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Abstract
The first therapeutic proteasome inhibitor bortezomib has clinical efficacy in mantle cell lymphoma (MCL) which resulted in 
its incorporation in treatment algorithms for this disease. Impairment of proteasomal function by bortezomib is mediated via 
inhibition of the 20S core particle. However, proteasome function can also be modified by targeting upstream components of 
the ubiquitin–proteasome system. Recently, b-AP15 has been identified as a small molecule achieving proteasome inhibition 
by targeting the deubiquitinase (DUB) activity of the 19S regulatory subunit and was found to inhibit cancer cell growth 
in preclinical analyses. In the present study, both direct antitumor effects and the possibility to induce natural killer group 
2 member D ligands (NKG2DL) to reinforce NK cell immunity with b-AP15 were investigated to provide a rational basis 
for clinical evaluation of this novel DUB inhibitor in MCL. Treatment with b-AP15 resulted in reduced viability as well as 
induction of apoptosis in a time- and dose-dependent manner, which could be attributed to caspase activation in MCL cells. 
In addition, treatment with b-AP15 differentially induced NKG2DL expression and subsequent NK cell lysis of MCL cells. 
These results indicate that the DUB inhibitor b-AP15 displays substantial antitumor activity in human MCL and suggest that 
b-AP15 might be a novel therapeutic option in the treatment of MCL that warrants clinical investigation.
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NKG2D	� Natural killer group 2 member D
NKG2DL	� Natural killer group 2 member D ligands
PARP	� Poly-ADP ribose polymerase
PI	� Propidium iodide
RPL13	� Ribosomal protein L13
UCHL5	� Ubiquitin C-terminal hydrolase 5
ULBP	� UL16-binding protein
USP14	� Ubiquitin-specific peptidase 14

Introduction

MCL is a non-Hodgkin B-cell lymphoma defined by the 
translocation t(11;14)(q13;q32) which results in overexpres-
sion of the cell cycle regulator gene CCND1 [2, 3]. While 
median overall survival time could be doubled in the past 
three decades and additional non-classical antineoplastic 
drugs are increasingly evaluated in therapeutic regimens, 
as of yet long-term prognosis is poor [4–6]. Thus, there is 
still an unmet need to develop further and better therapeutic 
strategies.

Bortezomib was approved by the FDA (Food and Drug 
Administration) for the treatment of patients with untreated 
as well as refractory or relapsed MCL [6, 7]. It exerts direct 
antitumor effects by inhibition of the proteasome, resulting 
in programmed cell death [8]. Because many patients with 
MCL exhibit primary or acquired resistance to bortezomib 
treatment [9], compounds with a different mode of action 
constitute an alternative approach. For example, carfilzomib, 
a second-generation proteasome inhibitor, has already been 
proven to elicit strong antitumor effects in MCL [10]. How-
ever, while acting via differing mechanisms, both borte-
zomib and carfilzomib affect the 20S subunit of the protea-
some [11]. More recently, b-AP15 has been identified as a 
small molecule enabling proteasome inhibition. This mol-
ecule targets the ubiquitin–proteasome pathway by blocking 
the DUB activity of the 19S regulatory subunit-associated 
molecules ubiquitin-specific peptidase 14 (USP14) and 
ubiquitin C-terminal hydrolase 5 (UCHL5) [12]. The anti-
tumor effects of b-AP15 were proven in several models of 
solid tumors [12–14] as well as hematological malignancies 
[15–17]. Moreover, VLX1570, a derivative of b-AP15 which 
predominantly targets USP14, has already been reported to 
exhibit efficacy in several in vitro and in vivo tumor models 
[18–23]. However, no data are yet available regarding the 
effects of UCHL5 and USP14 inhibition in MCL.

Notably, besides directly affecting tumor cell survival, 
inhibition of proteasome activity may also indirectly mediate 
efficacy against cancer by stimulating antitumor immunity. 
In this context, b-AP15 has been shown to cause upregula-
tion of TRAIL receptors on cancer cells derived from vari-
ous solid tumor entities, which in turn resulted in increased 

susceptibility to apoptosis induction by NK cells in vitro 
and in vivo [24].

