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Expanded natural killer cells augment the antimyeloma effect
of daratumumab, bortezomib, and dexamethasone in a mouse
model
Jaya Lakshmi Thangaraj1,2,3, Seo-Yeon Ahn1,2, Sung-Hoon Jung1,2, Manh-Cuong Vo1,2, Tan-Huy Chu1,3, Minh-Trang Thi Phan4,
Minsuk Kwon5, Kyung-Hwa Lee6, Mihee Kim2, Ga-Young Song2, Deok-Hwan Yang2, Jae-Sook Ahn2, Hyeoung-Joon Kim2,
Duck Cho4,7,8 and Je-Jung Lee1,2,3

The use of natural killer (NK) cells is a promising and safe immunotherapeutic approach in the field of cancer immunotherapy.
However, combination treatments are required to enhance the effector functions and therapeutic efficacy of NK cells. In this study,
we investigated the potential of daratumumab (Dara), bortezomib, and dexamethasone (Dvd) to augment the antitumor effects of
NK cells in a multiple myeloma (MM) xenograft mouse model. NK cells were expanded and activated using the K562-OX40 ligand
and membrane-bound IL-18 and IL-21 in the presence of IL-2 and IL-15 from peripheral blood mononuclear cells from MM patients.
A human MM xenograft model was established using human RPMI8226-RFP-FLuc cells in NOD/SCID IL-2Rγnull (NSG) mice. Tumor-
bearing mice were divided into six treatment groups: no treatment, expanded NK cells (eNKs), Dara, Dara + eNKs, Dvd, and Dvd +
eNKs. Dvd treatment strongly enhanced the cytotoxicity of eNKs by upregulating expression of NK cell activation ligands,
downregulating expression of NK cell inhibitory ligands, and promoting antibody-dependent cellular cytotoxicity. The combination
of eNKs with Dvd significantly prolonged mouse survival and reduced the tumor burden and serum M-protein level. Furthermore,
Dvd pretreatment significantly increased eNK persistence and homing to MM sites. Our findings suggest that Dvd treatment
potentiates the antimyeloma effects of NK cells expanded and activated ex vivo by modulating immune responses in MM-
bearing mice.
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INTRODUCTION
Multiple myeloma (MM) is an incurable hematological malignancy
in the majority of patients and is characterized by the abnormal
proliferation of clonal malignant plasma cells.1,2 Although several
novel agents (e.g., proteasome inhibitors, immunomodulatory
drugs, and monoclonal antibodies) have been developed in recent
decades to improve clinical outcomes in MM patients, most MM
patients ultimately relapse and require additional therapy.
More recently, treatment with chimeric antigen receptor (CAR)
T cells has shown remarkable antitumor activity in MM and
other hematological malignancies; however, CAR T-cell therapy
may cause several undesirable and potentially lethal effects, such
as severe cytokine release syndrome and neurotoxicity. In
addition, CAR T-cell therapy significantly increases treatment
costs while providing a limited progression-free survival (PFS)
benefit.3,4

Natural killer (NK) cells are large granular innate immune cells
that can eliminate tumor cells without prior sensitization.5 In
MM patients, NK cell activity can be suppressed by several
immunosuppressive factors in the bone marrow (BM) niche.6–8

Therefore, ex vivo activation and expansion of NK cells from MM
patients are challenging.9 We recently established a novel
protocol for ex vivo expansion and activation of NK cells from
MM patients using K562-OX40 ligand and membrane-bound
(mb) IL-18 and IL-21 (K562-OX40L-mbIL-18/-21) cells, which were
generated by transducing K562-OX40L cells with a lentiviral
vector encoding mbIL-18 and mbIL-21 in the presence of IL-2
and IL-15 (manuscript submitted for publication). MHC-I
molecules expressed on MM cells inhibit NK cell activation to
avoid NK cell-mediated tumor lysis. Interestingly, bortezomib, a
proteasome inhibitor, downregulates the expression of the NK
inhibitory ligands HLA-A, HLA-B, HLA-C, and HLA-E on the MM
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cell surface, augmenting NK cell-mediated killing of MM
cells.10,11 Daratumumab (Dara), a CD38-targeting monoclonal
antibody, mediates MM cell elimination via antibody-dependent
cell-mediated cytotoxicity (ADCC), complement activation, and
direct killing of MM cells.12–15 Therefore, a combinatorial

approach using NK cells, bortezomib, and Dara may provide
superior antitumor activity in MM. We hypothesize that
pretreatment with Dara, bortezomib, and dexamethasone
(Dvd) regimens renders MM cells more susceptible to NK cell-
mediated lysis by suppressing expression of NK cell inhibitory

