MM are imperative.
Carfilzomib, a second-generation proteasome inhibitor
(PI), has been approved to treat relapsed/refractory MM
patients who have received at least two prior therapies,
including the first-in-class PI bortezomib and an immunomodulatory drug [17]. We recently reported that carfizomib
can enhance NK cell-mediated lysis of MM by decreasing
HLA-class I expression, thus suggesting its use as a possible
pharmaceutical-therapeutic approach to combine with NK
cell-based therapies in MM [18].
Herein, irradiated K562 cells transfected with 41BBL and
membrane-bound interleukin (IL)-15 (K562-mb15-41BBL)
were used to expand NK cells from newly diagnosed MM
patients’ peripheral blood mononuclear cells (PBMCs). We
then analyzed the cytotoxicity of the expanded NK cells
against MM cells and the MM patient autologous cells
and related mechanisms. Finally, the role of carfilzomib in
enhancing cytotoxicity of ex vivo-expanded NK (exp-NK)
cells against MM cells was investigated.
Materials and methods
Cells and cell culture. K562 and U266 cell lines were
purchased from American Type Culture Collection
(Manassas, VA). K562 transfectants (K562-mb15-41BBL),
expressing membrane-bound interleukin (IL)-15 and the
NK-stimulatory molecules 4-1BB ligand, were available in
our laboratory. Peripheral blood and bone marrow specimens
were obtained following acquisition of the study participants’
written informed consent and the study was approved by the
Shanghai Tenth People’s Hospital Institutional Review Board.
CD56+/CD3– NK cells and CD138+ MM cells were isolated
from peripheral blood or bone marrow using magnetic bead
selection (Miltenyi Biotech, Auburn, CA). All selected cells
were routinely >95% pure. All cell lines mentioned above
were incubated with RPMi-1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin streptomycin-glutamine at 37 °C with 5% CO2.
Regents and antibodies. Carfizomib was purchased
from Onyx Pharmaceuticals. Propidium iodide (PI),
annexin V and fluorescence-conjugated-antibodies against
CD3, CD14, CD19, CD33, CD56, CD138, NKG2D, DNAX
accessory molecule-1 (DNAM-1), KIR2DL1 (CD158a),
KIR2DL2/3(CD158b), KIR3DL1 (NKB1), perforin,
granzyme A, granzyme B, TRAIL Fas-ligand (Fas-L) and
isotype were purchased from BD Biosciences (San Jose,
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CA). NKp30, NKp44, NKp46 antibodies were purchased
from Beckman Coulter (Fullerton, CA). Concanamycin A
(CMA, perforin/granzyme inhibitor) and HLA class I ABC
monoclonal antibodies were purchased from Sigma (China
Sigma Co., Ltd.).
Ex-vivo expansion of NK cells. The following culture
conditions were used for ex vivo expansion of NK cell with
leukapheresis product of PBMCs from newly diagnosed MM
patients. Briefly, PBMCs (1.5×106 cells/ml) were co-cultured
with irradiated K562-mb15-41BBL (100 Gy, 1.0×106 cells/ml)
at a ratio of 1.5:1 in RPMI 1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum, 1% penicillin streptomycin (Gibco, Carlsbad,
CA, USA) and 200 IU/ml recombinant human IL-2 (R&D
Systems, Minneapolis, MN, USA) at 37 °C with 5% CO2.
Fifty percent of the medium was refreshed every second day.
The cells were re-stimulated with K562-mb15-41BBL and
200 IU/ml IL-2 at day 7 and collected at day 14 for assays. Flow
cytometry calculated the number of total viable cells and the
proportion of each subset at day 0 and day 14 of co-cultures.
The percentages of viable NK cells were determined by
annexin-V/PI double-staining using Vybrant apoptosis assay
kit (Invitrogen, Carlsbad, CA). Fold expansion was calculated as pre-expansion cells (day 0 of co-culture) divided by
post-expansion cells (day 14 of co-culture).
Phenotyping of subset cells by flow cytometry analysis.
Cell surface protein expression of NK cells was determined by standard flow cytometry analysis using isotype
control or FITC, PE conjugated antibodies (Abs). In brief,
pre-expansion (day 0 of co-culture) or post-expansion (day
14 of co-culture) cells were collected and re-suspended at a
concentration of 1.0×106 cells/ml. The cells were then stained
with 10 µl fluorescence-conjugated CD3PerCp, CD56FITC
antibody or PE conjugated antibodies against NK cell
activating or inhibitory receptors at room temperature for 25
minutes, washed with phosphate buffer solution in triplicate
and detected by flow cytometry (BD Biosciences, San Jose,
CA, USA). For NK cell phenotyping, the culture cells at day 0
and day 14 were first T-cell depleted and then selected for NK
cells by CD56+ selection using Miltenyi beads. The resulting
cells comprised more than 95% CD56+/CD3– NK cells. The
mean fluorescence intensity (MFI) values were calculated
for day 0 and day 14 samples for each cell surface receptor
analyzed,. The changes in receptor expression was expressed
as MFI ratios (MFI day 14/MFI day 0) for each receptor. MFI
ratio >1 denoted up-regulation of the receptor while MFI
ratio <1 indicated down-regulation in receptor expression
51
Cr release cytotoxicity assay. Cytotoxicity mediated
by CD56+/CD3– NK cells against MM cell line U266,
patient autologous MM cells and PBMCs was studied using
a standard 4-hour 51Cr release assay. We used 10:1, 5:1 and
1:1 effector-to-target (E/T) ratios for all assays, except where
otherwise indicated. Target cells were first labeled with
100 μCi 51Cr sodium chromate (Amersham Biosciences
Europe GmbH, Freiburg, Germany) for 1.5 hours and then
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washed with culture medium in triplicate. Then effector cells
were co-cultured with target cells in a 96-well v-bottom plate.
After 4 hours incubation, the supernatants were harvested
for gamma count and the specific lysis percentage was calculated as (test release-spontaneous release)/(maximal releasespontaneous release) × 100.
Molecular mechanisms involved in the interaction
between exp-NK cells and patient MM cells were explored
using blocking experiments. Exp-NK cells were first
incubated with human IgG (1 μg/105 cells, Invitrogen) on ice
for 20 minutes to avoid antibody-dependent cell-mediated
cytotoxicity and then incubated with various mAbs at room
temperature before addition of target cells. Isotype control
or un-conjugated purified antibodies to NKG2D, natural
cytotoxicity receptors (NKp30, NKp44 and NKp46) and
DNAM-1 were used alone or in combination in NK cell
receptor blocking experiments. The antagonistic TRAIL and
Fas-L antibodies were used in the cytotoxic pathway blocking
experiments. All mAbs were present at the final concentration of 10 μg/ml.
Statistical analysis. Data obtained from multiple experiments were expressed as mean ± standard deviation (SD).
Significance levels were determined by Student t test analysis
with SPSS v22.0 (IBM, Armonk, NY, USA) and p<0.05 was
considered significant. All experiments were performed at
least in triplicate.
Results
K562-mb15-41BBL cells efficiently expand NK cells
from PBMCs of newly diagnosed MM patients. To explore
the ability of K562-mb15-41BBL cells to specifically inducing
proliferation of NK cell in vitro, PBMCs from six newly
diagnosed MM patients were co-cultured with irradiated
K562-mbIL15-41BBL cells at a ratio of 1.5: 1 in culture media
containing 200 IU/ml human IL-2. After 14 day culture,
we observed a mean of 270.3±84.3 fold NK cell expansion
(CD56+CD3- defined by flow cytometry), and NK cells were
significantly enriched in cell products (day 14 with 86.1±5.3%

