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Abstract

Objectives. The rapid recognition of epigenetic manipulation’s
potential in restricting cancer cell capabilities spurred translational
initiatives, including histone deacetylase inhibitors (HDACis). Clinical
trials on multiple myeloma (MM) demonstrated substantial benefits
of HDACis, coupled with promising outcomes from cytokine-induced
killer cell (CIK) immunotherapy. Intriguingly, the unexplored synergy
of HDACis and CIK cell immunotherapy in MM prompted our study.
Methods. We examined clinically relevant HDACis (panobinostat/
LBH589 and romidepsin) alongside CIK cells derived from peripheral
blood mononuclear cells across diverse MM cell lines (U266,
RPMI8226, OPM-2 and NCI-H929). Utilising various in vitro
methodologies, we investigated how HDACis enhance CIK cell lysis
of myeloma cells through NKG2D/NKG2D ligand interactions.
Results. The results of our analysis indicated several key findings. (1)
Enhanced cytotoxicity of CIK cells in MM cells when combined with
HDACis. (2) Significant increase in apoptosis, suggesting HDACis and
CIK may together enhance apoptotic effects in specific MM cell
lines. (3) Elevated IFN-γ secretion and alterations in granzyme
B secretion because of the independent activity of HDACis. (4)
Notably, HDACis increased the expression of MICA/B and ULBP2,
crucial for inducing antitumor cytotoxicity of NKT cells. Validation
through NKG2D receptor blocking in CIK cells with a purified mouse
antihuman NKG2D antibody further supported our findings.
Conclusions. Our analyses provide sufficient evidence to consider
this clinically forgotten instance (HDACis-CIK cell combination) as a
therapeutic priority for MM treatment. Furthermore, we suggest
that NKG2D/NKG2D-ligand interactions activating NK/NKT cells may
contribute to enhanced myeloma cell lysis in response to HDACis
treatment by CIK cells.
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INTRODUCTION

Multiple myeloma (MM) is a clonal expansion of
plasma cells in which genetic and epigenetic
processes are significantly involved during the
development and progression of this pathological
condition. Despite recent advances in treatment
modalities, MM remains incurable in most cases
because of the drug resistance to all conventional
therapies. Given that aberrant expression of
epigenetic modifications has been observed in
various cancers, MM is no exception to this
observation.1,2 Of particular interest in MM are
variable patterns of histone deacetylase (HDACs),
which have led to the exploration of several
histone deacetylase inhibitors (HDACis)-based
interventions in vitro, in vivo and in clinical trials
over the last decades.3–5

Notably, the passive mechanisms underlying the
involvement of epigenetic inhibitors, including
HDACs, with non-oncological drugs in MM, have
recently been discussed.6 Recently, we have also
revealed the mutual interactions between
epigenetic machinery and non-coding genome in
regulating gene expression by investigating the
intriguing interactions between HDAC6-induced
lncRNA and its potential sponge miRNA in MM.7

HDACis have also been shown to sensitise NK
cell-mediated killing by upregulating expression of
Natural killer group 2 member D (NKG2D) ligands
MICA/B or ULBP1 on cancer cells, thus suggesting
that HDACis might have promising applications
in cancer immunotherapy.8,9 Like HDACis,
cytokine-induced killer (CIK) cell immunotherapy
has also been quite active in cancer.10 Moreover,
CIK cell immunotherapy already have a history of
successful clinical trials in MM. For instance, Lin
et al.11 reported one case report of patient with
multiple cancers (MM and lung cancer)
concomitant with paraneoplastic dermatoses and
demonstrated that after treatment with CIK cells,
MM and lung cancer remained stable and
concomitant paraneoplastic dermatoses improved
markedly without side effects. Zhao et al.12 also
followed CIK cell therapy by examining 50 patients
with MM (n= 24: chemotherapy, n= 26: combined
chemotherapy with dendritic cell (DC/CIK) and
confirmed a better immunomodulatory effect with
the combination therapy. In 2017, Wang et al.
published a meta-analysis including 12 trials with
594MM patients and confirmed that adjuvant
immunotherapy of dendritic cells-CIK cells

enhanced the efficacy of chemotherapy for MM
and further improved prognosis probably by
reconstructing the immune function.13