NK cells are central components of innate immunity and 
substantially contribute to tumor immunosurveillance [25]. 
Besides inducing apoptosis via TRAIL [26], Fas ligand 
(FasL) [27], or TNF [28], NK cells kill tumor cells by 
release of cytotoxic granules containing perforin and gran-
zymes [29]. NK reactivity is governed by the integration of 
signals from various activating and inhibitory surface recep-
tors [30]. A key stimulatory NK cell receptor is NKG2D 
which recognizes NKG2DL of the major histocompatibility 
complex class I chain-related protein (MICA, MICB) and 
UL16-binding protein (ULBP1-6) family [31]. NKG2DL 
are generally absent on healthy cells and induced upon cel-
lular stress. NKG2D-mediated activation of NK cells is 
critically dependent on the level of NKG2DL displayed on 
the cell surface [32]. Thus, pharmaceutical upregulation of 
NKG2DL expression may serve to therapeutically restore or 
enhance NK cell antitumor activity. Previously it has been 
demonstrated that proteasome inhibition with bortezomib 
upregulates the NKG2DL expression in malignant cells, 
resulting in enhanced NKG2D-mediated NK cell antitumor 
activity [33–35].

In the present study, both direct antitumor effects and the 
possibility to induce NKG2DL to reinforce NK cell immu-
nity with b-AP15 were investigated to provide a rational 
basis for clinical evaluation of this novel DUB inhibitor in 
MCL.

Materials and methods

Cell culture and reagents

Human MCL cell lines (GRANTA-519, JEKO-1, REC-
1, MINO, and Z-138) and the colon carcinoma cell line 
HCT-116 were obtained from DSMZ (German Collection 
of Microorganisms and Cell Cultures) (Braunschweig, 
Germany) and American-Type Culture Collection (ATCC) 
(Manassas, VA, USA). JEKO-1, MINO, and REC-1 cell 
lines were cultured in RPMI-1640 medium supplemented 
with 1% penicillin/streptomycin and 10% (REC-1) or 20% 
(JEKO-1, MINO) FCS. GRANTA-519 and HCT-116 cells 
were cultured in DMEM supplemented with 10% FCS and 
1% penicillin/streptomycin. Z-138 cells were cultured in 
IMDM with 10% horse serum and 1% penicillin/strepto-
mycin. Cells were kept in a humidified atmosphere of 5% 
CO2 at 37 °C. b-AP15 was provided from Active Biochem 
(Bonn, Germany). Bortezomib and zVAD-fmk were pur-
chased from Enzo-life sciences (Farmingdale, NY, USA). 
The anti-NKG2D antibody 6H7 was described previously 
[36].
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RT‑PCR

RT-PCR was performed as described previously [37]. Prim-
ers were 5′-GGC​TTC​AGC​GCA​GTA​TAT​TA-3′ and 5′-CAG​
ATG​AGG​AGT​CTG​TCT​CT-3′ for USP14 [38] and 5′-GAA​
GGA​CCG​ATT​GAT​TTA​GG-3′ and 5′-CCT​TCA​CTG​TAC​
TTT​TGT​ATCC-3′ for UCHL5. For RPL13 the QuantiTect 
primer assay (Qiagen, Hilden, Germany) was used.

Western blot

Protein from cell lines was isolated with cell lysis buffer 
(New England Biolabs, Frankfurt, Germany) and concentra-
tion was determined by Bradford assay. Protein (25 µg) from 
each sample was resolved on a precast 4–12% NuPAGE gel 
(Thermo Fisher Scientific, Darmstadt, Germany) and trans-
ferred on a polyvinylidene difluoride membrane (GE Health-
care, Freiburg, Germany). Membrane was blocked for 1 h at 
room temperature with Roti-Block (Carl Roth, Karlsruhe, 
Germany), followed by overnight incubation at 4 °C with 
anti-PARP antibody [Promega, Mannheim, Germany 
(1:5000)], anti-USP14 antibody [Bethyl, Biomol, Hamburg, 
Germany (1:4000)], anti-UCHL5 [Santa Cruz, Heidelberg, 
Germany (1:400)], anti-caspase-3 [Dianova, Hamburg, Ger-
many (1:200)], and anti-actin antibody [Sigma–Aldrich, 
Taufkirchen, Germany (1:20,000)]. After 1 h incubation 
with HRP-conjugated swine anti-rabbit or rabbit anti-mouse 
antibody [Dako, Glostrup, Denmark (1:5000)], the proteins 

were detected using enhanced chemiluminescence reagents 
(GE Healthcare, Little Chalfont, UK).

