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ABSTRACT

Aiming for an adoptive natural killer (NK) cell therapy, we have developed a 
novel protocol to expand NK cells from peripheral blood. With this protocol using 
anti-human CD16 antibody and interleukin (IL)-2, NK (CD3-CD56+) cells could 
be expanded about 4000-fold with over 70% purity during a 21-day culture. The 
expanded NK (exNK) cells were shown to be highly cytotoxic to multiple myeloma 
(MM) cells (RPMI8226) at low NK-target cell ratios. Furthermore, NK cells expanded 
in the presence of a blocking antibody (exNK+PD1-blockage) against programmed 
cell death protein-1 (PD1), a key counteracting molecule for NK and T cell activity, 
demonstrated more potent cytolytic activity against the RPMI8226 than the exNK 
cells without PD1 blocking. In parallel, the exNK cells showed significantly higher 
expression of NK activation receptors NKG2D, NKp44 and NKp30. In a murine model 
of MM, transfusion of exNK cells, exNK+PD1-blockage, and exNK plus intratumor 
injection of anti-PD-L2 antibody (exNK+PD-L2 blockage) all significantly suppressed 
tumor growth and prolonged survival of the myeloma mice. Importantly, exNK+PD1-
blockage presented more efficient therapeutic effects. Our results suggest that the NK 
cell expansion protocol with PD1 blockade presented in this study has considerable 
potential for the clinical application of allo- and auto-NK cell-based therapies against 
malignancies.

INTRODUCTION

Natural killer (NK) cells, a group of large granular 
lymphocytes, play essential roles in immune system 
against malignant and infected targets [1]. Unlike T cells, 
NK cells act as innate immune cells, and conduct rapid and 
selective “natural” killing of cellular targets (tumor cells 
and infected cells), which lack major histocompatibility 
complex (MHC) class I expression, without prior 
sensitization steps. Interestingly, NK cell memory-like 

response to viruses has also been demonstrated by recent 
studies, indicating an adaptive immune traits of NK cells 
[2]. In view of their multiple roles in interaction with 
other immune components, NK cells are considered to be 
an important immune player in the fight against tumors 
and infected cells through exerting direct and indirect 
cytotoxicity, and shaping adaptive immune response [3].

Recognition of target cells is governed by a complex 
set of activating and inhibitory receptors expressed on NK 
cell surface. The balance between activation and inhibition 
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signaling decides the outcome of NK cell cytolytic 
response to target cells [4]. Parallel to the improved 
understanding of NK cell biology, NK cell-based immune 
therapies in clinical settings have also been developed, 
improved, and tested in cancer patients, including 
hematological cancers, and some promising results have 
been reported [5]. NK cells for immunotherapies can be 
obtained from autologous peripheral blood mononuclear 
cells (PBMC) or allogeneic sources, such as umbilical 
cord blood (UCB), NK lymphoma cell lines, as well as 
other types of pluripotent stem cells [6, 7]. Owning to 
the “missing-self” characteristics of NK cell activation, 
allogeneic NK cell transfusion resulted in more promising 
outcome than autologous ones in the treatment of cancer 
patients [8]. As MHC class I molecules are ligands 
for most inhibitory receptors expressed on NK cells, 
engagement of MHC-I on target cells with inhibitory 
receptors delivers inactivation signaling to NK cells, 
resulting in survival of the target cells. In contrast, when 
there is a mismatch between an inhibitory subgroup of 
killer immunoglobulin-like receptors (KIRs) on NK cells 
and MHC-I on target cells, NK cells get activated and 
the target cells get killed [9]. In line with this hypothesis, 
KIR-ligand mismatched NK cells in haploidentical stem 
cell transplantation (SCT) and allo-NK cell transfusion 
settings exert significant anti-leukemia effects and/or 
survival improvement [10–14]. To a lesser extent, certain 
beneficial effects of autologous NK cell transfusion on 
hematological malignancies and solid tumors have also 
been reported [15–17].

NK cell only accounts for 5-15% of peripheral 
lymphocytes (PBL). Apparently, developing a protocol 
for efficient activation and expansion of NK cells to 
achieve sufficient number of functional NK cells is 
curial for adoptive allo- and auto-NK cell therapies. 
Various methods using antibodies and cytokines with 
or without feeder cells to expand NK cells ex vivo have 
been reported [18–24]. Induction of NK cell activation 
is the key step for NK cell expansion. CD16 is one type 
of Fcγ receptors, a low-affinity receptor (FcγRIIIa) for 
the Fc portion of immunoglobulin, and cross-linking of 
CD16 to target cells induces NK cell antibody-dependent 
cellular cytotoxicity (ADCC) and lysis of the target cells 
[25]. Binding of CD16 agonist anti-CD16 antibody on NK 
cells is capable of triggering NK cell activation that results 
in NK cell cytotoxic activity against cancer cells and  
releasing of cytokines, such as interferon γ (IFNγ) [25, 26]. 
Moreover, blocking CD16 cleavage by inhibiting ADAM 
metallopeptidase domain 17 (ADAM17) to boost NK 
cell cytotoxicity towards cancers has been suggested by 
a recent study [27]. Therefore, activation of NK through 
CD16 can be a promising strategy for in vitro induction of 
NK cell activation and expansion.

Targeting on immune checkpoint molecules such 
as programmed cell death protein 1 (PD1) and its ligands 
PD-L1 and PD-L2 by antibodies to block their inhibitory 
signaling has achieved great success in treatment of 

several solid tumors and hematological malignancies 
[28–33]. Engagement of PD1 with PD-L1/L2 expressed 
on antigen presenting cells (APCs) delivers inhibition 
signaling, and this negative regulation of immune 
response pathway plays crucial roles in induction 
and maintenance of peripheral immune tolerance 
[34]. In symptomatic cancer patients, T cells in tumor 
microenvironment often express PD1, and interaction 
between PD1 and PD-L1 on cancer cells creates a 
network blocking T cell-mediated eradication of cancer 
cells [35–38]. Such PD1 positive T cells are considered 
to be a group of exhausted T cells, characterized by 
reduced effector function and proliferation index [39]. 
In addition to the findings observed in T cells, NK cells 
from cancer patients such as multiple myeloma (MM) 
were also shown to express PD1 [40]. Concerning PD1 
expression on T cells is inducible upon T cell priming, 
it is presumable that in vitro activation and expansion 
procedures may also induce and up-regulate PD1 
expression on NK cells. Therefore, it would be of great 
interest to evaluate PD1 expression on NK cells and 
the functional changes of NK cells in relation to PD1 
blockage in a NK cell expansion system.

MM is a hematologic tumor characterized by an 
uncontrolled clonal expansion of malignant plasma cells 
[41]. With the development and clinical application of new 
anti-MM drugs, such as bortezomib and lenalidomide, 
outcome of MM therapy has been markedly improved, but 
MM still remains incurable. Similar to other malignancies, 
relapse cannot be effectively prevented due to minimal 
residue disease (MRD), in which those remaining cancer 
cells are usually resistant to conventional therapies. 
Immunotherapies including NK cell transfusion in 
combination with PD1/PD-L1/2 blockage may offer a 
potential solution for eradication of MRD in MM and 
other tumors.

Here, we demonstrated that NK cells from 
PBMCs of healthy donors could be efficiently expanded 
using a protocol employing anti-CD16 antibody and 
interleukin (IL)-2, with an expansion of about 4000-fold 
and a purity of over 70% after a 21-day culture. More 
importantly, the effector function of in vitro expanded 
NK cells (exNK) was significantly enhanced, and their 
PD1 expression was also increased. Furthermore, adding 
anti-PD1 antibody to the expansion system substantially 
improved the exNK cell cytotoxic activity towards 
myeloma cell line RPMI8226. Consistent with the in 
vitro findings, exNK+PD1-blockage more efficiently 
controlled the myeloma tumor mass and prolonged 
survival of myeloma mice than other treatment 
remedies. These results suggest that incorporation of 
PD1 blockade to the NK cell expansion protocol may 
have considerable value in improving NK cell-based 
therapy for MM and other malignancies, and that the 
therapeutic effects of in vitro expanded NK with PD1 
blockage deserve a clinical trial in MM and other 
malignancies.
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RESULTS

NK cell expansion from PBMCs of healthy 
donors

Three independent experiments were first performed 
to determine the time course of an optimal expansion. As 
shown in Figure 1A, expansion rate of PBMCs peaked on 
day 21 of PBMC culture, with the cell number increased by 
1002.2±394.53-fold. Flow cytometric NK cell phenotyping 
showed that NK cell purity (CD3-CD56+) also reached the 
peak (79.6%±3.7%) on day 21 of culture (Figure 1B and 1C). 
Furthermore results from seven independent experiments 
showed that NK cells were expanded by 549.9±154.7-fold 
on day 14 and by 4011.5±1082.4-fold on day 21, and that 
NK expansion rate on day 21 was significantly higher than 
that on day 14 (P<0.01) (Figure 1D). Therefore, expanded 
NK cells of 21-day-culture were used for all the following 
experiments.