Surprisingly, HDACis have never been tested in
combination with CIK cell immunotherapy in the
clinic. Being pioneers in CIK cell therapy, we
previously raised the question whether CIK cells and
HDACis would be compatible in MM. To address this,
we tested several HDACis (e.g. sodium butyrate,
valproic acid and trichostatin A) in combination with
CIK cells (as the first preclinical model) and
confirmed their significant impact on human MM
cell lines (KMS-18 and U-266).14 However, some
questions remain unanswered, such as (1) what
exactly are the mechanisms behind the synergistic
effect of CIK cells with HDACis in MM and (2)
whether genetic/gender differences could play a
therapeutically restrictive role when testing
HDACis-CIK combinations in clinics, because MM is
known to occur more frequently in males compared
with females. Considering this, herein, we extended
our analysis by testing clinically applicable HDACis
with CIK cells in genetically distinct MM cell lines. In
addition, we investigated whether HDACis
treatment could enhance CIK cell lysis of myeloma
cells through NKG2D/NKG2D ligand interactions.

RESULTS

Phenotypic identification of CIK cells and
the effect of HDACis on the viability of
MM cell lines

In clinical trials, whether HDACis were used alone
or in combination with other drugs, a plethora of
knowledge exists about their relative success in
MM (Figure 1 and Supplementary table 1).To
advance the knowledge, we first confirmed the
phenotypic identification of CIK cells and the effect
of HDACis on the viability of MM cell lines. As the
days went by, the proportion of CD3+CD56+

NKT cells (CIK cells) increased (Supplementary
figure 1a, one representative data of three donors).
To confirm this, we identified the heterogeneous
population of peripheral blood mononuclear cells
(PBMCs; Day 0) composed of CD3+CD56+ NKT cells
(7.0%� 1.9%), CD3+CD56� T cells (56%� 5.6%)
and CD3�CD56+ NK cells (11%� 2.7%). After
13 days of ex vivo expansion, the bulk CIK cells
were a heterogeneous population composed of
CD3+CD56+ NKT cells (27.0%� 5.9%), CD3+CD56�

T cells (71%� 5.6%) and CD3�CD56+ NK cells
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(0.63%� 0.27%; Supplementary figure 1b).
Likewise, the MM cell lines U266, RPMI8226, OPM-2
and NCI-H929 were cultured with gradient
concentrations of panobinostat (0–250 nM) or

romidepsin (0–10 000 nM) for 24 or 48 h
(Supplementary figure 1c). As the concentrations of
panobinostat and romidepsin increased, the
viability of MM cells gradually decreased (P< 0.05),

Figure 1. Histone deacetylase inhibitors (HDACis) used alone or in combination therapies in multiple myeloma. This figure was created with

Biorender.com.
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and we also determined their IC50 values on MM
cell lines. In order to avoid any background effect,
we also tested effect of HDACis on viability of
non-cancer cells (CCD-18Co) and CIK cells.
CCD-18Co and CIK cells were treated with various
concentrations of panobinostat and romidepsin.
We observed that, at the appropriate
concentration (for panobinostat, it is 0–50 nM; for
romidepsin, it is 0–5 nM), the impact on the viability
of MM cell lines was greater than that on the
viability of CCD-18Co and CIK cells (Supplementary
figure 1d). Overall, we established phenotypically
distinct CIK cell populations and tested the
cytotoxic effects of HDACis on MM cells.

Effect of CIK cells on MM cell lines and
synergy of HDACis with CIK cells on
MM cells

CIK cells were co-cultured with MM cell lines U266,
RPMI8226, OPM-2, NCI-H929 and the control cell
line CCD-18Co for 24 h (Figure 2a). CIK cells from
two different buffy coats (Donor A and B) were
used at different effector-to-target ratios (1:1, 5:1
and 10:1). As a result, when the ratio was 10:1, CIK
cells significantly reduced the in vitro viability of
MM cells (P< 0.0001). At a 5:1 ratio, CIK cells
significantly reduced OPM-2, RPMI8226 and U266
in vitro viability (P< 0.0001), with the observed
impact varying according to the different
effector-to-target ratios. However, CIK cells also
significantly decreased the viability of CCD-18Co
when the ratio was 10:1 and 5:1 (P< 0.0001). In this
context, the cytotoxic effect of CIK cells may be
associated with the immune status of donors. To
investigate a synergistic effect of panobinostat,
romidepsin and CIK cells, myeloma cell lines
NCI-H929, OPM-2 and U266 were cultured with
panobinostat (0.01 μM), romidepsin (0.01 μM) and
CIK cells at different effector-to-target ratios (10:1,
5:1, 1:1) for 24 h (Figure 2b). In NCI-H929, OPM-2
and U266 cell lines, we found that MM cells treated
with panobinostat and CIK cells (10:1) showed
more specific lysis compared with cells only treated
with CIK cells (10:1) except NCI-H929 (P< 0.0001).
In MM cells treated with romidepsin and CIK cells
(10:1), a statistically significant increase in specific
lysis was observed only in OPM-2 compared with
cells treated only with CIK cells (10:1; P< 0.0001).
Overall, it is reasonable to conclude the
combination use of panobinostat and romidepsin
with CIK cells may increase the specific lysis of
MM cell lines.