WST‑1 assay

Effects of b-AP15 and bortezomib on viability were deter-
mined by the colorimetric WST-1-based assay (Roche, Man-
nheim, Germany). MCL cells were seeded in triplicates at a 
concentration of 5 × 105 cells/mL in 100 µL culture medium 
containing escalating doses of b-AP15 or DMSO as vehi-
cle control, followed by incubation at 37 °C in a humidi-
fied atmosphere. At indicated timepoints, 10 µL/well of the 
tetrazolium salt WST-1 was added followed by additional 
incubation for 2 h. Subsequently, absorbance of the formed 
formazan dye was measured at 450 nm against a background 
control with 620 nm as reference wavelength. IC50 was cal-
culated using non-linear regression analysis (variable slope 
model with a four-parameter dose–response curve) in Graph-
Pad Prism 7 software (GraphPad Software, La Jolla, CA, 
USA).

Flow cytometry

Purity of polyclonal NK cells was analyzed by incubation 
with anti-CD56-FITC, anti-CD3-PE-Cy5, or the respective 
isotype controls (BD Bioscience, San Diego, CA, USA). For 
determination of NKG2DL surface expression levels, cells 
of interest were harvested, blocked for unspecific-binding 

Fig. 1   MCL cells express the 
b-AP15 targets UCHL5/USP14. 
The indicated MCL cell lines 
or patient derived PBMCs were 
investigated for UCHL5/USP14 
mRNA and protein expression. 
a, b RT-PCR analysis of total 
mRNA. c Western blot analyses 
of cell lysates using specific 
UCHL5 and USP14 antibodies 
with actin serving as loading 
control
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sites with human IgG and subsequently incubated with the 
following previously described [39] unconjugated mono-
clonal mouse anti-NKG2DL antibodies either pooled or 
applied separately (kindly provided by A. Steinle): AMO1 
(anti-MICA), BMO1 (anti-MICB), AUMO3 (anti-ULBP1), 
BUMO1 (anti-ULBP2), CUMO3 (anti-ULBP3), or the 

respective isotype controls. After washing, cells were incu-
bated with PE- or APC-conjugated goat anti-mouse antibody 
(Dako, Glostrup, Denmark and Jackson ImmunoResearch, 
West Grove, PA, USA) and analyzed by flow cytometry 
using a FACSCanto™ II or a LSRFortessa™ (both BD 
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Bioscience). For determination of death receptor surface 
expression, MCL cells were incubated with FITC- or PE-
conjugated monoclonal mouse antibodies either directed 
against Fas (BD Pharmingen, San Diego, CA, USA), 
TRAIL-R1 or TRAIL-R2 (BioLegend, San Diego, CA, 
USA), or the respective isotype controls. Except for analy-
ses of apoptotic cells where propidium iodide (PI) was used, 
7-AAD was added for exclusion of dead cells. Data were 
analyzed using FlowJo software (FlowJo LCC, Ashland, 
OR, USA).

Determination of apoptosis

Analyses of apoptosis were performed using the FITC 
Annexin V Apoptosis Detection Kit (BD Bioscience). In 
brief, cells of interest were harvested, washed twice with 
PBS, and resuspended in binding buffer. After the addition 
of PI and FITC-labelled Annexin V, cells were incubated for 
15 min at room temperature in the dark followed by FACS 
analysis for quantification of apoptotic cells.

Generation of polyclonal NK cells

For functional assays, polyclonal NK cells were generated 
from PBMCs isolated by Ficoll/Biocoll (Biochrom AG, 
Berlin, Germany) density gradient centrifugation of hep-
arinized blood from buffy coat preparations as described 
previously [40]. In brief, nonplastic-adherent PBMCs of 
healthy volunteers were cultured in RPMI-1640 medium 
supplemented with 10% FCS, 2 mM l-glutamine (Lonza, 
Basel, Switzerland) and 25 U/mL IL-2 (Milteny, Bergisch 
Gladbach, Germany) in the presence of irradiated (30 Gy) 
RPMI8866 feeder cells at a ratio of 4:1. Every other day, 

half of the medium was replaced with fresh medium sup-
plemented with 25 U/mL IL-2. After 10 d, cells were har-
vested and experiments were performed when purity of NK 
cells (CD3−CD56+) exceeded 80% as determined by flow 
cytometry.

Cytotoxicity assay

Cytotoxicity of polyclonal NK cells was determined by 4 h 
51chromium release assays as described previously [40]. 
Lysis rate [%] was calculated as follows: 100 ×  [(sam-
ple release)  −  (spontaneous release)] ÷ [(maximum 
release) − (spontaneous release)].

Statistics

Where indicated, data were analyzed by Student’s t test or 
one-way ANOVA followed by Tukey’s test using GraphPad 
Prism 7 software (GraphPad Software). p values < 0.05 were 
considered statistically significant.