versus day 0 with 11.6±3.1%; p<0.05). No significant enrichment of NKT cells was observed (CD56+CD3+ – day 14 with
3.2±1.7% versus day 0 with 7.7%±1.9%). In contrast, the
CD3+CD56–T-cells had a mean expansion of only 4.1±2.5
fold and the percentage of T cells in cell products reduced
after 14 days of co-incubation (day 14 with 8.1±3.4% versus
day 0 with 56.5±6.3%).
At the end of co-culture, the cell populations contained
only a mean of 2.1±1.2% B cells, 0.9±0.4% monocytes, and
3.1±5.7% myeloid cells. Table 1 shows the composition of cell
population before and after expansion, with the cell populations’ immunophenotypic features before and after expansion by co-culturing MM patient PBMCs with K562-mb1541BBL cells in the presence of 200 IU/ml of IL-2 (one representative patient) presented in Figure 1A. Fujisaki et al. [19]
support our results that cultures which had either non-transfected K562 with IL-2 or IL-2 alone failed to induce significant (≥2-fold) NK cell proliferation (data not shown). The
exp-NK cells were >95% viable at harvest.
We also compared the immunophenotypic features of NK
cells before and after expansion with K562-mb15-41BBL cells
by flow cytometry. Figure 1B histogram depicts the changes
in cell surface expression of both activating and inhibitory
receptors of NK cells of one representative MM patient.
While the expression of activating receptors, including
NKG2D, NKp30, NKp44 and DNAM-1, were significantly
increased after 14 day co-culture, no obvious differences were
defined in the expression of the NKp46 activating receptor or
the inhibitory KIR2DL1 (CD158a), KIR2DL2 (CD158b) and
KIR3DL1 (NKB1) receptors.
Exp-NK cells exert highly cytolytic activity against MM
cell line U266 and patient autologous MM cells. Cytotoxicity assays were performed by 51Cr-release assay in order to
investigate the anti-MM potential of exp-NK cells in vitro.
Figure 2A shows the cytolytic capacity of exp-NK cells and
non-exp-NK cells against MM cell line U266. Exp-NK cells
had more vigorous cytotoxicity against U266 MM cell line
compared to non-exp-NK cells. The mean lysis of U266
by exp-NK cells (n=6) was 51.9±4.8% at a 10:1 E: T ratio,