Effect of HDACis and CIK cells on granzyme
B and IFN-γ secretion in MM cells

Given that CIK cells are well established to release
Granzyme B and IFN-γ as independent mechanisms to
kill tumor cells, we evaluated their relative amounts
in the supernatant using sandwich ELISA. In all three
MM cell lines, Granzyme B secretion remained stable,
regardless of HDACis treatment (Figure 3a). Similarly,
CIK cells treated with HDACis exhibited increased
total secretion. Significantly higher Granzyme
B secretion was observed in the U266 cell line alone,
following treatment with panobinostat or
romidepsin, compared with co-culture with CIK cells
alone (For panobinostat, P< 0.05; for romidepsin,
P< 0.01). This suggests an increase in Granzyme
B secretion in the U266 cell line following treatment
with CIK cells, panobinostat and romidepsin.
Likewise, MM cell lines were incubated with
panobinostat (0.01 μM), romidepsin (0.01 μM) and CIK
cells at the effector-to-target ratio (20:1) for 24 h.
After 24 h, the supernatant was collected for a
sandwich ELISA to evaluate IFN-γ secretion
(Figure 3b). In all three MM cell lines, the basal
secretion without any treatment was low. However,
after treatment with romidepsin, there was
significantly higher IFN-γ secretion in all three MM
cell lines compared with only co-culture with CIK cells
(U266, OPM-2: P< 0.0001; NCI-H929: P< 0.05).
Meanwhile, after treatment with panobinostat, there
was significantly higher IFN-γ secretion only in OPM-2
compared with only co-culture with CIK cells
(P< 0.0001). This result suggests that after co-culture
of MM cells, CIK cells, panobinostat and romidepsin
treatment, IFN-γ secretion increased. Notably, after
treatment with panobinostat (0.01 μM), romidepsin
(0.01 μM) and CIK cells on the U266 cell line, we
observed an increase in the overall number of
apoptotic cells, particularly in the number of early
apoptotic cells (Figure 3c). Furthermore, when
compared with the untreated group (control), the
proportion of early apoptotic cells and late apoptosis
or necrosis cells significantly increased (Figure 3d;
P< 0.0001). That is, CIK cells enhance the apoptosis
of U266 cell line that have been treated with HDACis.
This suggests that HDACis and CIK cells may together
enhance apoptotic effects in specific MM cell lines.

Effect of HDACis on the NKG2D ligands in
myeloma cells

As aforementioned, HDACis have been shown to
sensitise NK cell-mediated killing by upregulating
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expression of NKG2D ligands MICA/B or ULBP1 on
cancer cells. We investigated the effects of LBH589
and romidepsin on the mRNA expression of NKG2D

ligands in myeloma cells. Specifically, we
performed RT qPCR detection of NKG2D ligands in
U266, OPM-2 and NCI-H929 before and after

Figure 2. (a) Cytotoxic effect of cytokine-induced killer (CIK) cells on MM cell lines OPM-2, RPMI8226, NCI-H929, U266 and the control cell line

CCD-18Co. Cells were cultured for 24 h at different effector: target ratios of 10:1, 5:1 and 1:1. The cytotoxic effect of CIK cells was measured

by LDH assay. Results represent six separate experiments for U266, RPMI8226, OPM-2, NCI-H929 and CCD-18Co. (b) We assessed the

significance among myeloma cells NCI-H929, OPM-2 and U266 in two conditions: one treated only with panobinostat (0.01 μM) and romidepsin

(0.01 μM) for 24 h, and the other treated with the combination of panobinostat and romidepsin (at the same concentration). Additionally, CIK

cells were treated at different effector: target ratios (10:1, 5:1 and 1:1). The results represent data from three separate experiments and are

presented as mean� SD. Significance levels were determined using two-way ANOVA with Bonferroni’s post hoc test (*P< 0.05, **P< 0.01,