Results

The b‑AP15 targets UCHL5 and USP14 are expressed 
in MCL

UCHL5 and USP14 are expressed in a multitude of different 
hematological malignancies and solid tumors, but no data 
are available regarding their expression in MCL. Therefore, 
as a first step, expression of the two b-AP15 target genes 
UCHL5 and USP14 was analyzed in different MCL cell 
lines (JEKO-1, REC-1, GRANTA-519, Z-138 and MINO) 
as well as in PBMCs from MCL patients with lymphoma 
involvement of peripheral blood. RT-PCR analysis revealed 
amplicons of both genes in all investigated cell lines as well 
as in samples derived from MCL patients (Fig. 1a, b). Pro-
tein expression was determined by western blot analysis, 
which confirmed the presence of both UCHL5 and USP14 
in all tested cell lines (Fig. 1c). Interestingly, protein expres-
sion of both UCHL5 and USP14 was substantially lower in 
MINO cells in comparison with the other MCL cell lines 
investigated. Besides pointing towards cell-line-specific 
mechanisms regulating UCHL5 and USP14 protein expres-
sion, these results provided a clear rationale to further study 
the effects of b-AP15 treatment in MCL.

b‑AP15 treatment reduces cell viability of MCL cells

The DUB inhibitor b-AP15 has been shown to affect tumor 
cells of various origins [12–17]. To investigate its potency 

Fig. 2   b-AP15 treatment reduces viability of MCL cells. MCL cells 
were exposed to the indicated concentrations of b-AP15 or DMSO as 
vehicle control. At the indicated time of incubation, cell viability was 
analyzed using WST-1 assays (a–c) and trypan blue staining (d). a 
Data are presented as percentage of control. Points represent means 
of three technical replications; bars represent SD. One representative 
result of at least three experiments with similar results is shown. b 
IC50 values were calculated from log concentration curves using non-
linear regression analysis (variable slope model with a four-parameter 
dose–response curve). Data are presented as means of three inde-
pendent experiments; bars represent SD. One-way ANOVA followed 
by Tukey’s test was used to determine significant differences in mean 
IC50 values between cell lines (*p < 0.05). c Data are presented as 
percentage of control. Points represent means of three technical rep-
lications; bars represent SD. One representative result of at least three 
experiments with similar results is shown. d Data are presented as 
number of trypan blue negative cells; results of three technical repli-
cates are shown; bars represent SD. Student’s t test was used to deter-
mine statistical significant differences between control and treated 
cells. (*p < 0.05)

◂
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in MCL, we conducted colorimetric WST-1 assays to deter-
mine the effect of UCHL5 and USP14 inhibition on cell 
viability. Treatment with b-AP15 resulted in a dose-depend-
ent decrease in all five cell lines (Fig. 2a). Interestingly, 
JEKO-1, REC-1, GRANTA-519, and Z-138 cells displayed 
comparable dose response characteristics with mean IC50 
values ranging from 461 nM (JEKO-1) to 632 nM (REC-1) 
(Fig. 2b). In contrast, MINO cells displayed a significantly 
decreased sensitivity to b-AP15 treatment in comparison 
with the other MCL cell lines with a mean IC50 of 1181 nM. 
Thus, lower UCHL5 and USP14 protein expression in 
MINO cells seems to translate into reduced sensitivity to 
b-AP15 treatment. Of note, MCL lines were significantly 
less sensitive to b-AP15 compared to bortezomib as revealed 
by calculation of the combined mean IC50 values of the 5 
MCL cell lines: mean IC50 of b-AP15 was 597 nM (± 100.7 
SEM), while mean IC50 of bortezomib was 14-fold lower at 
42 nM (± 19.71 SEM) (Supplementary Fig. 1).

To analyze time-dependent effects of b-AP15 treatment 
on cell viability, JEKO-1 und MINO cells were examined 
at different timepoints using WST-1 assays (Fig. 2c) or 
trypan blue staining for dead cell exclusion (Fig. 2d). 
Effects of b-AP15 were already detected after 3 h, whereas 
maximum effects could be observed after 24–48 h. Taken 
together, these data indicate that b-AP15 impairs viability 
of MCL cells in a time- and dose-dependent manner, with 
effects varying substantially among the different cell lines 
investigated.

b‑AP15 induces cell death of MCL cells 
via caspase‑dependent apoptosis

As b-AP15 has been shown to mediate its antitumor effects 
among others via induction of apoptosis [12], flow cytom-
etry was employed to evaluate its effects on MCL cell 
viability. Dual staining with Annexin V and PI revealed 
dose-dependent induction of apoptosis upon treatment 
with b-AP15 with all tested MCL cell lines (Fig. 3a). In 
line with the previous results, MINO cells were again less 
sensitive to b-AP15 treatment. After exposure to 1000 nM, 
a significantly smaller proportion of late apoptotic/necrotic 
(Annexin V+/PI+) cells in comparison with all other MCL 
cell lines investigated [one-way ANOVA followed by Tuk-
ey’s test (p < 0.05)] could be observed. Again, these effects 
were time dependent: induction of apoptosis (Annexin V+/
PI−) could be observed as early as 3 h after initiation of 
drug exposure, while percentage of viable cells (Annexin 
V−/PI−) started to decline after 6 h of b-AP15 treatment 
(Supplementary Fig. 2).