Table 1. The composition of cell population before expansion and after expansion.
Donor
1
2
3
4
5
6
Mean
SD

CD3–CD56+
NK cells (%)
Day 0
Day 14
10.3
81.6
9.6
90.7
11.4
78.5
13.1
88.4
16.9
92.2
8.2
85.1
11.6
86.1
3.1
5.3

CD3+CD56+
NKT cells (%)
Day 0
Day 14
6.2
3.4
6.7
2.5
4.6
2.3
8.5
6.5
9.5
2.4
8.9
2.1
7.4
3.2
1.9
1.7

CD3+
T cells (%)
Day 0
Day 14
46.2
12.4
55.1
6.1
62.8
11.3
62
9.5
53.2
3.7
59.7
5.8
56.5
8.1
6.3
3.4

Abbreviations: NK, natural killer; NKT, natural killer T; SD, standard deviation.

CD19+
B cells (%)
Day 0 Day 14
27.1
1.7
15
1.5
10.3
4.1
13.9
1
8.4
1.5
8.6
2.9
13.9
2.1
7.0
1.2

CD33+CD14+
Monocytes (%)
Day 0
Day 14
9.3
0.8
13.4
0.5
8.6
1.6
2.7
0.9
10.8
0.7
12.1
0.9
9.5
0.9
3.8
0.4

CD33+CD14–
Myeloid cells (%)
Day 0
Day 14
1.2
0.7
0.5
0.5
2.5
1.1
1.2
14.8
2.1
1.2
3.4
0.5
1.8
3.1
1.1
5.7
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compared to non-exp-NK cells (26.4±3.5%) (Figure 2A).
Similarly, 4-hour 51Cr release assay also showed that autologous primary MM cells were avidly killed by exp-NK cells
from MM patients (n=4) at a 10:1 E: T ratio, whereas non-expNK cells exerted no cytotoxicity against these primary MM
cells (29.7±2.9% versus 1.7±0.7%, p<0.05) (Figure 2B). We
also tested the cytotoxicity of exp-NK cell against autologous
PBMCs, and results indicated that exp-NK cells exerted no
increased cytotoxicity against PBMCs compared to these
non-exp-NK cells (data not shown). Our combined data
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indicates that exp-NK cells from MM patients stimulated
with K562-mb15-41BBL cells can overcome the inhibitory
signaling from autologous patient MM cells and have great
potential in MM patient clinical immunotherapy.
Molecular mechanisms are involved in the interaction
between exp-NK cells and patient MM cells. We next determined which NK activating receptors were involved in the
enhanced lysis of primary autologous MM cells by exp-NK
cells. Since activating receptor NKG2D, NKp30, NKp44,
DNAM-1 were significantly up-regulated in exp-NK cells,