Surface expression of activating and inhibitory 
receptors on the NK cells

NK cell expression of the activating receptors 
NKp44, NKp46 and NKG2D, and the inhibiting 
receptors CD158a, CD158b and NKB1 before expansion 
(day 0) and after 21-day culture (day 21) were analyzed 
by flow cytometry (Figure 2A). As shown in Figure 
2B, not only activating receptor (NKG2D, NKp44 
and NKp46) but also inhibiting receptor (CD158b and 
NKB1) expression on exNK cells was significantly 
increased. CD158a expression was elevated on exNK 
cells as compared to resting NK cells (NK cells before 
culture), albeit not statistically significant (P=0.13) 
(Figure 2B), which could be due to big variations  
in expression level on exNK cells and the small  
sample size.

Figure 1: Time course of in vitro expansion of PBMCs and NK Cells. Mononuclear cells from healthy blood donors (PBMCs) 
were collected and PBMCs were activated and expanded by using our defined protocol as described in the Materials and Methods. PBMCs 
and NK cell expansion fold and purity were analyzed at various culture time-points indicated. A. Time course of PBMCs expansion. 
Results of three independent experiments are presented as mean ± SEM. B. Dot plots from one representative experiment depicting NK cell 
(CD3-CD56+) purity. C. Results of NK cell purities are shown as mean ± SEM from 3 independent experiments (*P<0.05, ***P<0.001, 
by Student's t test). D. Results of NK cell expansion folds from 7 independent experiments are presented as mean ± SEM (*P<0.05, 
**P<0.01, by Student's t test).
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Increased degranulation and cytolytic activity of 
the expanded NK cells

Surface translocation assay of CD107a was used to 
determine NK cell degranulation activity. In general, the 
level of NK cell degranulation activity represents their 
killing capacity. Therefore, CD107a translocation assay 
could also be used to determine NK cell cytotoxicity in 
the condition of intact perforin expression [42].

In these experiments, K562 cells, which are 
sensitive to NK cells-mediated killing, were used as a 
positive control, and CD3-CD56+CD107a+ cells were 
defined as degranulated NK cells. Our results showed that 
the exNK cells presented a strong degranulation capacity 
after cocultured with K562 and RPMI8226 as targets, 
respectively (Figure 3A and 3B).

In order to detect the killing capacity of resting NK 
cells and the exNK cells, the myeloma cells RPMI8226 
stained with PKH26 were incubated with NK cells as 
described in the Methods. Apoptotic RPMI8226 cells were 

assessed by their Annexin-V binding with flow cytometry, 
and reported as the percentages of Annexin-V+PKH26+ 
cells in the total PKH26+ population. Figure 3C and 
3D showed that exNK cells (day 21) markedly induced 
apoptosis of RPMI8226 cell (Annexin-V+ RPMI8226 
cells) in a NK cell concentration-dependent manner.

PD-L1 and PD-L2 mAbs blocking enhances the 
expanded NK cell cytotoxicity

Next, we evaluated the effect of blocking the PD1 
ligands, PD-L1 and PD-L2. As shown in Figure 4A, PD-
L1 and PD-L2 expression were detected on RPMI8226 
cells by flow cytometry. Our results generated from three 
independent experiments showed that 58.5%±13.0% and 
73.1%±7.5% of RPMI8226 expressed PD-L1 or PD-
L2, respectively. To evaluate whether blocking PD-L1 
and PD-L2 expression on RPMI8226 affects sensitivity 
of the myeloma cells to NK cell-mediated killing, 
RPMI8226 were first incubated with anti-PD-L1 or PD-

Figure 2: NK cell Phenotyping on day 0 and day 21. NK cell expression of activating receptors (NKG2D, NKp44 and NKp46) 
and inhibitory receptors (CD158a, CD158b and NKB1) on resting NK cells (D 0) and expanded NK cells (exNK) on day 21 of culture (D 
21) were monitored by flow cytometry. A. Histograms from one representative experiment depicted expression of activating and inhibitory 
receptors on the resting NK (CD3-CD56+) and exNK cells. B. Expression of the activating and inhibitory receptors on the resting NK and 
exNK cells are shown as mean ± SEM (n=3, *P<0.05, by Student's t test).
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L2 antibody before being added in the MTT assay as 
target cells. Interestingly, the lower concentration of the 
anti-PD-L1 antibody (1.25μg/ml) treatment resulted in 
more pronounced lysis of RPMI8226 mediated by the 
exNK cells than the control (without antibody) and higher 
antibody dose (2.5 μg/ml) treatment group, respectively 
(P<0.05 for the two comparisons made) (Figure 4B). 
Similarly, pre-blocking PD-L2 by anti-PD-L2 antibody 
at two concentrations (2.5μg/ml and 5.0μg/ml) tested 
significantly improved the exNK cell mediated lysis 
of RPMI8226 cells (31.2%±6.6% and 24.1%±3.9%, 
respectively) (Figure 4C). However, no dosage effects 
were observed in this setting of PD-L2 blocking (Figure 
4C). These results indicated that blocking PD1/PD-L1 or 
PD-L2 interactions could be one effective way to improve 
NK cell therapy for MM or other tumors which are 
positive for PD-L1 or PD-L2 expression.

PD1 expression on the expanded NK cells, and 
PD1 blocking enhances the expanded NK cell 
degranulation and cytolytic activity against 
myeloma cells

PD1 expression on NK cells were tested on day 0, 
14 and 21 using flow cytometry, respectively. Our results 
showed that PD1 was barely present on resting NK cells, 
but its expression was gradually induced along with the 
expansion process (Figure 5A). Approximately 26% 
of NK cells on day 21 of culture were positive for PD1 
(Figure 5A). Percentages of PD1 positive NK cells on day 
14 and 21 of culture were significantly higher than that on 
day 0, respectively (Figure 5B). The expression PD1 was 
numerically higher on day 21 than day 14, however the 
difference between these two groups was not significant 
(P>0.05) (Figure 5B).

Figure 3: Degranulation and cytolytic activity of expanded NK cells. CD107a translocation assay was used to evaluate 
degranulation activity of the resting NK (D 0) and expanded NK cells (exNK) on day 21 of culture (D 21) at effector:target (E:T) ratio 
of 1:1, and RPMI8226 and K562 cells were used as target cells. For evaluation of exNK cytolytic activity, RPMI8226 cells were stained 
by PKH26 prior to co-incubation with NK cells. PKH26 and Annexin V (AV) double positive cells were defined as apoptotic target cells 
of RPMI8226. A. The dot plots from one representative experiment illustrating CD107a surface expression on the resting NK and exNK 
cells after stimulation by the target cell lines, respectively. B. Results of degranulation capacity of the exNK cells from 3 independent 
experiments, K562 and RPMI8226 as target cells, respectively. C. Dots plots from one representative example depicted AV positive 
(apoptotic) RPMI8226 cells induced by the resting NK and exNK cells at Effector:Target (E:T) ratio of 0.3:1 and 1:1, respectively. D. 
ExNK cell cytolytic activity against RPMI8226 cells at E:T ratio of 0.3:1 and 1:1. The results are shown as mean ± SEM (n=3).
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Figure 5: PD1 expression on expanded NK cells, and PD1 blocking enhanced exNK cell degranulation and cytolytic 
activity. PD-1 expression on NK cells was tested on the time-points indicated using flow cytometry method. A. Dot plots from one 
representative experiment depicting PD1 expression on resting NK (D 0) and expanded NK (exNK) cells on day 14 (D 14) and 21 (D 21). 
B. Comparison of PD1 expression on the resting NK, exNK (D14) and exNK (D 21) cells. The degranulation (CD107a translocation assay) 
and killing activity of the exNK cells without PD1 blocking and with PD1 blocking by an anti-PD1 mAb (exNK+PD1 blockage cells) was 
compared, and MM cell line RPMI8226 was used as target cells in these assays by following the methods described in the Materials and 
Methods. C. Representative flow cytometry results showed CD107a positive (degranulated NK) cells: exNK cell spontaneous degranulation 
(no target) and degranulation triggered by the target cells (with target). D. Comparison of degranulated NK cells between exNK without 
PD1 blocking (exNK) and exNK-PD1 blockage cells. E. Dot plots from one representative example depicted spontaneous apoptosis and 
apoptosis of RPMI8226 induced by exNK and exNK-PD1 blockage, respectively. F. Comparison of apoptosis in the RPMI8226 cells 
induced by exNK and exNK-PD-1 blockage. Results from three independent experiments are shown as mean ± SEM (*P<0.5, by Student's 
t test).