To substantiate these results, we investigated if b-AP15-
mediated cell death was caspase-dependent by measure-
ment of caspase-3, a key component of the apoptosis 

machinery activated both by extrinsic and intrinsic apop-
totic pathways, as well as by cleavage of its substrate 
PARP in western blot analyses. Comparing JEKO-1, the 
cell line with the lowest IC50, to MINO cells, we observed 
a dose-dependent loss of full-length caspase-3 in both cell 
lines following treatment with b-AP15 (Fig. 3b), which 
presumably reflects activation of caspase-3. This was fur-
ther evidenced by dose-dependent increase of PARP cleav-
age, the substrate of caspase-3. Interestingly, treatment 
with b-AP15 concentrations as low as 100 nM resulted in 
substantial amounts of cleaved PARP in JEKO-1 lysates, 
while in contrast, only traces of cleaved PARP could be 
observed in lysates of MINO cells exposed to the same 
b-AP15 concentration. To further confirm that induction 
of apoptosis by b-AP15 was dependent on caspase activa-
tion, MCL cells were exposed to b-AP15 in the presence 
or the absence of the pan-caspase inhibitor zVAD-fmk. 
Subsequent flow cytometry analysis revealed a significant 
inhibition of b-AP15-induced apoptosis upon addition 
of zVAD-fmk, while no changes in apoptotic rates were 
observed with exposure to zVAD-fmk or solvent control 
alone (Fig. 3c). Together, these data indicate that b-AP15 
induces caspase-dependent apoptosis in MCL, with MINO 
cells being again less sensitive to b-AP15 treatment com-
pared to all other cell lines analyzed.

b‑AP15 variably mediates induction of NKG2DL 
with, respectively, increased NK lysis

The proteasome inhibitor bortezomib induces upregula-
tion of NKG2DL cell surface expression, thereby rendering 
tumor cells more susceptible to NK cell lysis [33–35, 41]. 
To determine the capacity of b-AP15 to induce NKG2DL 
expression, we performed flow cytometric analyses after 
exposure of MCL cell lines to different concentrations of 
the small molecule. Using a cocktail of specific antibodies 
directed against MICA, MICB, and ULBP1-3, a markedly 
variable extent of NKG2DL cell surface expression of drug 
treated compared to untreated MCL cells could be detected 
after exposure to b-AP15 for 24 h (Fig. 4a, b). Interestingly, 
GRANTA-519 and Z-138 cells responded to b-AP15 with 
significantly higher upregulation of NKG2DL expression as 
compared to the other MCL cell lines investigated (Fig. 4c). 
Of note, although JEKO-1 and REC-1 cells displayed simi-
lar sensitivity to b-AP15 treatment in WST-1 assays as 
compared to GRANTA-519 and Z-138 cells, this was not 
reflected in pronounced upregulation of NKG2DL. Thus, 
induction of apoptosis does not necessarily seem to trans-
late into upregulation of NKG2DL. Next, in a more detailed 
approach, we aimed to investigate which of the individual 
NKG2DL detected by staining with the anti-NKG2DL 
mAB cocktail particularly contributed to upregulation of 
NKG2DL upon b-AP15 treatment. Utilizing flow cytometry, 
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Fig. 3   b-AP15 induces caspase-dependent apoptosis in MCL cells. a, 
b MCL cells were exposed to the indicated concentrations of b-AP15 
or DMSO for 24 h. The percentage of live (Annexin V−/PI−), early 
(Annexin V+/PI−) and late apoptotic/necrotic (Annexin V+/PI+) MCL 
cells was determined by FACS with Annexin V/PI staining. Upper 
panel represents exemplary dot plot data obtained with the indicated 
MCL cell line; in the lower panel, combined data of three independ-
ent experiments with the indicated MCL cell lines is shown. Student’s 
t test was used to determine statistical significance of differences 
between control and treated cells (*p < 0.05). b Whole-cell lysates 
were subjected to western blot analyses using antibodies directed 