Figure 1. Phenotyping of subset cells before expansion and after expansion. PBMCs from newly diagnosed MM patients were co-cultured with irradiated K562-mbIL15-41BBL cells at a ratio of 1.5: 1 in culture media containing 200 IU/ml human IL-2. Cell surface protein expression was determined
by standard flow cytometry analysis using isotype control or FITC, PE conjugated antibodies. A) Phenotyping of subset cells (CD56+CD3– NK cells,
CD56+CD3+ NKT cells, CD3+ T cells, CD19+ B cells, CD33+CD14+ monocytes, and CD33+CD14– myeloid cells) from one representative patient before
expansion and after expansion. B) Cell surface expression of activating and inhibitory receptors of exp-NK cells compared to non-exp NK cells of one
representative MM patient. Open peaks show exp-NK cells and shaded peaks show non-exp NK cells.
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Figure 2. Exp-NK cells exerted highly cytolytic activity against MM cell line U266 and patient autologous MM cells. Cytolytic capacity of exp-NK cells
against target cells was investigated using a standard 4-hour 51Cr release assay at effector-to-target (E/T) ratios of 10:1, 5:1 and 1:1. A) Exp-NK cells
from six MM patients showed more vigorous cytotoxicity against U266 MM cell line compared to non-exp-NK cells. B) The autologous primary MM
cells were avidly killed by exp-NK cells from MM patients (n=4) at a 10:1 E: T ratio, whereas non-exp-NK cells exerted no obvious cyto-toxicity against
these primary MM cells.

we performed blocking studies with neutralizing antibodies,
alone or in combination, to NKG2D, NKp30, NKp44, NKp46
and DNAM-1 to evaluate the contribution of these activating
receptors to the cytotoxicity of exp-NK cells against patient
autologous MM cells.
As expected, exp-NK cell cytotoxicity was significantly
reduced when activating receptor-ligand interactions

were inhibited by these blocking antibodies. The killing
rates of exp-NK cells in the presence of control antibody,
anti-NKG2D antibody, anti-NKp30 antibody, anti-NKp44
antibody, anti-NKp46 antibody, anti-DNAM-1 antibody
or all the antibodies together was 1.5±0.9%, 31.4±2.6%,
21.3±1.5%, 15.4±1.9%, 2.2±0.5%, 34.1±2.6% and 75.7±3.8%,
respectively, at 10:1 E: T ratio (Figure 3A).
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Finally, blocking experiments were performed to identify
the cytotoxic pathway involved in exp-NK cells. While the
antagonistic TRAIL and Fas-L antibodies had no effect on
exp-NK cell toxicity, the CMA perforin/granzyme inhibitor
prevented enhancement of exp-NK cell-mediated lysis in
patient MM cells (Figure 3B). This indicated that exp-NK cell
killing of MM cells was mediated by perforin/granzyme. We
also found that over 90% of exp-NK cells had high perforin,
granzyme A and granzyme B expression and no notable
expression of TRAIL and Fas-L was detected on exp-NK cells
(Figure 3C).
Carfilzomib dramatically enhances ex vivo exp-NK
cell cytotoxicity against patient autologous MM cells. We
previously reported that MM cell treatment with carfizomib,
a selective and irreversible proteasome inhibitor, downregulates HLA class I inhibitory killer cell immunoglobulinlike KIR-L on patient MM cells and this sensitizes patient
MM cells to allogeneic NK cell cytotoxicity [18]. We therefore
compared lysis by exp-NK cells vs. non-exp-NK cells against
carfilzomib-treated and untreated autologous patient MM
cells by testing HLA class I expression on patient MM cells
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treated with and without 10 nM carfilzomib for 24 hours. We
found HLA class I down-regulation after 10 nM carfilzomib
treatments in all carfilzomib treated myeloma cells (n=4)
with a mean of 55.8±10.2% (Figure 4A). We also observed
that lysis of MM cells by both exp-NK cells and non-expNK cells was augmented by pre-treating tumor cells with 10
nM carfilzomib for 24 hours (Figure 4B). Interestingly, in
contrast to non-exp-NK cells, there was a dramatic increase
in carfilzomib-treated MM cell killing by exp-NK cells. At a
10:1 effector-to-target ratio, the mean lysis of exp-NK cells
are 73.8±3.7% and 29.7±2.9% of carfilzomib-treated vs.
untreated MM tumor cells respectively, compared to non-expNK cells which killed 24.9±6.0% and 1.7±0.7% (n=4, p<0.05)
of carfilzomib-treated vs. untreated MM cells (Figure 4B).
Discussion
Increasing studies have recently focused on NK cellbased immunotherapy because NK cells are in the first line
of defense against cancer and capable of lysing tumor cells
without pre-stimulation [20], and previous preclinical and