***P< 0.001, ****P< 0.0001).
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treatment with LBH589 or romidepsin. We found
that after LBH589 treatment, the relative mRNA
levels of MICA, MICB and ULBP2 were significantly
increased compared with the control group
(Figure 4a, P< 0.01). Similar results were obtained

after romidepsin treatment (Figure 4b, P< 0.01),
suggesting that LBH589 and romidepsin can
increase the expression of MICA, MICB and ULBP2
mRNA levels in MM cells. We further verified the
effects of LBH589 and romidepsin on the surface

Figure 3. (a) Granzyme B secretion in the combination of histone deacetylase inhibitors (HDACis) and cytokine-induced killer (CIK) cells on

multiple myeloma (MM) cell lines U266, OPM-2 and NCI-H929. (b) IFN-γ secretion in the combination of HDACis and CIK cells on MM cell lines.

MM cells were cultured with panobinostat (0.01 μM), romidepsin (0.01 μM) and CIK cells at the effector-to-target ratio (20:1) for 24 h. IFN-γ and

Granzyme B secretion were measured by ELISA. Results represent three different buffy coats for each cell line. (c) Combination of HDACis with

CIK cells on the apoptosis of U266 cell line by the flow cytometry assay. Flow cytometry figure of changes in the proportion of early apoptosis

cells and late apoptosis or necrosis cells. Cells were stained with FITC Annexin V and Percp 7AAD. The result is one of the representative data.

(d) After the combination of HDACis with CIK cells, the apoptosis rate of U266 cells changed. Results represent data from three separate

experiments. Data are presented as mean� SD. (*P< 0.05, **P< 0.01, ****P< 0.0001 calculated by two-way ANOVA, Bonferroni’s post hoc

test).
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expression of MICA/B and ULBP2 in myeloma cells
by using flow cytometric analysis, gating on live
U266, OPM-2 and NCI-H929MM cells before and

after treatment with LBH589 or romidepsin
(Supplementary figure 2a). As depicted in
Supplementary figure 2b, the treatment

Figure 4. Relative mRNA expression of NKG2D ligands on human myeloma cell lines after treatment with 0.01 μM LBH589 or romidepsin for

24 h. (a) Relative mRNA expression of NKG2D ligands after LBH589 treatment on U266, OPM-2, NCI-H929 cells. (b) Relative mRNA expression of

NKG2D ligands after romidepsin treatment on U266, OPM-2 and NCI-H929 cells. (c) Multiple myeloma (MM) cell lines (U266, OPM-2 and NCI-

H929) were untreated or treated with 0.01 μM panobinostat or romidepsin for 48 h. Shed MICA was quantified in the supernatant by sandwich

ELISA. Data are mean� SD of triplicate measurements; data are one representative of three independent experiments. (*P< 0.05, **P< 0.01,

***P< 0.001, ****P< 0.0001 calculated by one-way ANOVA, Bonferroni’s post hoc test).
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significantly upregulated the expression of MICA/B
(P< 0.05). With the exception of OPM-2 treated
with LBH589, the expression of ULBP2 also
significantly increased in the other cell lines after
treatment (P< 0.05), suggesting that HDACis
(LBH589 and romidepsin) can enhance the
expression of NKG2D ligands (MICA/B and ULBP2).
Furthermore, compared with the untreated group,
the MICA shedding from U266 and NCI-H929 cells
in the presence of 0.01 μM LBH589 or romidepsin
was strongly inhibited (Figure 4c, P< 0.0001). Our
findings indicate that LBH589 and romidepsin
exhibit pronounced inhibitory effects on the
proteolytic shedding of MICA from MICA/B-bearing
tumor cells, leading to a significant augmentation
in the cell surface density of MICA. Taken together,
these results suggest that in MM, HDACis enhance
the activation of the NKG2D pathway more
efficiently.