Figure 4: PD-L1/PD-L2 blocking enhanced expanded NK cell cytotoxicity. Expanded NK cells on day 21 of culture (exNK) 
were collected and used as effector cells. RPMI8226 cells (target) were pretreated with or without PD-L1/2 blocking antibodies, and 
exNK cell killing activity was determined by the Colorimetric MTT assay. A. Representative histogram plots showing PD-L1 and PD-L2 
expression on RPMI8226 cells (n=3). B. Comparison of exNK cell-mediated lysis of RPMI8226 cells treated by an anti-PD-L1 mAb at 
the indicated concentrations with E:T ratio of 1:1. Results are shown as mean ± SEM (n=3, *P<0.05, by Student's t test). C. ExNK cells-
mediated lysis of RPMI8226 cells treated by an anti-PD-L2 mAb at the indicated concentrations with E:T ratio of 0.5:1. Values are shown 
as mean ± SEM (n=3, *P<0.05, ***P<0.001, by Student's t test).
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To determine whether PD1 blocking in the NK 
cell expansion process could improve exNK cell 
cytolytic activity, we incorporated PD1 blocking by an 
antibody in our NK expansion protocol. As expected, 
our results clearly demonstrated that adding an anti-
PD1 antibody into the expansion system markedly 
improved degranulation activity of NK cells upon 
incubation with RPMI 8226 as target cells (Figure 
5C). Compared with the exNK cells without PD1 
blocking in expansion system, our results showed that 
the exNK-PD1 blockage presented a significant higher 
percentage of degranulated (CD3-CD56+CD107a+) 
cells (64.0%±1.0% vs. 53.1%±2.7%, P<0.05) (Figure 
5D). Consistently, exNK+PD1 blockage induced more 
pronounced apoptosis of RPMI8226 than the exNK 
without PD1 blocking (Figure 5E) and the difference 
between exNK and exNK+PD1 blockage groups was 
statistically significant (63.2%±6.2% vs. 44.9%±7.5%, 
P<0.05) (Figure 5F).

To elucidate the mechanisms underlying PD1 
blockade-enhanced NK cell degranulation and cytolytic 
activity, we next examined the expression of several 
NK cell activation receptors using flow cytometry 
technique. Figure 6 showed that PD1 blocking markedly 
enhanced NKp44, NKp46 and NKG2D expression on 
the exNK cells (exNK+PD1 blockage) (Figure 6A). 
Moreover, the percentages of NKp44, NKp46 and 
NKG2D positive cells in the exNK+PD1 blockage 
group were significantly higher than those in the exNK 
group without the PD1 antibody in culture, respectively 
(Figure 6B)

Adoptive transfer of the exNK, exNK+PD1 
blockage and exNK cells plus PD-L2 blocking 
suppressed myeloma growth and improved 
survival of myeloma mice

To evaluate therapeutic effects of exNK cells, 
exNK+PD1 blockage and exNK+PD-L2 blocking 
with an anti-PD-L2 antibody, a MM mouse model was 
generated using SCID mice. As shown in Figure 4B 
and 4C, PD-L2 than PD-L1 blocking presented more 
efficient specific lysis-mediated by exNK cells, therefore 
the former approach was tested in this animal study. Our 
results demonstrated that between two and three weeks 
after subcutaneous inoculation of RPMI8226 cells, all 
sixteen mice developed tumors with a size approx. 300 
mm3 and were randomly assigned into control, exNK, 
exNK-PD1 blockage and exNK+PD-L2 blocking groups, 
respectively. We found that tumor volumes in the control 
group grew more rapidly in a time-dependent manner than 
that in the exNK, exNK+PD-L2 blocking and exNK+PD1 
blockage groups, respectively (Figure 7A). The exNK and 
exNK+PD1 blockage transfusion more rapidly sustained 
the tumor growth than the exNK+PD-L2 blocking. On 
week 2, 3 and 4 after treatment, all the mice from the three 
treatment groups showed markedly smaller tumor volumes 
than the control, respectively, and their differences 
between the groups compared the control were significant. 
To further highlight treatment effects of the NK therapies 
plus PD1/PD-L1 blocking, the changes in tumor volumes 
of the mice from four groups on day 28 after treatment 
(the date when the first mouse was died in the control 

Figure 6: PD-1 blocking elevated activating receptor expression on expanded NK cells. Expression of activating receptors 
(NKp44, Nkp46 and NKG2D) on the expanded NK cells without (exNK) and with PD1 blocking by an anti-PD1 antibody (exNK+PD1 
blockage) in the in vitro expansion protocol was evaluated by flow cytometry method. A. Representative flow cytometry results showed 
NKp44, NKp46 and NKG2D expression on the exNK cells without and with PD1 blocking (exNK-PD1 blockage). B. Comparison of 
NKp44, NKp46 and NKG2D expression on the exNK cells without and with PD1 blocking (exNK-PD1 blockage). Results of three 
independent experiments are shown as mean ± SEM. (*P<0.5, by Student's t test).
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group) were compared and presented in the Figure 7B. 
The results clearly demonstrated that tumor volumes of 
the mice treated by exNK, exNK+PD-L2 blocking and 
exNK+PD1 blockage were much smaller than the control, 
respectively (Figure 7B). The exNK+PD1 blockage group 
yielded much greater efficacy in suppression of tumor 
growth than exNK cells alone group (1297.0±118.1 vs. 
2747.2±568.8, P < 0.05).

We further compared changes in survival among 
the control and treatment groups using Kaplan-Meier 
curve. Our results showed that the mean survival time 
of the mice treated by the control (saline) group, exNK, 
exNK+PD-L2 blocking and exNK+PD1 blockage were 
30 days, 44 days, 49 days and 57 days, respectively. The 
last myeloma bearing mouse in control group was dead 
at day 36. The first mouse died in exNK, exNK+PD-L2 
blockage and exNK+PD1 blockage groups was on days 
35, 42 and 47, respectively. On day 53 after treatment, 
all the mice from the control, exNK, and exNK+PD-L2 

blockage groups were died. As shown in Figure 7C, all 
three treatment regimens significantly prolonged survival 
of the myeloma mice when compared with the control. 
Moreover, exNK+PD1 blockage treatment significantly 
prolonged mice survival than the control (P < 0.01) and 
exNK alone (P < 0.05), and slightly prolonged the survival 
rate than the exNK+PD-L2 blockage (P<0.05). These 
data highlight that transfusion of exNK cells, exNK+PD1 
blockage and exNK cells plus PD-L2 blocking on tumor 
cells are highly effective in suppressing tumor growth 
and improving survival of myeloma bearing mice, and 
exNK+PD1 blockage treatment appears to be most 
effective over the other two treatment approaches.