Fig. 1 Dvd treatment downregulates the expression of NK inhibitory molecules and upregulates the expression of NK-activating ligands on
tumor cells. (A and B) Flow cytometry histograms showing the surface expression of HLA-A, HLA-B, HLA-C, HLA-E, HLA-DR, MICA, MICB, ULBP1,
ULBP2, and Fas on K562, U266, RPMI8226, and Raji cells after treatment with Dara or Dvd. Dvd-pretreated myeloma cells exhibited significantly
lower levels of NK inhibitory molecules (HLA-A, HLA-B, HLA-C, HLA-E, and HLA-DR) and higher levels of NKG2D ligands (MICA, MICB, ULBP1,
and ULBP2) and the Fas receptor than the other groups (see also Supplementary Fig. 2)
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ligands and inducing expression of NK cell-activating ligands on
the surface of MM cells.
In this study, we evaluated the ability of the Dvd regimen to

improve the therapeutic efficacy of adoptively transferred NK cells
in an MM xenograft model. The combination of NK cells and Dvd
significantly prolonged disease-free survival and overall survival in
MM mice and reduced the serum M-protein level. The ability of
Dvd to augment the antimyeloma effects of expanded NK cells
(eNKs) is ascribed to the ability of the Dvd regimen to attract
tumor-infiltrating NK cells to myeloma sites by upregulating
various stress ligands. Thus, treatment with the Dvd regimen can
enhance the clinical efficacy of NK cell adoptive transfer in
patients with MM.

MATERIALS AND METHODS
Ethics declaration
All protocols for collecting samples from MM patients were
approved by the institutional review board of Chonnam National
University Hospital; informed consent was obtained before sample
collection. All animal experiments were performed in accordance
with protocols approved by the Chonnam National University
Animal Use and Care Committee.

Cell lines, cytokines, and drugs
K562 (human myelogenous leukemia cell line), U266 and
RPMI8226 (human MM cell lines), and Raji (human Burkitt’s
lymphoma cell line) cells were purchased from the American Type

Fig. 2 Effect of Dvd treatment on effector molecules and inhibitory receptors in eNKs. A Representative flow cytometry plots showing the
expression of IFN-γ, granzyme-B, perforin, TRAIL, FasL, and NKG2A in eNKs. eNKs were harvested on day 14 and treated with Dvd or Dara for
12 h. B Significantly increased expression of IFN-γ and perforin and decreased expression of NKG2A was observed with eNKs administered in
combination with Dvd compared with all other treatments (mean ± standard deviation (SD); n= 5). *p < 0.05, **p < 0.001, and ***p < 0.0001
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Culture Center (ATCC, Manassas, VA, USA). Genetically modified
K562-OX40L-mbIL-18/-IL-21 cells were used to expand and
activate NK cells. All cell lines were maintained in RPMI-1640
medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, US) and 1% penicillin/streptomycin at 37 °C in a
humidified 5% CO2 incubator. NK cells were cultured in the
presence of recombinant human interleukin IL-2 and IL-15
(PeproTech, Rocky Hill, NJ, USA).