HDACis treatment enhances CIK cell lysis of
myeloma cells through NKG2D/NKG2D
ligand interactions

Since the binding of MICA/B and ULBP2 ligands to
NKG2D receptors causes antitumor cytotoxicity of
NKT cells,15 we investigated the functional
relevance of increased MICA/B and ULBP
expression in MM cells following HDACis therapy.
Initially, we used a purified mouse antihuman
NKG2D antibody to block the NKG2D receptor on
CIK cells, employing CD4+ T cells as a negative
control group to assess the effectiveness of the
blockade.16 Subsequently, we observed that
the NKG2D receptor on CIK cells was successfully
blocked (Figure 5a). We examined CIK cells,
isolated from healthy donors, against MM cells
treated with or without HDACis, using the FACS
cytotoxicity assay. We set up the lysis of NCI-H929
and U266 cell lines by CIK cells as the positive
control (effector-to-target cell ratio – 5:1). MM
cells treated with HDACis exhibited higher
sensitivity to CIK cell lysis than untreated control
cells. Furthermore, in the NCI-H929 cell line, only
the enhancing effect of LBH589 was partially
blocked by anti-NKG2D mAb pretreated CIK cells,
which was statistically significant. In the U266 cell
line, CIK cells pretreated with anti-NKG2D mAb
significantly inhibited the potentiation by both
LBH589 and romidepsin (Figure 5b). Our data
suggest that the activation of NKT cells through
NKG2D/NKG2D ligand interactions is a possible

mechanism associated with the increased lysis
of myeloma cells following HDACis treatment
in vitro (Figure 5c).

DISCUSSION

The mechanisms of action of HDAC inhibitors,
along with new data from preclinical experiments
and clinical trials, have significantly broadened the
range of cancers treatable with these compounds,
especially MM. In clinical trials, whether HDACis
were used alone or in combination therapies with
other drugs, a plethora of knowledge exists about
their relative success in MM. panobinostat, an
orally administered HDACi, is also worth
mentioning as it undoubtedly remains one of the
best options for MM patients who require an
additional therapeutic regimen, especially in
relapsed or relapsed and refractory MM.17

Nevertheless, the results of several preclinical
evaluations with HDACis, including combination
therapies in MM, suggest that they may be an
interesting alternative to the established
regimen.3,18 The scenario is quite similar in case of
CIK cell immunotherapy in the clinic,10 which
recently turned 30 years old and already has a
history of successful clinical trials in MM.
Surprisingly, HDACis have never been tested in
combination with CIK cells in the clinical trials.

Herein, we tested clinically applicable HDACis
(panobinostat/LBH589 and romidepsin) with CIK
cells in genetically distinct MM cell lines (U266/male
53 years, RPMI8226/male 61 years, OPM-2/female
56 years, NCI-H929/female 62 years). The analysis
showed panobinostat and CIK cells (effector-
to-target cell ratio—10:1) increased specific lysis in
all MM cell lines except NCI-H929. In contrast, the
combination of romidepsin and CIK cells exerted
this effect only in OPM-2. There was a significant
increase in the proportion of cells with early
apoptosis and late apoptosis or necrosis in U266
compared with the untreated group (control),
suggesting that HDACis and CIK may together
enhance apoptotic effects in specific MM cell lines.
Romidepsin significantly increased IFN-γ secretion
in all cell lines when used with CIK cells, whereas
panobinostat showed this increase only in OPM-2.
Likewise, changes in Granzyme B secretion were
observed. Therefore, it is reasonable to speculate
that intrinsic genetic/epigenetic factors may have a
crucial role in a subset of patients when testing
HDACis-CIK cells in the clinic. Since binding of
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MICA/B and ULBP2 ligands to NKG2D receptors is
well established to induce antitumor cytotoxicity of
natural killer T cells,15 we also investigated this axis
and found that both HDAC inhibitors were able to
significantly upregulate MICA/B and ULBP2
expression. Furthermore, we confirmed these
results by blocking the NKG2D/NKG2D ligand
interactions suggesting that it may be the
activation of natural killer / natural killer T cells by
NKG2D/NKG2D ligand interactions by which CIK
cells potentiate enhanced lysis of myeloma cells in
response to HDACis treatment. The evidence
gleaned from these experiments strongly suggests
a plausible mechanism underlying the observed
phenomenon—namely the activation of natural
killer and natural killer T cells via the
NKG2D/NKG2D ligand interactions. This intricate
cellular interplay is posited as the key contributor
to the augmented lytic activity of CIK cells against

myeloma cells following treatment with HDACis.
The experimental design employed in this
investigation not only validates the initial results
but also advances our understanding of the
intricate immunological processes at play during
HDACis treatment. These insights contribute
significantly to the broader comprehension of the
cellular and molecular mechanisms orchestrating
the anti-myeloma effects of CIK cells in response to
HDACis, opening avenues for further exploration
and therapeutic applications in the context of
haematological malignancies. Since CIK cell
immunotherapy has already showed promising
results in MM clinical trials, in addition, approved
in many countries, including Germany. Therefore,
trials with CIK cells and certain inhibitors (e.g.
HDACis) are quite feasible for MM patients. The
same applies to HDACs for their modest efficacy as
single agents in MM patients. Therefore, the