DISCUSSION

NK cell-based immunotherapy emerges to be 
a promising therapeutic option for hematological 
malignancies and some solid tumors. Earlier trials of 

Figure 7: Expanded NK (exNK) cell transfusion suppressed tumor growth and prolonged survival of myeloma bearing 
mice. ExNK and exNK+PD1 blockage cells, and normal saline (control) were transfused to the myeloma-bearing SCID mice by a tail vein. 
For exNK-PD-L2 blockage group, exNK cells were transfused by a tail vein combined with injection of anti-PD-L2 antibody intratumorly. 
A. The changes in tumor volumes among control and treatment groups at the observation time points indicated. B. Comparison of tumor 
volumes among the four different groups on the day 28 after treatments. The values are shown as mean ± SEM (*P<0.05, **P<0.01, 
***P<0.001, by Student's t test). C. All the exNK, exNK-PD1 blockage and exNK-PD-L2 blockage treatments significantly prolonged 
survival of the myeloma bearing mice as compared with the control (*P < 0.05, **P < 0.01, by Long-rank test, respectively). Survival of 
the mice treated by exNK+PD1 blockage cells was significantly longer than the control (**P < 0.01, by Long-rank test) and exNK cells (*P 
< 0.05, by Long-rank test) respectively. There were four mice in each group.
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adoptive NK cell therapy employed methods including 
leukapheresis and magnetic bead-based isolation of 
NK cells with or without in vitro activation and/or 
expansion procedures [43]. The disadvantages of these 
methods are higher cost, more complicated procedures 
and requiring specialized processing equipments. CD16 
engagement triggers potent NK cell activation and 
cytotoxicity against target cells [26, 44]. IL-2 is one of 
the key cytokines for induction of NK cell development, 
activation, proliferation and survival [45]. Compared to 
those protocols, the protocol presented in the current study 
using anti-CD16 antibody and IL-2 for in vitro expansion 
of NK cells is simpler. Moreover, PBMCs treated by our 
NK expansion protocol resulted in a large-scale of NK cell 
production with a good purity and potent cytolytic activity. 
More importantly, these expanded NK cells efficiently 
suppressed tumor progression and prolonged survival of 
the myeloma mice.

At present, optimal dosage of NK cells for therapy 
has not been determined. However, previous reports 
showed that there were no dose dependent side effects, 
and 1×108-109/kg of NK cells has been suggested as a 
relevant dose for future application [46, 47]. Based on 
this evidence, our protocol described herein could provide 
enough NK cells for NK cell adoptive treatment.

Adoptive transfusion of both autologous and 
allogeneic NK cells have been tested in clinic, and shown 
to be well tolerated in cancer patients [48–50]. NK cells 
express various activating receptors such as FcγRIIIA, 
activating forms of KIR (KIR2DS, KIR3DS), 2B4, 
NKG2D, NKp30, NKp44, and NKp46, and inhibitory 
receptors such as CD158a, CD158b, NKB1 (CD158e1) 
and NKG2A [51–53]. It is well known that lysis of target 
cells by NK cells is determined by the balance between 
the activation and inactivation signaling. Engagements 
of KIRs with their cognate ligand MHC I molecules 
expressing on cancer cells may result in inactivation of 
NK cells. One potential problem for using autologous NK 
cell therapy is that they can still recognize self-MHC I 
on tumor cells, which consequently hamper NK cell-
mediated cytotoxicity toward tumor cells [17, 54, 55]. Our 
results showed that the expression of NK cell activating 
receptors (NKG2D, NKp44 and NKp46) analyzed were 
significantly up-regulated on the expanded NK cells. 
However, the expression of inhibitory receptors (CD158b 
and NKB1) tested were also significantly increased, which 
may negatively affect NK cell activation and killing 
activity. To overcome such matched barrier or upregulated 
expression of inhibitory receptors induced by activation, 
blocking KIR/MHC-I engagement using anti-KIR 
antibodies to create KIR/MHC-I miss-match or “allo-NK 
activity” environment could be one promising approach 
for enhancing NK cell-mediated killing of tumor cells and 
efficacy of NK cell adoptive therapy [56, 57]. Another 
way to induce allo-NK activity is to apply allogeneic 
haploidentical NK cells for therapy. Several studies 

have shown that infusion of haploidentical NK cells to 
exploit KIR/MHC alloreactivity in adults and children 
is safe and results in promising outcome in treatment of 
relapsed/refractory hematological malignancies especially 
acute myeloid leukemia (AML) and some solid tumors 
[15, 58]. However, using these approaches expensive 
equipments and supporting materials are required, which 
limits application of NK cell therapy in regular hospitals. 
In comparison with this methodology, our protocol has 
advantage over these.

The antibodies against PD1/PD-L1 have been tested 
in various solid tumors such as lung cancer, melanoma, 
kidney cancer and/ or hematological malignancies such 
as lymphoma. Those trials have shown great success in 
the treatment of those tumors [59–64]. PD1 expression 
on T/NK cells and myeloma cells have been previously 
reported, respectively [40, 65]. Our results showed a high 
level of PD-L1/L2 expression on myeloma cell line RPMI 
8226, and PD-L1 and -L2 blocking on myeloma cells by 
the relevant blocking antibodies significantly improved 
the expanded NK cell cytotoxicity against myeloma cells 
in vitro. Moreover, PD-L2 blocking on RPMI8226 cells 
significantly improved the expanded NK cell-mediated 
suppression of tumor growth and prolonged the survival of 
myeloma mice, suggesting that adoptive NK cell therapy 
combined with in vitro or in vivo PD1/PD-ligand blocking 
may have a great clinical potential for cancers.

Our preliminary data has shown that PD1 expression 
on T cells in the bone marrow is significantly associated 
with tumor mass and survival parameters. We speculated 
that in vitro expansion procedures might amplify PD1 
expression on NK cells. In line with this hypothesis, our 
results showed that PD1 expression on NK cells was 
found to be gradually induced during the process of in 
vitro NK cell expansion by using our NK cell expansion 
protocol. However, when additional PD1 blocking anti-
PD1 antibody was added in the NK cell expansion system, 
the NK cells degranulation and killing activity against 
myeloma cells were significantly up-regulated. Moreover, 
these NK cells (exNK-PD1 blockage) significantly 
prolonged the survival of myeloma mice as compared 
to the mice treated with the expanded NK cells without 
PD1 antibody blocking. In line with these PD1 blocking 
associated-improvement in NK cell in vitro and in vivo 
activity, NKp44, NKp46 and NKG2D were significantly 
enhanced, which may at least in part contribute to the PD1 
blocking associated improvement of anti-myeloma activity 
of exNK cells. Additionally, anti-PD1 antibody may 
increase migration of NK cells toward MM targets and 
enhances immune complex formation between NK cells 
and PD-L1–bearing tumor cells [40], which may improve 
treatment efficacy of NK cells in vivo.

One recent phase I study in MM demonstrated 
that PD1 blocking by anti-PD1 antibody did not show 
significant treatment benefit [66]. This highlights that 
PD1 blocking based-immunotherapies need to be further 
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improved. The in vitro blockade of PD1 expression on in 
vitro expanded NK cells or adoptive transfer of NK cells 
combined with anti-PD1 antibody treatment may provide 
more beneficial therapeutic effects. However, to address 
this issue, clinical trials need to be carried out.

Genetic engineering of T cells to express chimeric 
antigen receptor (CAR) redirecting and amplifying their 
antitumor specificity and efficiency have been proven in 
clinical setting of B cell malignancies [67, 68]. Principally, 
engineering of NK cells to express CAR should improve 
their specificity against tumors. In view of the shorter 
lifespan and potent cytolytic function of mature NK cells, 
CAR-NK may result in efficient therapeutic effects with 
lesser severe cytokine storm, one fatal inflammatory 
condition associated with CAR-T therapy. Our NK cell 
expansion protocol combined with PD1 blockade may 
provide an efficient system for the generation of CAR-NK 
cells for adoptive therapy against such malignancies.

In summary, our present study has demonstrated 
an efficient and simple method to expand NK cells in 
vitro from peripheral blood mononuclear cells for NK 
cell adoptive therapies. The expanded NK cells markedly 
suppressed myeloma mass and prolonged the survival 
of myeloma mice. Moreover, Adding anti-PD1 antibody 
into our NK cell expansion system significantly improved 
NK cell cytotoxicity toward myeloma cells and NK cell 
transfusion-associated treatment efficacy in terms of 
suppression of tumor growth and a prolonged survival of 
myeloma mice. The present findings indicate that our NK 
cell expansion protocol combined with PD1 blockade may 
have a great clinical potential for cancer immunotherapies, 
and that the protocol provides a simple and efficient 
system for the therapeutical production of NK cells.