Surface and intracellular staining for flow cytometry
The purity of eNKs and the expression of surface receptors were
analyzed by flow cytometry after staining with fluorochrome-
conjugated monoclonal antibodies (CD3, CD56, CD16, CD69,
CD94, NKp30, NKp44, NKp46, NKG2D, NKG2A, CD158a, and
CD158b). Briefly, eNKs (2 × 105 cells) were stained with appro-
priate antibodies for 15–20 min and then analyzed on a BD
FACSCalibur. Tumor cells pretreated with Dara (10 μg/mL;
Janssen Pharmaceuticals, Johnson & Johnson, New Jersey,
USA), bortezomib (10 nM; Janssen Pharmaceuticals), and dex-
amethasone (50 nM; Daewon Pharmaceuticals, Seoul, Korea) for
24 h were stained with PE-conjugated antibodies specific for
HLA-ABC, HLA-E, HLA-DR, MICA, MICB, ULBP1, ULBP2, and Fas.
The intracellular levels of IFN-γ, granzyme-B, perforin, TRAIL, and
FasL in Dvd-pretreated eNKs were measured using a BD Cytofix/
Cytoperm™ kit (BD Biosciences, USA). Flow cytometry data were
analyzed using FlowJo.

Ex vivo NK cell activation and expansion
NK cells were expanded using our recently established K562-
OX40L-mbIL-18/-21 feeder cells. Briefly, peripheral blood mono-
nuclear cells isolated from MM patients were cocultured with
gamma-irradiated (100 Gy) K562-OX40L-mbIL-18/-21 feeder cells
in RPMI-1640 medium containing 10% FBS, 1% penicillin/
streptomycin, and 4mM L-glutamine. The cells were exposed to

10 U/mL recombinant IL-2 until day 7. Subsequently, the IL-2
concentration was increased to 100 U/mL, and 5 ng/mL recombi-
nant IL-15 was added to the cell culture medium. The cell culture
medium containing cytokines was refreshed every 2–3 days. On
day 14, eNKs with a purity of >90% were used for in vitro and
in vivo experiments (Supplementary Fig. 1).

ADCC and cytotoxicity assay
Dara-mediated ADCC and cytotoxicity were measured using a flow
cytometry-based cytotoxicity assay. Briefly, tumor cells were
stained with carboxyfluorescein diacetate succinimidyl ester (CFSE,
Life Technologies, USA) for 10min. Subsequently, tumor cells were
coated with 10 μg/mL Dara for 45min and cocultured with ex vivo
eNKs at various effector-to-target (E:T) ratios. To estimate
cytotoxicity, target cells were pretreated with Dara (10 μg/mL),
bortezomib (10 nM), and dexamethasone (50 nM) for 24 h and
then cocultured with eNKs at various ratios at 37 °C for 4 h in a 5%
CO2 incubator. After incubation, 1 μL of propidium iodide (Life
Technologies, USA) was added, and the cells were analyzed on a
BD FACSCalibur. The percentage of dead cells among the CFSE-
positive cells was calculated by deducting the percentage of cells
that spontaneously died.

Degranulation assay
To assess the effects of Dvd pretreatment of tumor cells on the
ability of NK cells to degranulate, we cocultured Dvd-pretreated
tumor cells (K562, U266, RPMI8226, and Raji) with eNKs (E:T of 1:1)
in the presence of a PE-conjugated anti-CD107a antibody in 96-
well U-bottom plates for 1 h. Brefeldin A and monensin (BD
Biosciences) were added, and the cells were incubated for an
additional 3 h at 37 °C in a 5% CO2 incubator.16 After incubation,
the cells were stained for CD3 and CD56 for 15 min. The stained
cells were analyzed on a BD FACSCalibur, and flow cytometry data
were analyzed using FlowJo.