Figure 5. (a) Flow cytometry histogram of NKG2D receptor blocking experiment (grey line represents CD4+ T cells, blue line represents cytokine-

induced killer (CIK) cells, red line represents CIK cells after NKG2D receptor blockade), data are presented as mean� SD. (*P< 0.05, **P< 0.01,

***P< 0.001, ****P< 0.0001 calculated by one-way ANOVA, Bonferroni’s post hoc test). (b) CIK cells were incubated in the presence of anti-

NKG2D Abs or medium alone for 60min and then used for FACS cytotoxicity assay against histone deacetylase inhibitors (HDACis)-treated

multiple myeloma (MM) cells at E/T 5:1. Data are presented as mean� SD. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 calculated by

two-way ANOVA, Bonferroni’s post hoc test). (c) Schematic representation of a possible mechanism by which the effect of CIK cells may be

enhanced by the addition of HDACis in MM. This schematic diagram was created with Biorender.com.
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scenario for future MM research is quite
straightforward. Beyond that, our supporting
analyses reported here provide sufficient evidence
to bring this clinically forgotten instance
(HDACis-CIK cell combination) as a priority for MM
treatment. The extent to which selective HDACi
(e.g. ACY-1215/HDAC6) may be of benefit together
with CIK cells compared with other non-selective
HDACis could further help to refine treatment
strategies in MM.

METHODS

Cell culture and HDACis

Genetically distinct MM cell lines (U266/ADM/male 53 years
(RRID: CVCL_GZ72), RPMI8226/male 61 years (RRID:
CVCL_0014), OPM-2/female 56 years (RRID: CVCL_1625),
NCI-H929/female 62 years (RRID: CVCL_1600)) were used in this
study. Cells were cultured in RPMI-1640 (Pan-Biotech,
Aidenbach, Bavaria, Germany) medium supplemented with
10% FBS (Sigma-Aldrich Chemie GmbH, Munich, Germany)
and 1% penicillin/streptomycin (Gibco, Schwerte, Germany) at
37°C, 5% CO2, humidified atmosphere. All the cell lines were
purchased from DSMZ (Braunschweig, Germany) and were
mycoplasma-free, as tested by the mycoplasma detection kit
(Thermo Fisher Scientific, Darmstadt, Germany). The control
cell line CCD-18Co (RRID: CVCL_2379) (ATCC, Wesel, Germany;
human colon fibroblasts) was cultured in Eagle’s Minimum
Essential Medium (ATCC) consisting of 10% FBS and 1%
penicillin/streptomycin at 37°C, 5% CO2. All the cell lines were
authenticated by short tandem repeat profiling within 3 years
prior to the research and regularly checked for mycoplasma
contamination. Cells were cultured at 37°C, 5% CO2.

Notably, panobinostat (LBH589, catalogue no. S1030,
Selleck, Munich, Germany) and romidepsin (catalogue no.
HY-15149, MedChemExpress), clinically relevant HDACis
were used in the experiments. All drugs were used at
different concentrations for 24–48 h.

Generation and phenotypic identification of
CIK cells

For CIK cell generation, PBMCs were derived from buffy coats
of healthy volunteers received from the Blutspendedienst at
the University Hospital Bonn. We obtained approval from the
ethics committee of the University Hospital Bonn, including
signed informed consent from the volunteers. The CIK cells
were cultured as described previously.19 In brief,
mononuclear cells were cultured in (10% FBS, 2.5% HEPES
and 1% penicillin/streptomycin) RPMI-1640 with IFN-γ
(ImmunoTools GmbH, Aidenbach) added on Day 0,
50 ngmL�1 of an antibody against CD3 (OKT, eBioscience,
Thermo Fisher Scientific, Inc. San Diego, CA, USA), 100 UmL�1

IL-1β and 300 UmL�1 IL-2 (ImmunoTools GmbH, Aidenbach)
were added 24 h later and cells were incubated at 37°C in a
humidified atmosphere of 5% CO2 and subcultured every
3 days in fresh complete medium containing IL-2 at 3 × 106

cells mL�1. The CIK cells were harvested, and assays were
performed at maturity after between 3 and 4weeks of
culture. At the end of expansion, CIK cells were harvested to
determine phenotype by flow cytometry (FACS Canto II flow
cytometer, BD Biosciences, Heidelberg, Germany). Cells were
stained with FITC-CD3, FITC-NKG2D, APC-CD3, APC-CD56,
PE-CD56, APC-Cy7-CD4 and corresponding isotype
antibodies. The Hoechst 33258 dye (Cayman Chemical,
Hamburg, Germany) was added before flow cytometry
analysis to gate out intact viable cells. Samples were acquired
using FACS Canto II flow cytometer.