MATERIALS AND METHODS

Reagents

GMP grade CellGro® DC medium was purchased 
from CellGenix (Freiburg, Germany). Fetal bovine serum 
(FBS) was from ExCell Biology (Shanghai, China), while 
penicillin, streptomycin, and glutamine were all from 
Gibco (Waltham, MA, USA). Interleukin-2 (IL-2) was 
from Peprotech (Rocky Hill, NJ, USA).

Fluorescent labeled anti-human monoclonal 
antibodies (mAb) used for flow cytometric analysis 
were CD3-PerCP, CD16-FITC, CD56-PE, CD56-FITC, 
NKp44-PE, NKp46-PE, NKG2D-PE, CD158a-FITC, 
CD158b-FITC, NKB1-FITC, CD107a-FITC and relevant 
isotype control antibodies. The first five antibodies were 
purchased from Miltenyi Biotec (Bergisch-Gladbach, 
Germany), and the others from BD Pharmingen (San 
Diego, CA). LEAFTM Purified anti-human CD16 antibody, 
purified anti-human CD274 (PD-L1), anti-human CD273 
(PD-L2) and anti-human CD279 (PD1) antibodies were all 
purchased from Biolegend (San Diego, CA).

Cancer cell lines

Myeloma cell line RPMI8226 and leukemia cell 
line K562 were both from ATCC (Manassas, VA, USA). 
The cells were cultured in RPMI1640 medium (Hyclone; 
Logan, Utah, USA) with 10% FBS and 100 U/ml 
penicillin-streptomycin as the target cells for testing the 
function of NK cells.

NK cell expansion system

Heparinized human peripheral blood collected from 
volunteers was used as the source of NK cells. Briefly, 
PBMCs were isolated using Ficol (Tianjin HY Bioscience 
Co. LTD). After three washes, the cells were re-suspended 
with complete medium, CellGro® DC medium containing 
10% FBS, 100 U/ml penicillin-streptomycin and 2 mM 
glutamine, then plated onto the six-well dishes at the 
concentration of 1×106/well. The PBMCs were stimulated 
with anti-CD16 mAb, and IL-2 was added to the medium 
throughout the whole culture period with a concentration 
of 500U/ml. Medium was refreshed every other day. The 
cultured cells were transferred to a T25 flask or a cell 
culture bag (Takara, Japan) on day 9 depending on the 
volume of cell culture. At day 14 and 21, the cultured cells 
were collected and analyzed for NK cell purity, number 
and function.

NK cell phenotyping

NK cell phenotype and expression of activating and 
inhibitory receptors were analyzed by flow cytometry. 
In short, PBMCs before culture (day 0) and after culture 
for 2-3 weeks were stained with the above fluorescence 
labeled antibodies for 30 mins at 4oC. The cells were 
washed in phosphate buffer saline (PBS), and then 
resuspended in 1% PFA-PBS buffer. Anti-CD279 mAb-
PE was used to examine the PD1 expression on NK cells 
following the method described above. To monitor PD-
L1 and PD-L2 expression on RPMI8226 cells, the cells 
were incubated with the corresponding mouse anti-human 
primary antibodies (anti-PD-L1 and anti-PD-L2 mAb) for 
30 mins at 4oC. After two washes, the cells were further 
incubated with the secondary antibody (PE-conjugated 
donkey anti-mouse IgG) for another 15 mins at room 
temperature (RT). Afterwards, the cells were washed, 
resuspended in 1% PFA-PBS buffer, and analyzed by a 
LSR Fortessa flow cytometer (Becton Dickinson; Franklin 
Lakes).

Degranulation assay

CD107a translocation assay was applied to detect 
perforin/granzymes containing granule degranulation 
activity of NK cells, as previously described elsewhere 
[69]. Briefly, 3×105 PBMCs at day 21 of culture were 
mixed with 3×105 K562 cells or RPMI8226 cells, and 
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incubated at 37oC in 5% CO2. After 2 hour-incubation, 
the cells were spinned down, and stained with anti-
human CD3-PerCP, CD56-PE, and CD107a-FITC 
mAbs in PBS with 2% FBS for 30 mins at 4oC. After 
two washes, the cells were resuspended in 1% PFA-
PBS buffer and analyzed by BD LSR Fortessa flow 
cytometer.

NK cell cytotoxicity assays

Apoptotic cell detection assay: Annexin-V-FlUOS 
(Roche, Manheim, Germany) was used to detect apoptotic 
cells induced by NK cells. Target cells RPMI8226 and 
K562 were first stained with PKH26 dye (Sigma, St. 
Louis, USA) according to the protocol provided by the 
manufacture. Briefly, 2×107 target cells were collected, 
washed, and resuspended in 1ml Diluent C Solution 
containing 4μl PKH26 dye. The cells were stained for 5 
min at room temperature in dark. Afterwards, the reaction 
was stopped by adding 2 ml human serum. After further 
incubation for 1 min, the cells were washed with the 
complete RPMI1640 medium twice and resuspended in 
the same medium. PKH26 stained RPMI8226 cells and 
K562 cells were co-cultured with NK cells (effectors) 
respectively at various Effector (E): Target (T) ratios for 4 
h at 37oC with 5% CO2. Afterwards, the co-cultured cells 
were harvested, washed with PBS, and then resuspended 
in 100 μl Annexin-V-FLUOS labeling solution containing 
2μl Annexin-V-FLUOS. After 15 mins incubation at RT, 
additional 400 μl buffer was added in each staining tubes. 
The percentage of specific lysis rate (PKH26+Annexin-V+) 
of RPMI8226 cells or K562 cells were monitored by a BD 
LSR Fortessa cytometer.

Colorimetric MTT assay was used to examine 
whether PD-L1 and PD-L2 mAb blockade could increase 
NK cell-mediated apoptosis of RPMI8226 cells. In the 
assay, the target RPMI8226 cells were first incubated with 
anti-PD-L1 mAb or PD-L2 mAb at the concentrations 
indicated for two hours at 37oC with 5% CO2. NK cells (1 
× 105) in 100 μl RPMI1640 culture medium were seeded 
into a 96-well microplate. PD-L1/PD-L2 mAb-pretreated 
or untreated RPMI8226 cells (control) in 100 ul RPMI1640 
culture medium were then added to the wells at the E:T 
ratio of 1:1 or 0.5:1 in triplicates. The cells were gently 
mixed and incubated overnight at 37oC with 5% CO2. 
Afterwards, 20 μl of 5 mg/ml MTT solution was added 
into each well and cultured for another 4 hours. After this 
time, the plates were centrifuged, the supernatants were 
removed, and 150 μl of Dimethyl sulfoxide (DMSO) was 
added to each well. The microplates were shaken for 10 
min, and the optical densities (OD) of dissolved formazan 
were then read at 570 nm using a microplate reader 
(Multiskan Mk3, Thermo). The percentage of specific 
lysis was calculated using the formula: [1-(Mean OD of 
co-cultured cells-Mean OD of Effector cells)/Mean OD of 
control cells] × 100%.

NK cell expansion in the presence of anti-PD1 
antibody

NK cells were expanded by our defined protocol, 
and anti-PD1 mAb was added to the expansion medium 
on day 7 of culture at the concentration of 2.5 μg/ml. The 
expanded NK cells (exNK) and PD1 blocked NK cells 
(exNK+PD1 blockage) were collected on day 21 of culture 
for phenotypic analysis, degranulation and cytotoxicity 
assays.