against full-length caspase-3 and cleaved PARP with actin serving 
as loading control. One representative result of at least three experi-
ments with similar results is shown. c MCL cells were exposed to 
b-AP15 (500 nM) with or without zVAD-fmk (20 µM) or to zVAD-
fmk or DMSO alone for 24  h. Data are presented as percentage of 
viable (Annexin V−/PI−) cells relative to control as determined by 
Annexin V/PI staining. Data represent means of three technical repli-
cates. Bars represent SD; Student’s t test was used to determine statis-
tical significance of differences between b-AP15 cells treated with or 
without additional exposure to zVAD-fmk (*p < 0.05)
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we found that GRANTA-519 responded to b-AP15 exposure 
with significantly enhanced surface expression of MICB, 
ULBP2 as well as of ULBP3, whereas in contrast Z-138 
cells showed only a significant upregulation of ULBP2 fol-
lowing b-AP15 exposure (Fig. 4d). Thus, cell-line-specific 
properties seem to determine not only the general suscep-
tibility to b-AP15 induced NKG2DL upregulation, but 
also the pattern of individual NKG2DL induction upon 

b-AP15 exposure. Of note, since b-AP15 treatment has been 
described to result in upregulation of the death receptors in a 
variety of tumor cell lines, among them the colon carcinoma 
cell line HCT-116, we set out to investigate whether similar 
effects could also be observed in GRANTA-519 as well as 
Z-138, which responded to b-AP15 with enhanced NKG2DL 
expression. However, no changes in surface expression of 
Fas, TRAIL-R1, or TRAIL-R2 were observed following 
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short- or long-term treatment with up to 1000 nM of b-AP15 
in MCL cells, while HCT-116 cells responded to b-AP15 
exposure with upregulation of TRAIL-R2 as expected (Sup-
plementary Fig. 3).

We further evaluated whether the differential induction 
of NKG2DL expression was functionally relevant by test-
ing NK cell antitumor reactivity in 51chromium release 
assays. To exclude effects of b-AP15 on NK cell function 
and viability during cytotoxicity assays, tumor cells were 
washed several times prior to coincubation with NK cells. 
JEKO-1, REC-1, and MINO cells, which only showed a 
slight upregulation of NKG2DL, could not be sensitized to 
NK cell-mediated lysis by b-AP15 pretreatment (Fig. 5a). In 
contrast, in the two cell lines with the most prominent upreg-
ulation of NKG2DL expression, GRANTA-519 and Z-138, 
a significant increase in lysis after b-AP15 pretreatment was 
observed as compared to controls. Thus, the increase in NK 
cell lysis seemingly mirrored the extent of NKG2DL upregu-
lation. After the addition of a neutralizing NKG2D antibody, 
lysis rates of b-AP15-treated and untreated MCL cells were 
significantly reduced to a comparable level in all cell lines 
investigated with the exception of MINO cells, whereas the 
addition of an isotype control did not alter NK cell cytotox-
icity (Fig. 5b). This does not only underline the relevance of 
the NKG2D/NKG2DL system in NK cell mediated lysis of 
MCL cell, but also provides evidence that in fact upregula-
tion of NKG2DL expression was responsible for enhanced 
susceptibility of b-AP15-treated GRANTA-519 as well as 
Z-138 cells to NK cell lysis. In conclusion, our results sug-
gest that b-AP15 treatment may stimulate NKG2D-depend-
ent NK reactivity with its effects varying among individual 
patients.

Discussion

In the present study, we evaluated the effects of b-AP15 
treatment in MCL and were able to show that this small 
molecule-induced cell death with an IC50 ranging from 461 
to 1181 nM. This range of b-AP15 concentrations has been 
reported to induce cell death in other in vitro tumor models 
of hematological entities like multiple myeloma [15, 16] or 
Waldenström macroglobulinemia [17] as well as in different 
solid tumor models [12, 13]. Moreover, similar concentra-
tions have been shown to only minimally affect viability of 
PBMCs derived from healthy donors in vitro [16, 17], and 
doses needed to elicit cell death in b-AP15 sensitive MCL 
cell lines seem achievable in vivo without serious adverse 
effects [42]. Results of D’Arcy et al. further suggest that 
b-AP15 displays a larger therapeutic range in comparison 
to bortezomib [12]. Interestingly, we observed that MINO 
cells were significantly less sensitive to b-AP15-induced cell 
death in comparison with the other MCL cell lines tested, 
which might be attributed to the low expression of the 
b-AP15 target proteins UCHL5 and USP14 in this cell line. 
Thus, efficacy of b-AP15 treatment could vary substantially 
among MCL patients dependent on protein expression level.