CCK8 assay

Cells were seeded at a density of 5 × 103 to 10 × 104 per well
in 96-well plates. They were then treated with varying
concentrations of HDACis for 24–72 h before the addition of
the Cell Counting Kit-8 (CCK-8) reagent. Following a further
incubation period of 24–72 h, the plates were centrifuged for
4min at 200 g, and 10 μL of CCK-8 reaction solution (product
code: DJDB4000X, Dojindo Molecular Technologies, Inc.) was
added. After 3–4 h, a colorimetric analysis was conducted
using a microplate reader (Infinite® 200 PRO, Tecan) at
450 nm. The percentage inhibition of cell growth was
calculated to determine the half-maximal inhibitory
concentration (IC50) using Prism 5 (GraphPad Software, USA).

LDH assay

A commercial CyQUANT™ LDH Cytotoxicity Assay Kit
(Thermo Fisher, Waltham, MA, USA) was used according to
the manufacturer’s instructions. Effector cells (CI K cells)
were co-cultured with target cells (MM cells) in 48-well
plates at effector-to-target (E:T) ratios of 1:1, 5:1, 10:1.
Then, the released LDH absorbance was measured using a
microplate reader at 490 and 680 nm. At the end of
incubation, 25 μL of each sample was transferred to a
96-well flat-bottom plate in different wells, and 25 μL of
the reaction mixture was added to each well. To calculate
LDH activity, subtract the absorbance value at 680 nm from
that at 490 nm. All experiments were performed in
triplicates. Experiments were replicated two times with CIK
cells from two different donors. In order to calculate %
cytotoxicity, the following equation was applied to the
corrected values:

% Relative cytotoxicity ¼
Experimental value �ð
Effector cells spontaneous control �
Target cells spontaneous controlÞ=
Target cells maximum control �ð
Target cells spontaneous controlÞ � 100

FACS cytotoxicity assay

For in vitro cytotoxicity assessment, a flow cytometry-based
assay was performed as described previously20 with some
modifications. 4 × 106 tumor cells were labelled with 1.25 μM
CFSE (Thermo Fisher Scientific, Eugene, USA) in 1mL PBS for
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20min at 37°C in the dark. This was followed by two
washes with 5mL culture medium (containing 10% FBS) to
remove excess CFSE dye. Next, an equal number of cells
(5 × 104 per well) were co-cultured with CIK cells at
different E:T ratios in 48-well round-bottom plate at 37°C,
5% CO2. 0.01 μM drug was added into each well at the time
of cytotoxicity assay. For NKG2D blocking experiments, CIK
cells were incubated with purified mouse antihuman
NKG2D antibody (clone 1D11, IgG1, Santa Cruz
Biotechnology) or normal mouse control IgG (Santa
Cruz Biotechnology) at 10 μg mL�1 1 h before co-culture
with tumor cells. After 20 h of co-incubation, cells were
stained with the Hoechst 33258 dye and measured by FACS
Canto II (BD). At least 10 000 CFSE-labelled tumor cells were
collected in each sample. The following formula was
employed for cytotoxicity calculation:

Specific lysis %ð Þ ¼ CT�TE

CT

� �
X 100,

where CT is the absolute number of live CFSE-labelled
tumor cells in control tubes (target cells alone) and TE is
the absolute number of live CFSE–labelled tumor cells in
test tubes (target cells and effector cells).