In vivo experiments

The animal study was approved by the Animal 
Ethics Research Committee of the Second Hospital of 
Shandong University. SCID mice (female, 6-8 weeks 
old) were purchased from HFK Bioscience Co. (Beijing, 
China), and were housed in sterile laminar flow animal 
facilities. Human myeloma cell line RPMI8226 cells at 
logarithmic growth phase were collected and suspended 
in normal saline (NS) at 1×108 cells/ml. Each mouse was 
injected subcutaneously near the right foreleg with 100 
μl of the cell suspension. Treatment was initiated when 
tumor volume reached to approx. 300 mm3. Thereafter, 
the myeloma-implanted mice were randomly divided 
into four treatment groups: normal saline (NS, control), 
exNK cells, exNK+PD1 blockage, and exNK+PD-L2 
blockage. The mice received NK cells (2×107 cells/
mouse) via tail vein injection, which was repeated after 
two days. In the arm of exNK+PD-L2 blockage, PD-L2 
mAb was injected intratumorly (IT) at the dose of 20 μg/
mouse one day before exNK transfusion. IL-2 (1×104U/
mouse) was intraperitoneally (i.p.) injected for two 
consecutive days after administration of the exNK cells or 
exNK+PD1 blockage. For a humanity reason, the mouse 
was euthanized by cervical dislocation when the mouse 
reached endpoint of our observation, which was defined as 
when a mouse was unable to creep for taking food and/or 
water. Tumor size and body weight were monitored every 
3-4 days up to the day when the first mouse in control 
group reached the endpoint. Tumor volume was calculated 
by the formula: long diameter × (short diameter)2×π/6 
[70]. At the end of the observation when the last mouse 
from one of the three (exNK, exNK-PD-L2 and exNK-
PD1 blockage) treatment groups has reached endpoint 
(died), survival of the mice among control and treatment 
groups were compared using Kaplan–Meier survival 
curves.

Statistical analysis

Student's t test and two-way ANOVA was used to 
compare differences between the groups. Long-rank test 
was carried out to analyze Kaplan-Meier survival curves. 
All statistical tests were performed with GraphPad Prism 
5 (GraphPad Software Inc, San Diego, CA, USA). A 
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difference was considered to be statistically significant 
when the two-sided P value was less than 0.05.

ACKNOWLEDGMENTS

The work was supported by National Natural 
Science Foundation of China (No. 81372545) and The 
Fundamental Research Funds of Shandong University 
(2014QY004-16). The funders had no role in the study 
design, data collection and analysis, decision to publish, 
or preparation of the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Eller MA, Currier JR. OMIP-007: phenotypic analysis 
of human natural killer cells. Cytometry Part A. 2012; 
81:447-449.

2. Jiang X, Chen Y, Peng H, Tian Z. Memory NK cells: 
why do they reside in the liver? Cellular & molecular 
immunology. 2013; 10:196-201.

3. Sun JC, Lanier LL. NK cell development, homeostasis and 
function: parallels with CD8(+) T cells. Nature reviews 
Immunology. 2011; 11:645-657.

4. Lanier LL. NK cell recognition. Annual review of 
immunology. 2005; 23:225-274.

5. Bachanova V, Burns LJ, McKenna DH, Curtsinger J, 
Panoskaltsis-Mortari A, Lindgren BR, Cooley S, Weisdorf 
D, Miller JS. Allogeneic natural killer cells for refractory 
lymphoma. Cancer immunology, immunotherapy. 2010; 
59:1739-1744.

6. Shah N, Martin-Antonio B, Yang H, Ku S, Lee DA, Cooper 
LJ, Decker WK, Li S, Robinson SN, Sekine T, Parmar S, 
Gribben J, Wang M, Rezvani K, Yvon E, Najjar A, et al. 
Antigen presenting cell-mediated expansion of human 
umbilical cord blood yields log-scale expansion of natural 
killer cells with anti-myeloma activity. PloS one. 2013; 
8:e76781.

7. Eguizabal C, Zenarruzabeitia O, Monge J, Santos S, Vesga 
MA, Maruri N, Arrieta A, Rinon M, Tamayo-Orbegozo 
E, Amo L, Larrucea S, Borrego F. Natural killer cells for 
cancer immunotherapy: pluripotent stem cells-derived NK 
cells as an immunotherapeutic perspective. Frontiers in 
immunology. 2014; 5:439.

8. Lim O, Jung MY, Hwang YK, Shin EC. Present and Future 
of Allogeneic Natural Killer Cell Therapy. Frontiers in 
immunology. 2015; 6:286.

9. Raulet DH. Missing self recognition and self tolerance of 
natural killer (NK) cells. Seminars in immunology. 2006; 
18:145-150.

10. Ruggeri L, Mancusi A, Capanni M, Urbani E, Carotti A, 
Aloisi T, Stern M, Pende D, Perruccio K, Burchielli E, 
Topini F, Bianchi E, Aversa F, Martelli MF, Velardi A. 
Donor natural killer cell allorecognition of missing self 
in haploidentical hematopoietic transplantation for acute 
myeloid leukemia: challenging its predictive value. Blood. 
2007; 110:433-440.

11. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik 
WD, Tosti A, Posati S, Rogaia D, Frassoni F, Aversa F, 
Martelli MF, Velardi A. Effectiveness of donor natural killer 
cell alloreactivity in mismatched hematopoietic transplants. 
Science (New York, NY). 2002; 295:2097-2100.

12. Kottaridis PD, North J, Tsirogianni M, Marden C, 
Samuel ER, Jide-Banwo S, Grace S, Lowdell MW. Two-
Stage Priming of Allogeneic Natural Killer Cells for the 
Treatment of Patients with Acute Myeloid Leukemia: A 
Phase I Trial. PloS one. 2015; 10:e0123416.

13. Besser MJ, Shoham T, Harari-Steinberg O, Zabari N, 
Ortenberg R, Yakirevitch A, Nagler A, Loewenthal R, 
Schachter J, Markel G. Development of allogeneic NK cell 
adoptive transfer therapy in metastatic melanoma patients: 
in vitro preclinical optimization studies. PloS one. 2013; 
8:e57922.

14. Brand JM, Meller B, Von Hof K, Luhm J, Bahre M, 
Kirchner H, Frohn C. Kinetics and organ distribution 
of allogeneic natural killer lymphocytes transfused into 
patients suffering from renal cell carcinoma. Stem cells and 
development. 2004; 13:307-314.

15. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney 
SA, Yun GH, Fautsch SK, McKenna D, Le C, Defor TE, 
Burns LJ, Orchard PJ, Blazar BR, Wagner JE, Slungaard A, 
Weisdorf DJ, Okazaki IJ, et al. Successful adoptive transfer 
and in vivo expansion of human haploidentical NK cells in 
patients with cancer. Blood. 2005; 105:3051-3057.

16. Torelli GF, Guarini A, Maggio R, Alfieri C, Vitale A, 
Foa R. Expansion of natural killer cells with lytic activity 
against autologous blasts from adult and pediatric acute 
lymphoid leukemia patients in complete hematologic 
remission. Haematologica. 2005; 90:785-792.

17. Burns LJ, Weisdorf DJ, DeFor TE, Vesole DH, Repka 
TL, Blazar BR, Burger SR, Panoskaltsis-Mortari A, 
Keever-Taylor CA, Zhang MJ, Miller JS. IL-2-based 
immunotherapy after autologous transplantation for 
lymphoma and breast cancer induces immune activation 
and cytokine release: a phase I/II trial. Bone marrow 
transplantation. 2003; 32:177-186.

18. Klingemann HG, Martinson J. Ex vivo expansion of natural 
killer cells for clinical applications. Cytotherapy. 2004; 
6:15-22.

19. Decot V, Voillard L, Latger-Cannard V, Aissi-Rothe 
L, Perrier P, Stoltz JF, Bensoussan D. Natural-killer cell 
amplification for adoptive leukemia relapse immunotherapy: 
comparison of three cytokines, IL-2, IL-15, or IL-7 and 
impact on NKG2D, KIR2DL1, and KIR2DL2 expression. 
Experimental hematology. 2010; 38:351-362.



Oncotarget48372www.impactjournals.com/oncotarget

20. Berg M, Lundqvist A, McCoy P, Jr., Samsel L, Fan Y, 
Tawab A, Childs R. Clinical-grade ex vivo-expanded human 
natural killer cells up-regulate activating receptors and 
death receptor ligands and have enhanced cytolytic activity 
against tumor cells. Cytotherapy. 2009; 11:341-355.