Fig. 3 eNKs exert a strong cytotoxic effect on Dvd-pretreated tumor cells. A Percentage of CD107a-expressing eNKs (CD3−CD56+) after
coculture with Dvd-pretreated K562, U266, RPMI8226, or Raji cells (E:T ratio of 1:1) for 4 h. Flow cytometry revealed a higher level of CD107a in
eNKs cocultured with Dvd-treated tumor cells. B The ADCC effect of Dara on K562, U266, RPMI8226, and Raji cells determined by a standard
flow cytometry-based cytotoxicity assay. Dara significantly induced ADCC in RPMI8226 and Raji cells at all E:T ratios. C eNK-mediated
cytotoxicity in Dvd-pretreated tumor cells (K562, U266, RPMI8226, and Raji) measured by a standard flow cytometry-based cytotoxicity assay.
eNKs showed potent antitumor activity against Dvd-pretreated tumor cells at all E:T ratios. *p < 0.05, **p < 0.001, and ***p < 0.0001
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MM xenograft model
NOD/SCID IL-2Rγnull (NSG) mice were purchased from the Jackson
Laboratory (Bar Harbor, MA, USA). To establish an MM xenograft
model, we intravenously injected human RPMI8226-RFP-FLuc cells
(5 × 106 per mouse) into 9–12-week-old male and female mice.
Tumor growth was monitored by bioluminescence imaging using
the Night Owl System (Berthold Technologies, Bad Wildbad,
Germany).

Combination treatment of eNKs with Dvd in the MM xenograft
model
On day 0, mice were intravenously injected with 5 × 106

RPMI8226-RFP-FLuc cells. Ten days after tumor inoculation, the
mice (n= 23 per group) were divided into six treatment groups:
no treatment (PBS control), Dara, eNKs, Dara+ eNKs, Dvd, and
Dvd+ eNKs. The mice were treated with Dara (8 mg/kg/day) by
intraperitoneal injection, bortezomib (0.5 mg/kg/day) by subcuta-
neous injection, and dexamethasone (0.6 mg/kg/day) by intrave-
nous injection on days 10, 17, 24, and 31. Freshly harvested eNKs
(2 × 107 cells/mouse) were infused on days 11, 18, 25, and 32.
Tumor growth was monitored weekly by bioluminescence
imaging in both the dorsal and ventral views; 10 min before
imaging, the mice were intraperitoneally injected with D-Luciferin
(150mg/kg/mouse, Perkin Elmer, USA). The Night Owl System
(Berthold Technologies) was used for imaging.17 Serum M-protein

levels were assessed by measuring the level of the human lambda
free chain (Bethyl Laboratories, USA).18 In vivo persistence and
tumor infiltration of eNKs and myeloma clearance at various MM
sites were assessed by flow cytometry.

Quantification of cytokine release in MM-bearing mice
We evaluated the levels of human immune effector and regulatory
cytokines in the serum of mice using the BD OptEIA™ enzyme-
linked immunosorbent (ELISA) assay (IFN-γ, TNF-α, and IL-10) and
human granzyme-B and perforin ELISA development kit (Mabtech
AB, Sweden).

Immunohistochemistry
To further evaluate the in vivo homing of eNKs to MM sites, we
collected femur and tibia samples from mice. Femur and tibia
samples were fixed in 10% formalin and embedded in paraffin
blocks for immunohistochemistry. The paraffin sections were
stained with hematoxylin and eosin and antibodies specific for NK
activation and MM markers (CD56, CD16, NKG2D, CD138 and
CD38). The stained sections were evaluated by an experienced
pathologist.

Statistical analysis
Data were analyzed using GraphPad Prism 5 software (GraphPad
Software Inc., San Diego, CA, USA). Statistical significance was

Fig. 4 eNKs combined with Dvd exert potent antimyeloma effects in the RPMI8226-RFP-FLuc xenograft model. A Schematic summarizing the
treatment of RPMI8226-RFP-FLuc-bearing mice with eNKs combined with Dvd. NSG mice were intravenously injected with 5 × 106 RPMI8226-
RFP-FLuc cells, and tumor growth was monitored weekly by bioluminescence imaging. B Representative bioluminescence imaging of six mice
from each group (dorsal view). C Graph showing the bioluminescence intensity in each group. Treatment with Dvd+ eNKs provided the
strongest antitumor effect. D Serum M-protein levels determined by quantifying the level of the human lambda free light chain in the
peripheral blood. Mice treated with Dvd+ eNKs had the lowest serum M-protein levels. E Kaplan–Meier survival curves showing mouse
survival in each group (n= 23 mice/group). Statistical significance was determined using the log-rank test. Mice treated with Dvd+ eNKs
exhibited the longest survival. *p < 0.05, **p < 0.01, and ***p < 0.001
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determined using Student’s t tests or one-way ANOVA. P values <
0.05 were considered significant. Data are expressed as the mean
± standard deviation or standard error of the mean.