Of note, the MCL cell lines MINO as well as REC-1 
cells have been described to be intrinsically resistant to 
bortezomib [9]. As b-AP15, at least in our hands, elicited 
strong antitumor effects in REC-1 cells, b-AP15 treatment 
might be a promising approach to overcome bortezomib 
resistance in a subgroup of MCL patients. Moreover, 
b-AP15 was able to overcome bortezomib resistance in 
multiple myeloma cell lines as well as multiple myeloma 
primary cells [16].

With regard to the mechanism of action, in line with 
results by other investigators, b-AP15 exerted its antineo-
plastic effect by induction of caspase-dependent apoptosis 
as evidenced by loss of full-length caspase-3 and accumula-
tion of the caspase-3 substrate PARP as well as by inhibition 
of b-AP15 induced cell death upon additional exposure to 
the pan-caspase inhibitor zVAD-fmk. Given the observed 
direct antitumor effects, b-AP15 could thus provide a novel 
therapeutic option for MCL patients.

Besides inducing direct antitumor effects, inhibition of 
the proteasome can additionally sensitize tumor cells to NK 
cell mediated cell lysis by various mechanisms. Beyond sen-
sitizing the malignant cells to TRAIL [43, 44] and FasL [44] 
mediated NK cell killing, this also includes upregulation of 
NKG2DL as reported in previous studies conducted in other 
tumor entities [33–35, 41]. Notably, other investigators did 
not observe such effects on NKG2DL expression [43, 45]. 
This discrepancy may be due to specific properties of the 
different drugs employed for proteasome inhibition, different 
experimental setups with regard to dose and exposure time 

Fig. 4   b-AP15 differentially induces NKG2DL expression in MCL 
cells. MCL cells were exposed to the indicated concentrations of 
b-AP15 or were left untreated for 24 h. Expression of NKG2DL was 
determined by flow cytometry using either pooled (a–c) or individual 
(d) monoclonal antibodies against MICA, MICB and ULBP1-3 or 
isotype control followed by PE-conjugated goat anti-mouse second-
ary antibody. a Exemplary results of stainings with pooled NKG2DL 
antibodies are shown for the indicated MCL cell lines. b SFI levels 
obtained by staining with pooled antibodies are shown for the indi-
cated cell lines; changes of NKG2DL surface expression are repre-
sented as fold change in SFI of b-AP15-treated cells over untreated 
cells. Combined results of at least two independent experiments are 
shown. Student’s t test was used to determine statistical significance 
between control and treated cells (*p < 0.05). c Mean fold change in 
SFI of NKG2DL expression of b-AP15-treated cells over untreated 
cells is shown for sensitive (GRANTA-519, Z-138) and insensi-
tive (REC-1, MINO, JEKO-1) MCL cell lines. Bars represent mean. 
Student’s t test was used to determine statistical significance of dif-
ferences between sensitive and insensitive cell lines (*p < 0.05). d 
Exemplary results of stainings with individual NKG2DL antibodies 
are shown for the indicated MCL cell lines. Student’s t test was used 
to determine statistical significance between control and treated cells 
(*p < 0.05)
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Fig. 5   b-AP15-induced upregulation of NKG2DL enhances NKG2D-
mediated NK cell lysis. a Indicated MCL cells were exposed to the 
indicated concentration of b-AP15 for 24 h or were left untreated and 
subsequently employed in 51chromium release cytotoxicity assays 
with polyclonal NK cells. Data points represent mean of three tech-
nical replications; bars represent SD. Student’s t test was used to 
determine statistical significance between control and treated cells 
(*p < 0.05). One representative result of at least three independ-
ent experiments with similar results is shown. b MCL cells were 