21. Guven H, Gilljam M, Chambers BJ, Ljunggren HG, 
Christensson B, Kimby E, Dilber MS. Expansion of natural 
killer (NK) and natural killer-like T (NKT)-cell populations 
derived from patients with B-chronic lymphocytic leukemia 
(B-CLL): a potential source for cellular immunotherapy. 
Leukemia. 2003; 17:1973-1980.

22. Fujisaki H, Kakuda H, Shimasaki N, Imai C, Ma J, Lockey 
T, Eldridge P, Leung WH, Campana D. Expansion of highly 
cytotoxic human natural killer cells for cancer cell therapy. 
Cancer research. 2009; 69:4010-4017.

23. Gong W, Xiao W, Hu M, Weng X, Qian L, Pan X, Ji 
M. Ex vivo expansion of natural killer cells with high 
cytotoxicity by K562 cells modified to co-express major 
histocompatibility complex class I chain-related protein A, 
4-1BB ligand, and interleukin-15. Tissue antigens. 2010; 
76:467-475.

24. Denman CJ, Senyukov VV, Somanchi SS, Phatarpekar PV, 
Kopp LM, Johnson JL, Singh H, Hurton L, Maiti SN, Huls 
MH, Champlin RE, Cooper LJ, Lee DA. Membrane-bound 
IL-21 promotes sustained ex vivo proliferation of human 
natural killer cells. PloS one. 2012; 7:e30264.

25. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. 
Controlling natural killer cell responses: integration of 
signals for activation and inhibition. Annual review of 
immunology. 2013; 31:227-258.

26. Marquez ME, Millet C, Stekman H, Conesa A, Deglesne 
PA, Toro F, Sanctis JD, Blanca I. CD16 cross-linking 
induces increased expression of CD56 and production of 
IL-12 in peripheral NK cells. Cellular immunology. 2010; 
264:86-92.

27. Tsukerman P, Eisenstein EM, Chavkin M, Schmiedel 
D, Wong E, Werner M, Yaacov B, Averbuch D, Molho-
Pessach V, Stepensky P, Kaynan N, Bar-On Y, Seidel E, 
Yamin R, Sagi I, Elpeleg O, et al. Cytokine secretion and 
NK cell activity in human ADAM17 deficiency. Oncotarget. 
2015; 6:44151-44160. doi: 10.18632/oncotarget.6629.

28. Mamalis A, Garcha M, Jagdeo J. Targeting the PD-1 
pathway: a promising future for the treatment of 
melanoma. Archives of dermatological research. 2014; 
306:511-519.

29. Guo Z, Wang H, Meng F, Li J, Zhang S. Combined 
Trabectedin and anti-PD1 antibody produces a synergistic 
antitumor effect in a murine model of ovarian cancer. 
Journal of translational medicine. 2015; 13:247.

30. Lussier DM, Johnson JL, Hingorani P, Blattman JN. 
Combination immunotherapy with alpha-CTLA-4 and 
alpha-PD-L1 antibody blockade prevents immune escape 
and leads to complete control of metastatic osteosarcoma. 
Journal for immunotherapy of cancer. 2015; 3:21.

31. Kroemer G, Galluzzi L. Immunotherapy of hematological 
cancers: PD-1 blockade for the treatment of Hodgkin's 
lymphoma. Oncoimmunology. 2015; 4:e1008853.

32. Armand P, Nagler A, Weller EA, Devine SM, Avigan 
DE, Chen YB, Kaminski MS, Holland HK, Winter JN, 
Mason JR, Fay JW, Rizzieri DA, Hosing CM, Ball ED, 
Uberti JP, Lazarus HM, et al. Disabling immune tolerance 
by programmed death-1 blockade with pidilizumab after 
autologous hematopoietic stem-cell transplantation for 
diffuse large B-cell lymphoma: results of an international 
phase II trial. Journal of clinical oncology. 2013; 
31:4199-4206.

33. Westin JR, Chu F, Zhang M, Fayad LE, Kwak LW, Fowler 
N, Romaguera J, Hagemeister F, Fanale M, Samaniego F, 
Feng L, Baladandayuthapani V, Wang Z, Ma W, Gao Y, 
Wallace M, et al. Safety and activity of PD1 blockade by 
pidilizumab in combination with rituximab in patients with 
relapsed follicular lymphoma: a single group, open-label, 
phase 2 trial. The Lancet Oncology. 2014; 15:69-77.

34. Boussiotis VA, Chatterjee P, Li L. Biochemical signaling 
of PD-1 on T cells and its functional implications. Cancer 
journal (Sudbury, Mass). 2014; 20:265-271.

35. Yang W, Chen PW, Li H, Alizadeh H, Niederkorn JY. 
PD-L1: PD-1 interaction contributes to the functional 
suppression of T-cell responses to human uveal melanoma 
cells in vitro. Investigative ophthalmology & visual science. 
2008; 49:2518-2525.

36. Brusa D, Serra S, Coscia M, Rossi D, D'Arena G, 
Laurenti L, Jaksic O, Fedele G, Inghirami G, Gaidano G, 
Malavasi F, Deaglio S. The PD-1/PD-L1 axis contributes 
to T-cell dysfunction in chronic lymphocytic leukemia. 
Haematologica. 2013; 98:953-963.

37. Shi L, Chen S, Yang L, Li Y. The role of PD-1 and PD-L1 
in T-cell immune suppression in patients with hematological 
malignancies. Journal of hematology & oncology. 2013; 
6:74.

38. Andorsky DJ, Yamada RE, Said J, Pinkus GS, Betting DJ, 
Timmerman JM. Programmed death ligand 1 is expressed 
by non-hodgkin lymphomas and inhibits the activity of 
tumor-associated T cells. Clinical cancer research. 2011; 
17:4232-4244.

39. Zehn D, Wherry EJ. Immune Memory and Exhaustion: 
Clinically Relevant Lessons from the LCMV Model. 
Advances in experimental medicine and biology. 2015; 
850:137-152.

40. Benson DM, Jr., Bakan CE, Mishra A, Hofmeister CC, 
Efebera Y, Becknell B, Baiocchi RA, Zhang J, Yu J, Smith 
MK, Greenfield CN, Porcu P, Devine SM, Rotem-Yehudar 
R, Lozanski G, Byrd JC, et al. The PD-1/PD-L1 axis 
modulates the natural killer cell versus multiple myeloma 
effect: a therapeutic target for CT-011, a novel monoclonal 
anti-PD-1 antibody. Blood. 2010; 116:2286-2294.

41. Sonneveld P, Broijl A. Treatment of relapsed and refractory 
multiple myeloma. Haematologica. 2016; 101:396-406.



Oncotarget48373www.impactjournals.com/oncotarget

42. Bryceson YT, Pende D, Maul-Pavicic A, Gilmour KC, 
Ufheil H, Vraetz T, Chiang SC, Marcenaro S, Meazza 
R, Bondzio I, Walshe D, Janka G, Lehmberg K, Beutel 
K, zur Stadt U, Binder N, et al. A prospective evaluation 
of degranulation assays in the rapid diagnosis of familial 
hemophagocytic syndromes. Blood. 2012; 119:2754-2763.

43. Pittari G, Filippini P, Gentilcore G, Grivel JC, Rutella S. 
Revving up Natural Killer Cells and Cytokine-Induced 
Killer Cells Against Hematological Malignancies. Frontiers 
in immunology. 2015; 6:230.

44. Warren HS, Kinnear BF. Quantitative analysis of the effect 
of CD16 ligation on human NK cell proliferation. Journal 
of immunology (Baltimore, Md: 1950). 1999; 162:735-742.

45. Murphy WJ, Parham P, Miller JS. NK cells--from bench to 
clinic. Biology of blood and marrow transplantation. 2012; 
18:S2-7.

46. Geller MA, Cooley S, Judson PL, Ghebre R, Carson LF, 
Argenta PA, Jonson AL, Panoskaltsis-Mortari A, Curtsinger 
J, McKenna D, Dusenbery K, Bliss R, Downs LS, Miller 
JS. A phase II study of allogeneic natural killer cell therapy 
to treat patients with recurrent ovarian and breast cancer. 
Cytotherapy. 2011; 13:98-107.