RESULTS
Dvd pretreatment downregulates expression of NK cell inhibitory
ligands and upregulates expression of NK cell-activating ligands
on tumor cells in vitro
To explore the effects of Dvd on the NK cell-mediated killing of
cancer cells, we analyzed the expression of inhibitory and
activating ligands on the surface of U266, RPMI8226, and Raji
cells treated with Dvd for 24 h. Dvd treatment significantly
downregulated the expression of HLA-A, HLA-B, HLA-C, HLA-E,
and HLA-DR and upregulated that of NKG2D ligands (MICA, MICB,
ULBP1, and ULBP2) and the Fas receptor in tumor cells (all p <
0.0001, Fig. 1 and Supplementary Fig. 2). These data suggest that
the Dvd regimen may sensitize tumor cells to NK cell-mediated
killing via death receptor signaling.

eNKs exert potent antitumor effects on Dvd-pretreated tumor cells
in vitro
Dvd has various effects on immune cells and tumor cells. Here, we
investigated the effect of Dvd on eNK function by assessing the
expression of IFN-γ, granzyme-B, perforin, TRAIL, FasL, and NK2GA
in eNKs (Fig. 2A). Dvd treatment substantially increased IFN-γ and
perforin expression and decreased NKG2A expression in eNKs but
had no effect on the expression of granzyme-B, TRAIL, or FasL
(Fig. 2B). We also evaluated the effect of Dvd pretreatment of
tumor cells on the cytotoxic ability of eNKs. Dvd pretreatment of
the tumor cells significantly induced CD107a expression in eNKs
(Fig. 3A). In addition, Dara treatment significantly improved the
killing of CD38 high-expressing RPMI8226 and Raji cells by eNKs at
all E:T ratios assessed (Fig. 3B). In addition, NK-resistant target cells
pretreated with Dvd showed superior antitumor effects at all E:T
ratios (Fig. 3C). These data suggest that Dvd pretreatment of
tumor cells augments eNK-mediated cytotoxicity and is a
promising strategy to enhance the antimyeloma activity of eNKs.

Dvd pretreatment enhances the antimyeloma activity of eNKs and
prolongs survival in the RPMI8226-RFP-FLuc xenograft model
The combination of either Dara or bortezomib with adoptive NK
cell transfer has been shown to extend mouse survival by
enhancing NK cell activation in a human MM xenograft
model.11,19,20 Using RPMI8226-RFP-FLuc cells, we established a
human MM mouse model that accurately mimics human MM. All
untreated tumor-bearing mice showed rapid tumor growth that
led to death within 7 weeks. Notably, Dara, eNK, Dara + eNK, and
Dvd treatments significantly inhibited tumor growth (Fig. 4A, B;
Supplementary Fig. 3A). Among all treatment groups, the
combination of Dvd+ eNKs provided the strongest inhibition of
tumor growth; 9 mice in the Dvd+ eNK group exhibited no
bioluminescence (Fig. 4B and C), and none of the mice had visible
tumors or detectable serum M-protein (Fig. 4C and D, Supple-
mentary Fig. 3B, Table 1). Plasmacytomas could be detected in all
treatment groups, except the Dvd+ eNK group (Table 1).
Furthermore, mice treated with Dvd+ eNKs exhibited the longest
survival (Fig. 4E; ***, p < 0.001), and no significant body weight loss
was observed in mice treated with Dvd or Dvd+ eNKs (Supple-
mentary Fig. 3C). These results indicate that Dvd treatment
combined with eNKs may induce long-term systemic antimyeloma
effects.