Enzyme-linked immunosorbent assay
(ELISA)

IFN-γ production by CIK cells

CIK cells were co-cultured with myeloma cells (5 × 104) at a
ratio of 20:1 for 24 h in 96-well flat-bottom plates, either
without treatment or in the presence of 0.01 μM
panobinostat or romidepsin. At the end of the culture
period, the plates were centrifuged for 5min at 300 g. A
volume of 100 μL of cell-free supernatant were collected for
Elisa assay using the IFN-γ kit from Invitrogen (Camarillo,
CA, USA), following the manufacturer’s instructions.
Absorbance was measured with an ELISA reader (Infinite®

200 PRO, Tecan) at 450 and 570 nm wavelengths.

Granzyme B production by CIK cells

The co-culture method of tumor cells and CIK cells was the
same as before. After 24 h of culture, the cell-free
supernatant was harvested, and the level of granzyme B was
determined using the Human Granzyme B Elisa kit (Duoset
DY2906-05 and DY008, R&D Systems, Inc., Minneapolis, MN,
USA) following the manufacturer’s instructions. Absorbance
was measured with an ELISA reader (Infinite® 200 PRO,
Tecan) at wavelengths of 450 and 570 nm.

MICA shedding by MM cells

5 × 104 MM cells per well were cultured in 48-well plates
with 200 μL complete medium without treatment or in the
presence of 0.01 μM panobinostat or romidepsin. After 48 h
of culture, cell-free supernatant was harvested and the level
of soluble MICA was determined using MICA Elisa kit
(Duoset DY1300 and DY008, R&D Systems, Inc. Minneapolis,

MN, USA) following the manufacturer’s instruction.
Absorbance was measured with an ELISA reader (Infinite®

200 PRO, Tecan) at 450 and 570 nm wavelengths.

Flow cytometry assay on apoptosis

To investigate the combination of HDACis with CIK cells on
the apoptosis of the U266 cell line, 4 × 106 tumor cells were
labelled with 1.25 μM Violet dye (Thermo Fisher Scientific,
Eugene, USA) in 1mL PBS for 20min at 37°C in the dark.
This was followed by two washes with 5mL culture medium
(containing 10% FBS) to remove excess Violet dye.
Subsequently, a common number of cells (5 × 104 per well)
were co-cultured with CIK cells at the E:T ratio of 20:1 in a
48-well round-bottom plate at 37°C with 5% CO2.
panobinostat or romidepsin at a concentration of 0.01 μM
was added to each well. After 20 h of co-incubation, cells
were stained with the FITC Annexin V Apoptosis Detection
Kit with 7-AAD (BioLegend, catalogue no: 640922) and
measured by FACS Canto II. At least 10 000 Violet-labelled
tumor cells were collected in each sample.

RT qPCR detection of NKG2D ligands RNA
expression level

RNA extraction and quantitative polymerase chain reaction
(qPCR) are used for isolating RNA from biological samples and
amplifying specific RNA sequences to analyze gene expression
levels, respectively. RNA isolation of MM cell line (OPM-2,
U266 and NCI-H929) samples was performed with RNeasy
Plus Mini Kit (QIAGEN, Germany, catalogue no: 74136).
Complementary DNA was synthesised by reverse transcription
using HiFiScript Kit (Invitrogen, USA). Quantitative
polymerase chain reaction was performed on NKG2D ligands
(MICA, MICB, ULBP1, ULBP2, ULBP3 and ULBP4) using P
PowerTrack™ SYBR Green Mastermix (Thermo Fisher
Scientific, catalogue no: A46109). The glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was selected as the
internal reference gene. The primer sequences are shown in
Supplementary table 2. The Δ–Δ Ct (2�ΔΔCt) approach was
used to measure the relative expression levels of target genes,
which were standardised against GAPDH mRNA levels,
respectively, for NKG2D ligands mRNA expression.

Surface expression of NKG2D ligands on
MM cells

MM cells (1 × 105 per well) were cultured in 96-well round-
bottom plates at 37°C, 5% CO2. For co-culture, 0.01 μM
panobinostat or romidepsin was added to each well. After
24 h of culture, MICA/B and ULBP2 on the cell surface were
detected following staining with PE-conjugated anti-MICA/B
antibody and PE-conjugated anti-ULBP2 antibody (R&D
systems). Prior to the staining process, Fc receptors were
blocked with human TrueStain FcX™ (BioLegend, Koblenz,
Germany) at a final dilution of 1:100. The Hoechst 33258
dye was added before flow cytometry analysis for viable
cells gating. Samples were acquired using FACS Canto II (a
flow cytometry system).
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Statistical analysis

FACS data were analysed using FlowJo V10.4 software (LLC,
Ashland, Oregon, USA). Statistical analysis was performed
using GraphPad Prism (version 8.0). Experimental data are
presented as means � SD. One-way or two-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test was
performed to analyse statistical significance. P< 0.05
was considered to be statistically significant.
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