47. Iliopoulou EG, Kountourakis P, Karamouzis MV, Doufexis 
D, Ardavanis A, Baxevanis CN, Rigatos G, Papamichail M, 
Perez SA. A phase I trial of adoptive transfer of allogeneic 
natural killer cells in patients with advanced non-small cell 
lung cancer. Cancer immunology, immunotherapy. 2010; 
59:1781-1789.

48. Peragine N, Torelli GF, Mariglia P, Pauselli S, Vitale A, 
Guarini A, Foa R. Immunophenotypic and functional 
characterization of ex vivo expanded natural killer cells 
for clinical use in acute lymphoblastic leukemia patients. 
Cancer immunology, immunotherapy. 2015; 64:201-211.

49. Sakamoto N, Ishikawa T, Kokura S, Okayama T, Oka K, 
Ideno M, Sakai F, Kato A, Tanabe M, Enoki T, Mineno 
J, Naito Y, Itoh Y, Yoshikawa T. Phase I clinical trial of 
autologous NK cell therapy using novel expansion method 
in patients with advanced digestive cancer. Journal of 
translational medicine. 2015; 13:277.

50. Ruggeri L, Mancusi A, Capanni M, Martelli MF, Velardi 
A. Exploitation of alloreactive NK cells in adoptive 
immunotherapy of cancer. Current opinion in immunology. 
2005; 17:211-217.

51. Chester C, Fritsch K, Kohrt HE. Natural Killer Cell 
Immunomodulation: Targeting Activating, Inhibitory, 
and Co-stimulatory Receptor Signaling for Cancer 
Immunotherapy. Frontiers in immunology. 2015; 6:601.

52. Barcena P, Jara-Acevedo M, Tabernero MD, Lopez A, 
Sanchez ML, Garcia-Montero AC, Munoz-Garcia N, 
Vidriales MB, Paiva A, Lecrevisse Q, Lima M, Langerak 
AW, Bottcher S, van Dongen JJ, Orfao A, Almeida J. 
Phenotypic profile of expanded NK cells in chronic 
lymphoproliferative disorders: a surrogate marker for 

NK-cell clonality. Oncotarget. 2015; 6:42938-42951. doi: 
10.18632/oncotarget.5480.

53. Sandoval-Borrego D, Moreno-Lafont MC, Vazquez-
Sanchez EA, Gutierrez-Hoya A, Lopez-Santiago R, 
Montiel-Cervantes LA, Ramirez-Saldana M, Vela-Ojeda 
J. Overexpression of CD158 and NKG2A Inhibitory 
Receptors and Underexpression of NKG2D and NKp46 
Activating Receptors on NK cells in Acute Myeloid 
Leukemia. Archives of medical research. 2016; 47:55-64. 
doi: 10.1016/j.arcmed.2016.02.001.

54. Ishikawa E, Tsuboi K, Saijo K, Harada H, Takano S, Nose 
T, Ohno T. Autologous natural killer cell therapy for human 
recurrent malignant glioma. Anticancer research. 2004; 
24:1861-1871.

55. deMagalhaes-Silverman M, Donnenberg A, Lembersky 
B, Elder E, Lister J, Rybka W, Whiteside T, Ball E. 
Posttransplant adoptive immunotherapy with activated 
natural killer cells in patients with metastatic breast cancer. 
Journal of immunotherapy (Hagerstown, Md: 1997). 2000; 
23:154-160.

56. Kohrt HE, Thielens A, Marabelle A, Sagiv-Barfi I, Sola C, 
Chanuc F, Fuseri N, Bonnafous C, Czerwinski D, Rajapaksa 
A, Waller E, Ugolini S, Vivier E, Romagne F, Levy R, 
Blery M, et al. Anti-KIR antibody enhancement of anti-
lymphoma activity of natural killer cells as monotherapy 
and in combination with anti-CD20 antibodies. Blood. 
2014; 123:678-686.

57. Romagne F, Andre P, Spee P, Zahn S, Anfossi N, Gauthier 
L, Capanni M, Ruggeri L, Benson DM, Jr., Blaser BW, 
Della Chiesa M, Moretta A, Vivier E, Caligiuri MA, Velardi 
A, Wagtmann N. Preclinical characterization of 1-7F9, a 
novel human anti-KIR receptor therapeutic antibody that 
augments natural killer-mediated killing of tumor cells. 
Blood. 2009; 114:2667-2677.

58. Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell 
T, Pui CH, Leung W. NKAML: a pilot study to determine 
the safety and feasibility of haploidentical natural killer 
cell transplantation in childhood acute myeloid leukemia. 
Journal of clinical oncology. 2010; 28:955-959.

59. Xia B, Herbst RS. Immune checkpoint therapy for non-
small-cell lung cancer: an update. Immunotherapy. 2016; 
8:279-98. doi: 10.2217/imt.15.123.

60. Luke JJ, Ott PA. PD-1 pathway inhibitors: the next generation 
of immunotherapy for advanced melanoma. Oncotarget. 
2015; 6:3479-3492. doi: 10.18632/oncotarget.2980.

61. Awad MM, Hammerman PS. Durable Responses With 
PD-1 Inhibition in Lung and Kidney Cancer and the 
Ongoing Search for Predictive Biomarkers. Journal of 
clinical oncology. 2015; 33:1993-1994.

62. Xia Y, Medeiros LJ, Young KH. Immune checkpoint 
blockade: Releasing the brake towards hematological 
malignancies. Blood reviews. 2016; 30:189-200. doi: 
10.1016/j.blre.2015.11.003.



Oncotarget48374www.impactjournals.com/oncotarget

63. Villasboas JC, Ansell SM, Witzig TE. Targeting the 
PD-1 pathway in patients with relapsed classic Hodgkin 
lymphoma following allogeneic stem cell transplant is 
safe and effective. Oncotarget.  2016; 7:13260-13264. doi: 
10.18632/oncotarget.7177.

64. Hallett WH, Jing W, Drobyski WR, Johnson BD. 
Immunosuppressive effects of multiple myeloma are 
overcome by PD-L1 blockade. Biology of blood and 
marrow transplantation. 2011; 17:1133-1145.

65. Park HJ, Park JS, Jeong YH, Son J, Ban YH, Lee BH, Chen 
L, Chang J, Chung DH, Choi I, Ha SJ. PD-1 upregulated on 
regulatory T cells during chronic virus infection enhances 
the suppression of CD8+ T cell immune response via 
the interaction with PD-L1 expressed on CD8+ T cells. 
Journal of immunology (Baltimore, Md: 1950). 2015; 
194:5801-5811.

66. Suen H, Brown R, Yang S, Ho PJ, Gibson J, Joshua D. 
The failure of immune checkpoint blockade in multiple 
myeloma with PD-1 inhibitors in a phase 1 study. 
Leukemia. 2015; 29:1621-1622.

67. Miller BC, Maus MV. CD19-Targeted CAR T Cells: 
A New Tool in the Fight against B Cell Malignancies. 
Oncology research and treatment. 2015; 38:683-690.

68. Rodgers DT, Mazagova M, Hampton EN, Cao Y, Ramadoss 
NS, Hardy IR, Schulman A, Du J, Wang F, Singer O, Ma 
J, Nunez V, Shen J, Woods AK, Wright TM, Schultz PG, 
et al. Switch-mediated activation and retargeting of CAR-T 
cells for B-cell malignancies. Proceedings of the National 
Academy of Sciences of the United States of America. 
2016; 113:E459-468.

69. Bryceson YT, Rudd E, Zheng C, Edner J, Ma D, Wood 
SM, Bechensteen AG, Boelens JJ, Celkan T, Farah 
RA, Hultenby K, Winiarski J, Roche PA, Nordenskjold 
M, Henter JI, Long EO, et al. Defective cytotoxic 
lymphocyte degranulation in syntaxin-11 deficient familial 
hemophagocytic lymphohistiocytosis 4 (FHL4) patients. 
Blood. 2007; 110:1906-1915.

70. Wang X, Feng X, Wang J, Shao N, Ji C, Ma D, Henter 
JI, Fadeel B, Zheng C. Bortezomib and IL-12 produce 
synergetic anti-multiple myeloma effects with reduced 
toxicity to natural killer cells. Anti-cancer drugs. 2014; 
25:282-288.