Dvd pretreatment enhances the function, persistence, and
homing of eNKs in vivo
To elucidate the immunological mechanisms underlying the
enhanced antimyeloma effects of Dvd pretreatment combined
with eNKs, we evaluated the effect of combination therapy on the
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tumor microenvironment.21 The day after the last eNK infusion, we
collected serum from mice and assessed the levels of human IFN-
γ, granzyme-B, perforin, TNF-α, and IL-10 (Fig. 5A). The levels of
human IFN-γ, granzyme-B, perforin, and TNF-α were highest in the
mice treated with Dvd+ eNKs. In addition, Dvd+ eNK-treated
mice had the lowest levels of the immunosuppressive cytokine IL-
10. These data suggest that the combination of Dvd+ eNKs exerts
potent antimyeloma effects by inhibiting the production of
immunosuppressive cytokines in tumor cells. Next, we investi-
gated the persistence of eNKs in the circulation. Although
circulating eNKs were detected in all mice infused with eNKs,
the percentage of circulating eNKs decreased gradually over time.
Importantly, Dvd+ eNK-treated mice displayed a significantly
higher percentage of eNKs in the circulation than mice treated
with either eNKs alone or Dara+ eNKs (Fig. 5B, Supplementary
Fig. 4).
Next, we investigated the homing and tumor-targeting ability of

our novel eNKs in vivo in an RPMI8226-RFP-FLuc human MM
xenograft model. Tissue samples (BM, brain, heart, kidneys, liver,
lungs, and spleen) were collected to evaluate the distribution of
eNKs. Mice treated with Dvd+ eNKs showed the highest levels of
eNKs in the BM (Fig. 6A) and other tissues (kidneys, liver, lungs,
and spleen; Supplementary Fig. 5) among all treatment groups.
We also evaluated the functional stability of eNKs by assessing NK
cell purity and the expression of activation markers (CD16 and
NKG2D) in the BM (Fig. 6B) and other tissues (Supplementary
Fig. 5). eNKs were highly stable even under in vivo conditions,
remaining in a state unaffected by factors in the tumor
microenvironment for a long time.
We also examined the tumor-targeting ability of eNKs and the

expression of NK cell activation markers in the RPMI8226-RFP-FLuc
MM mouse model. Formalin-fixed paraffin-embedded femur and
tibia sections were immunohistochemically stained for the NK cell
markers CD56, CD16, and NKG2D. Interestingly, we detected eNKs
in the BM of all mice infused with eNKs, and Dvd+ eNK-treated
mice showed the highest expression of NK cell markers among the
treatment groups (Fig. 6C). The in vivo persistence and

biodistribution of eNKs were strongly correlated with their
antimyeloma effect. eNKs alone or in combination with Dara
suppressed tumor growth until the last eNK infusion. Dara+ eNK-
treated mice exhibited a slight reduction in the percentage of
eNKs, possibly due to the cytotoxic effect of Dara on eNKs.
Although Dara effectively induces NK cell function, Dara could not
protect NK cells with high CD38 expression from daratumumab-
mediated NK fratricide, resulting in ADCC, which affects the
persistence of circulating eNKs. Interestingly, all of these obstacles
were overcome by Dvd, and the combination of Dvd+ eNKs
prolonged the PFS of tumor-bearing mice. These findings suggest
that the combination of Dara, bortezomib, and dexamethasone
increases the infiltration of eNKs into MM sites, and Dvd
pretreatment enhances the ability of eNKs to eliminate tumor
cells by suppressing the production of immunosuppressive factors
in the MM microenvironment.

eNKs combined with Dvd enhance MM clearance in the
RPMI8226-RFP-FLuc xenograft model
The combination of Dvd+ eNKs showed a remarkable antimye-
loma effect in the MM mouse model, as assessed by biolumines-
cence imaging and serum M-protein measurement.22 We next
evaluated the presence of residual RPMI8226-RFP-FLuc cells in
different mouse organs. Mice were sacrificed at the experimental
endpoint, and single-cell suspensions were generated from the
BM, brain, heart, kidneys, liver, lungs, and spleen. The expression
levels of MM markers (CD138 and CD38) and NK inhibitory
molecules (HLA-A, HLA-B, HLA-C, and HLA-DR) were evaluated by
flow cytometry. Dvd-treated mice with or without eNKs showed
the lowest levels of CD138, CD38, HLA-ABC, and HLA-DR in all
tissues (BM: Fig. 7A and B; other tissues: Supplementary Fig. 6). To
further confirm MM clearance in vivo, we stained femur and tibia
tissues for the MM markers CD138 and CD38. Interestingly, Dvd+
eNK-treated mice had the lowest levels of MM markers in the BM
(Fig. 7C), suggesting that the combination of eNKs with Dvd
showed a superior antimyeloma effect to other treatments in this
model.