Figure 3. Molecular mechanisms involved in the interaction between exp-NK cells and patient MM cells. A) Blocking experiments by neutralizing antibodies NKG2D, NCRs (NKp30, NKp44 and NKp46) and DNAM-1 were performed alone or combined with isotype control to confirm the contribution
of these activating receptors to the anti-MM activity of exp-NK cells. B) Blocking experiments by using antibodies to isotype control, TRAIL, Fas-L and
the perforin/granzyme inhibitor CMA were performed to identify the cytotoxic pathway involved in exp-NK cells. C) Levels of expression of perforin,
granzyme A, granzyme B, TRAIL and Fas-L were determined by flow cytometric analysis.
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Figure 4. Carfilzomib dramatically enhanced ex vivo exp-NK cell cytotoxicity against patient autologous MM cells. A) Levels of expression of HLA
class I on patient MM cells treated with and without 10 nM carfilzomib were tested by flow cytometry. Open peaks show carfizomib-treated MM cells
and shaded peaks are untreated cells. Histograms showed down-regulation of HLA class I ABC after carfilzomib treatment in all carfilzomib-treated
MM cells (n=4), by a mean of HLA class I down-regulation of 55.8±10.2%. B) Primary MM cells were first treated with 10 nM carfilzomib for 24 hours,
and the cytolytic capability of exp-NK cells and non-exp-NK cells against treated or untreated cells was then investigated with 51Cr release assay at the
effector-to-target (E/T) ratios of 10:1.

clinical trials have proven that adoptive NK cells infusions
are promising therapeutic strategies in the treatment of
cancer patients [21, 22]. While infusions of autologous NK
cells into patients have been proven safe and tolerable [23]
clinical application of the adoptive transfer of autologous
NK cells is limited [24]. Large numbers of NK cells must be
expanded by effective strategies to satisfy clinical requirements and clinical studies on adoptive autologous NK-cell

infusions have demonstrated reduced NK cell anti-tumor
effect [24]. The limited tumor suppression is mainly due to
the inhibitory receptors on NK cells, killer cell immunoglobulin-like receptors (KIRs), which recognize HLA-class
molecules on tumor cells and deliver a series of inhibitory
signals preventing tumor cells from being lysed by autologous NK cells [25]. Therefore, all efforts must concentrate on
enhancing NK cells anti-tumor effects.
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Previous studies have reported that irradiation of the
genetically modified K562-mb15-41BBL cell line specifically induces proliferation of human NK cells and generates
large numbers of ex vivo-expanded NK cells with enhanced
cytotoxicity [19, 21]. We previously found that human NK
cells were significantly expanded by co-culturing PBMCs
isolated from healthy donors with irradiated K562-mb1541BBL cells containing 200 IU/ml human IL-2. This was
the first cytokine approved for use in patients and also
one kind of interleukin able to expand NK cells [26].
Herein, PBMCs from newly diagnosed MM patients were
co-cultured with irradiated K562-mbIL15-41BBL in the
presence of IL-2, and we found significant expansion of
NK cell from PBMCs of newly diagnosed MM patients.
In contrast, significant enrichment of NKT, T and other
cell types was not observed; thus highlighting the specific
effects of this co-cultured irradiation system for NK cell
expansion. Transfer of NK cells expanded from PBMCs of
healthy donors (allogeneic NK cells) can exert enhanced
tumor cytotoxicity by allogenic KIR ligand–incompatible
NK cell [27]. However, the intense immuno-suppression
required prior to infusions, and the risk of complicating
life-threatening graft-versus-host disease, limit its clinical
applications [20]. Therefore, ex vivo expansion of NK cell
from the patient’s own PBMCs (autologous NK cells) is not
only conducive to increasing NK cells in numbers but it is
also tolerated.
Evading NK cell-recognition and killing is essential for
tumor formation and progression [9, 10]. Previous studies
have reported that NK cells from MM patients are always
deficient in the expression of certain activating receptors
and display weaker cytotoxicity against tumor cells, particularly in advanced stages [14, 15]. Significant increase in the
expression of most activating receptors including NKG2D,
NKp30, NKp44 and DNAM-1 was observed by flow cytometry after 14 day co-culture, but no obvious change was
seen in most inhibitory receptors. The immunoactivity of
NK cells depends on a balance of activating and inhibitory
signals [9], and once activating signals outbalance inhibitory
signals, NK cells are activated. Our above results suggest
that ex vivo exp-NK cells from MM patients may have great
cytotoxicity against malignant cells. Therefore, 51Cr-release
assay was performed to further evaluate the anti-MM potential of exp-NK cells in vitro and we found that exp-NK cells
from MM patients avidly killed patient MM cells better than
non-expanded NK cells without significant lysis of autologous PBMCs. Moreover, our preliminary data highlighted
that expanded NK cells from MM patient have markedly
cytolytic function against autologous primary MM cells;
thus suggesting this treatment could be extended to most
individual patients and the requirement for an available
appropriate NK cell donor avoided.
The C-type lectin-like NKG2D, DNAX accessory
molecule-1 (DNAM-1) and natural cytotoxicity receptors (NCRs) NKp30, NKp44, and NKp46 are common