exposed to the indicated concentration of b-AP15 for 24  h or were 
left untreated and subsequently employed in 51chromium release 
cytotoxicity assays with polyclonal NK cells in the presence or the 
absence of a blocking NKG2D antibody (6H7) or the respective iso-
type control. Data are presented as mean of three technical replicates; 
bars represent SD. Student’s t test was used to determine statistical 
significance of differences (*p < 0.05). One representative result from 
at least three independent experiments with similar results is shown
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employed in the respective studies and analysis of differ-
ent NKG2DL. For example, with regard to inhibition of the 
proteasome machinery by b-AP15, Sarhan and coworkers 
observed sensitization to TRAIL and FasL-mediated NK 
cell killing, but did not find changes of MICA/B surface 
expression or NKG2D-mediated NK cell killing following 
exposure of various human solid tumor cell lines, e.g., HCT-
116 to b-AP15 [24]. However, no MCL cell lines were evalu-
ated in this study, and maybe, more importantly, MICA/B 
expression was measured as early as 3 h after exposure to 
b-AP15. In line with results by Sarhan et al., we observed 
upregulation of TRAIL-R2 upon exposure of HCT-116 cells 
to b-AP15 for 3 h. However, we did not find upregulation of 
TRAIL-R2 or Fas expression upon exposure of MCL cell 
lines to b-AP15. As another recent study reported upregula-
tion of TRAIL-R2 in several tumor cell lines upon exposure 
to b-AP15 for more than 3 h [46], we analyzed death recep-
tor surface expression after 24 h exposure to escalating doses 
of b-AP15. Again, we did not find upregulation of either 
of the analyzed death receptors. Of note, Sarhan et al. also 
report results on the kidney cancer cell line JOHW, which 
did not respond with upregulation of TRAIL-R2 to b-AP15 
exposure. Thus, it seems that cell-line-specific properties 
seem to determine whether cancer cells respond to b-AP15 
with upregulation of Fas or TRAIL-R2 or as observed by us 
with upregulation of NKG2DL.

In our study, b-AP15 induced NKG2DL expression to 
a highly varying degree among the investigated MCL cell 
lines with GRANTA-519 and Z-138 cells showing a sig-
nificantly higher upregulation of NKG2DL expression com-
pared to the other MCL cells investigated. Similarly, it has 
been shown that proteasome inhibition with MG-132 upreg-
ulated ULBP2 in several different tumor cell lines, while no 
changes in surface expression were observed in other cell 
lines [34]. Moreover, we found that proteasome inhibition 
with b-AP15 induces upregulation of different NKG2DL: 
while ULBP2 was upregulated in GRANTA-519 as well as 
Z-138 cells, GRANTA-519 cells additionally responded to 
b-AP15 treatment with upregulation of MICB as well as 
ULBP3. Thus, specific particularities of different tumor enti-
ties and even of cells within the same entity may determine 
whether antitumor immunity is induced upon treatment or 
not. Exposure to b-AP15-induced apoptosis in all employed 
MCL cell lines, but again to a varying degree that notably 
did not correspond to NKG2DL induction. This suggests that 
b-AP15 upregulates NKG2DL by a mechanism independent/
different from apoptosis.

While the exact mechanism(s) underlying the (cell line-
specific) effects observed for b-AP15 in our study remain 
unclear, our results indicate that the beneficial effects of 

b-AP15 on NK cell immunity (and to a lesser amount also 
the direct effects on tumor cell viability) may vary substan-
tially among individual patients upon clinical application 
and require future careful evaluation.

When we determined the functional relevance of upregu-
lated NKG2DL expression for NK cell recognition, we found 
that exposure to b-AP15 in fact sensitized MCL cells to NK 
cell lysis. The extent of this effect reflected the upregulation 
of NKG2DL on the cell surface of the particular cell line and 
was critically dependent on the NKG2D/NKG2DL system 
as revealed by blocking experiments. This is in line with 
reports by multiple studies that NKG2D-mediated NK cell 
activity is critically dependent on the extent of NKG2DL 
expressed on the cell surface of target cells [32]. Notably, 
a different group also observed sensitization of b-AP15-
treated cells to NK cell lysis, but attributed the observed 
effects to an upregulation of receptors for TRAIL [24]. Thus, 
further studies are needed to delineate and discriminate the 
various mechanisms involved in the immunomodulatory 
effects of b-AP15.

Despite the observed stimulatory effects of b-AP15 
on antitumor immunity, caution is needed with regard to 
potential off-target effects that may counteract the stimula-
tory effects of NKG2DL induction: inhibition of the pro-
teasome machinery with bortezomib may also hamper NK 
cell effector functions as observed in a recent in vitro study 
[47]. Another study showed that NK cells can undergo 
programmed cell death upon exposure to doses of b-AP15 
needed to kill tumor cells in vitro [15]. Technical issues 
like preparation of the NK cells used for analysis may play 
a role in these findings, and, more importantly, it remains 
to be determined whether this also holds true in vivo. 
Thus, further investigation with regard to the net effects 
of b-AP15 treatment on different subgroups of PBMCs and 
especially on NK cells are clearly warranted, especially 
in the context of the growing number of approaches and 
strategies that increasingly aim to utilize NK cells in the 
treatment of cancer.
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