Fig. 5 Dvd pretreatment improves in vivo effector function and the persistence of eNKs in RPMI8226-RFP-FLuc-bearing mice. A In vivo
effector function of circulating eNKs, determined based on the levels of various immune effectors and immunosuppressive cytokines the day
after the last eNK infusion. Mice treated with Dvd+ eNKs had the highest levels of IFN-γ, granzyme-B, perforin, and TNF-α and the lowest level
of IL-10. B Representative flow cytometry plots showing the in vivo persistence of circulating eNKs (CD3−CD56+CD16+ cells and
CD3−CD56+NKG2D+ cells) in mouse peripheral blood at various time points (D33, D39, and D45). *p < 0.01, **p < 0.001, ***p < 0.0001
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DISCUSSION
In contrast to cytotoxic T cells, NK cells can kill cancer cells without
prior sensitization and do not cause graft-versus-host disease or
cytokine release syndrome; hence, eNKs have many advantages
over CAR T cells in cancer treatment.23,24 However, the in vivo
function of NK cells can be attenuated by immunosuppressive
factors in the tumor microenvironment, calling for the develop-
ment of combination treatments to combat immunosuppres-
sion.6,25 In this study, we developed a combination approach to
enhance the effector function of adoptively transferred eNKs. The
combination of Dvd+ eNKs showed superior antimyeloma effects,
prolonging disease-free survival and overall survival in the
RPMI8226-RFP-FLuc MM xenograft model. Moreover, Dvd treat-
ment augmented the antimyeloma effects of eNKs in vivo by
enhancing eNK persistence, homing, and infiltration to
myeloma sites.

Bortezomib downregulates the expression of HLA-A, HLA-B, and
HLA-C in MM cell lines.19,26 Most cancer cells express high levels of
inhibitory molecules, including HLA-ABC and HLA-E, which enable
them to escape NK-mediated lysis. In this case, although eNKs are
highly cytotoxic in nature, their function is inhibited by these
inhibitory molecules.10,11,27 Moreover, several studies have
reported that bortezomib sensitizes tumor cells to NK cell-
mediated lysis by inducing the expression of stress ligands.
Recently, HLA-E and HLA-DR molecules have been shown to
strongly inhibit the function of NK cells by interacting with
NKG2A28 and FCRL-6.29–31 Recent studies have shown that Dara
exerts potent antitumor effects.32 However, Dara negatively
affects NK cells expressing high levels of CD38, causing NK cell
death in vitro.14,20,33,34 In addition, Dara enhances NK cell
degranulation, ADCC, and tumor cell killing. In this study, we
showed that Dvd pretreatment upregulated the expression of

Fig. 6 Dvd treatment enhances eNK homing in vivo in RPMI8226-RFP-FLuc-bearing mice. A In vivo homing of eNKs in RPMI8226-RFP-FLuc-
bearing mice (n= 9 mice per group) evaluated by flow cytometry. Mice were sacrificed at the experimental endpoint, and BM samples were
analyzed by flow cytometry for human NK cell (CD3−CD56+) and activation receptor (CD16 and NKG2D) levels. B Quantification (mean ± SD)
of in vivo eNK homing in the BM based on flow cytometry data. eNKs from mice treated with Dvd+ eNKs showed the strongest in vivo
homing ability. C Immunohistochemical staining for human CD56, CD16, and NKG2D in femur and tibia sections (no treatment, day 36; Dara,
day 60; eNKs, day 63; Dara+ eNKs, day 75; Dvd and Dvd+ eNKs, day 91). The BM of mice treated with Dvd+ eNKs had the highest staining
intensity for NK cell markers (magnification: ×10 for hematoxylin and eosin; ×600 for CD56, CD16, and NKG2D immunostaining. *p < 0.01,
**p < 0.001, ***p < 0.0001
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NKG2D ligands and downregulated the expression of NK
inhibitory ligands, particularly MHC class I molecules. We also
found that Dvd treatment suppressed the expression of HLA-DR
in vitro, overcoming NK cell inhibition. This is the first study to
report the effects of Dvd on the expression of MHC class II
molecules. However, this study assessed the tumor sensitization
effect of the Dvd combination in only human MM cell lines but not
primary MM cells. Therefore, further investigations are needed to
explore the effect of Dvd in primary MM cells.
The wide clinical implementation of NK cells is limited by their