727

activating receptors expressed on NK cells and have important roles in the full activation of NK cells [9, 10, 27]. As
mentioned above, a significant increase in the expression
of most activating receptors was observed in our study, so
we further explored the molecular mechanisms involved in
the interaction between exp-NK cells and patient MM cells
by blocking studies with specific antibodies against these
activating receptors. Approximately 75% abrogation of
enhanced killing of MM was determined in the presence of
all Abs tested, and this suggests synergy between activating
receptors responsible for marked increases in anti-MM
activity in exp-NK cells. Other activated molecules may
also be involved in the killing effects of exp-NK. Activated
NK cells can release cytotoxic granules containing perforin
and granzymes or generate death receptor ligands such as
Fas-L and TRAIL, causing direct lysis of malignant cells
[10]. Herein, we found that perforin/granzyme participated in exp-NK cell anti-MM activity, but Fas-L and
TRAIL did not.
The cytolytic capacity of autologous NK cells is limited
because of the inhibitory receptors KIRs interaction with
self-HLA molecule effect on tumor cells [25]. It has been
demonstrated that NK cells are capable of lysing HLA
I-deficient tumor cells [28], and we recently established
that carfizomib, a selective proteasome inhibitor approved
for treatment of relapsed/refractory MM patients, downregulates MM expression of HLA class I and enhances NK
cell-mediated lysis [18]. This finding suggests that the combination of carfizomib with autologous NK cells enhances
effective MM therapy. Herein, we found for the first time
that carfizomib dramatically augmented ex vivo exp-NK cell
cyto-toxicity against patient autologous MM cells.
Previous studies have reported that infusions of NK cells
combined with antitumor drugs produce no relevant toxic
effects [21, 29]. Therefore, the combination of carfizomib
with ex vivo-expanded patient autologous NK cells has
potential therapeutic implications for MM in the context of
autologous adoptively transferred NK cells.
In conclusion, stimulation with K562 transfectants
induces vigorous specific expansion of NK cells from MM
patients without expanding T lymphocytes. The exp-NK
cells exert highly cytolytic activity against both MM cells
and autologous primary MM cells while sparing patient
normal cells. Additionally, the exp-NK cell-killing of MM
cells is mediated by perforin/granzyme. Significantly, carfilzomib dramatically enhances ex vivo exp-NK cell cytotoxicity against patient autologous MM cells. We believe that
expanded/activated NK cells have a role in future treatment
of MM patients with high-risk disease or other NK cell–
sensitive malignancies, either alone or in combination with
carfizomib.
Acknowledgements: This work was supported by grants from
the National Natural Science Foundation of China (81529001,
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