short lifespan, poor expansion, and short in vivo persistence
without the administration of cytokines.35–37 We and others have
shown that K562 cells expressing mb IL-21 and IL-15 enhanced NK
cell expansion via their ability to increase telomere length.38–41 In
addition, IL-18 was reported to augment NK cell expansion and
activation.42 We recently developed a cost-effective NK expansion
method using genetically engineered K562-OX40L-mbIL-18/-21
feeder cells; this method allows the production of large amounts
of highly cytotoxic NK cells, overcoming the need for exogenous
cytokines (manuscript submitted for publication).
Administration of high cytokine doses is required to maintain

human NK cell persistence in mouse models.7,16,43,44 Imamura et al.
reported that the expression of mb IL-15 promoted NK cell survival

and expansion in vitro and in vivo in the absence of exogenous
cytokines.45 In addition, a recent study showed that the expression
of IL-15 and a CD19-targeting CAR in eNKs enhanced their long-term
antitumor activity and persistence in a mouse model of lym-
phoma.46 In this study, although we did not administer exogenous
cytokines or CAR NK cells producing IL-15, eNKs were maintained in
the circulation for extended periods. Interestingly, Dvd+ eNK-
treated mice showed a significantly higher percentage of circulating
eNKs than mice treated with eNKs alone or in combination with
Dara. Furthermore, Dvd+ eNK-treated mice had the longest PFS.
Importantly, infusion of eNKs alone or in combination with Dvd
pretreatment did not cause graft-versus-host disease or cytokine
release syndrome in our in vivo model. Clinical trials using NK cells
expanded by coculture with genetically modified K562 feeder cells
in patients with various cancers have been performed by several
groups.47,48 The limitation of this study is that this approach was not
tested for clinical application using large-scale expansion of clinical-
grade NK cells under GMP conditions with xeno- and serum
component-free medium.
In conclusion, we investigated the ability of Dvd pretreatment

to enhance the therapeutic efficacy of eNKs in vivo using a novel
MM mouse model. Our findings indicate that the Dvd regimen
profoundly enhances the antitumor effects of eNKs, suggesting

Fig. 7 Dvd combined with eNKs enhances MM clearance in the RPMI8226-RFP-FLuc xenograft model. A Residual RPMI8226-RFP-FLuc cells in
the BM evaluated by flow cytometry. Representative histograms showing the expression (MFI value) of CD138, CD38, HLA-A, HLA-B, HLA-C,
and HLA-DR. B Quantification (mean ± SD) of residual myeloma cells in the BM. Mice treated with Dvd alone or with eNKs exhibited lower
levels of CD138, CD38, HLA-A, HLA-B, HLA-C, and HLA-DR in the BM than the other groups. C Immunohistochemical staining of human CD138
and CD38 in femur and tibia sections (no treatment, day 36; Dara, day 60; eNKs, day 63; Dara+ eNKs, day 75; Dvd and Dvd+ eNKs, day 91)
(magnification, ×600). Mice treated with Dvd alone or with eNKs showed a drastic reduction in CD138 and CD38 expression in the BM
compared with that of the other groups. *p < 0.01, **p < 0.001, ***p < 0.0001
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that the combination of Dvd+ eNKs is a promising immunother-
apeutic approach for the treatment of MM.
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