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Abstract
Bortezomib (BTZ) is a potent and reversible proteasome inhibitor which has shown efficacy in the treatment of multiple myeloma.
BTZ also affects NF-κB activity, however, the same mechanisms through which it curtails malignant cell proliferation may also
compromise antitumor immunity. As dendritic cells (DC) play a vital role in the elicitation and maintenance of antitumor immunity,
we herein studied the long-term effects of BTZ on human DC development and function. The CD34+ MUTZ-3 cell line, stably
transduced with human telomerase reverse transcriptase (hTERT), was employed as a sustainable model to study human
steady-state DC development and was grown in the presence of gradually increasing BTZ concentrations over a period of
4 months. The resultant BTZ-adapted cells were prospectively assessed for their ability to develop into mature Langerhans cells
(LC). Long-term exposure to BTZ (>10 months) at a clinically relevant and apoptosis-inducing concentration (10 nM) provoked
spontaneous differentiation in surviving precursors, evidenced by increased expression levels of CD14, TNF receptors and
immunoproteasome subunits. Cytokine-dependent differentiation was also enhanced, resulting in increased numbers of mature
DC with higher levels of co-stimulatory molecules and an increased capacity for T cell induction. Assessment of nuclear NF-κB
subunit levels provided evidence for a role of canonical RelB/p50 activation in the enhanced DC differentiation and maturation
established through prolonged BTZ exposure. We conclude that long-term treatment with low dose BTZ is consistent with DC-
dependent induction of antitumor immunity.
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1. Introduction

The constitutive proteasome is part of the ubiquitin proteasome
system (UPS). The constitutive proteasome is responsible for the
degradation of cellular proteins and harbors the β5 (PSMB5), β1
(PSMB6) and β2 (PSMB7) subunits, which cleave proteins after
hydrophobic, acidic, and basic amino acid residues, respectively [1].
The immunoproteasome consists of the β5i (LMP7), β1i (LMP2),
and β2i (MECL1) subunits, which are expressed after stimulation
with pro-inflammatory cytokines like IFN-γ and TNF-α and which
replace the corresponding subunits of the constitutive proteasome.
As opposed to constitutive proteasomes, which are expressed in
most mammalian cells, immunoproteasomes are mainly expressed
in cells of hematological origin. Although both types are important
for antigen processing, immunoproteasome subunits are able to elicit
distinct MHC class I epitopes [2].

Proteasomal degradation vitally controls intracellular levels of
proteins involved in the regulation of key cellular processes such
as differentiation, proliferation, stress, apoptosis, survival, immune
activation and antigen presentation. A therapeutic window for pro-

teasome inhibitors as anticancer drugs has been established and
attributed to higher expression levels of proteasome subunits, ac-
companied by increased proteasome activity, in malignant cells
[3, 4]. Bortezomib (BTZ) is the first proteasome inhibitor that has
shown clinical activity and is now the standard treatment for mul-
tiple myeloma (MM) and non-Hodgkin lymphoma [5]. Through a
reversible interaction, mediated by a boron group, BTZ is able to
inhibit both the constitutive proteasome and the immunoproteasome
[5]. BTZ treatment of tumor cells leads to accumulation of pro-
apoptotic proteins along with decreased levels of anti-apoptotic pro-
teins [6] and interferes with NF-κB activation, which besides apop-
tosis also controls the expression of growth factors and cytokines
important for tumorigenesis and tumor metastasis [7].

BTZ has been reported to induce immunogenic cell death of
malignant cells through exposure of heat shock proteins (HSP60 and
HSP90), leading to uptake by and activation of antigen-presenting
cells and subsequent activation of anti-tumor effector T cells [8].
As the most powerfully equipped antigen-presenting cells with the
unique ability to induce naı̈ve T cell activation and abrogate tumor-
imposed immune tolerance, dendritic cells (DC) rely on the UPS
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for antigen processing [9]. The effects of BTZ on DC have been
studied in several preclinical studies with contradictory findings.
Most studies have involved in vitro effects on monocyte-derived
DC (MoDC) and have shown inhibition of DC development and
function [10–14]. The effects reported included down-regulation
of CD1a, DC-SIGN, HLA-DR and the co-stimulatory molecules
CD40, CD80, and CD86. Furthermore, apoptosis was induced via
up-regulation of the pro-apoptotic Bax protein [15]. The DC de-
velopmental stage appeared to determine susceptibility to BTZ, as
mature MoDC displayed a relative resistance to both its inhibitory
and pro-apoptotic effects [16]. In contrast to these in vitro studies,
a more recent report showed improved in vivo DC maturation upon
BTZ treatment with elevated frequencies of intratumoral DC and
induction of effective T cell-mediated immune protection against
tumor outgrowth [17]. Similarly, in a 4T1 mammary carcinoma
mouse model, BTZ treatment increased IL-12 and IL-15 production
by CD11c+ DC as well as IL-2 production by CD4+ T cells and
granzyme-B and interferon-γ production by tumor-antigen specific
CD8+ effector T cells, resulting in reduced metastatic spread. This
reduction in metastatic spread was dependent on IL-12 and IL-15,
since neutralization of these cytokines could negate the beneficial
effects of BTZ therapy in this model [18]. Thus far, studies have
concentrated on short-term exposure (5-7 days) to the drug. However,
clinical efficacy requires long-term exposure to BTZ over the course
of multiple treatment cycles [5]. Therefore, preclinical evaluation of
the long-term effects of BTZ on DC is important, particularly in view
of a possible immune component in the efficacy of BTZ [8, 17] and
recent surges of interest in combining standard treatment schedules
for MM with immunotherapy [19, 20].

The detailed preclinical assessment of the long-term effects of
anticancer drugs on human DC development is hampered by the
inability to culture primary DC progenitors over prolonged periods
of time. Here, we studied the long-term effects of BTZ exposure
using the human AML cell line MUTZ-3 as a DC developmental
model [21]. This cell line model consists of CD34+ and CD14+

precursor cells, which, when exposed to appropriate cytokines, are
able to differentiate and mature into interstitial DCs or Langerhans
cells (LC) that phenotypically and functionally closely resemble
their physiological equivalents [22, 23]. We previously successfully
employed this model to assess the long-term effects of doxorubicin
on DC development [21].

Over a period exceeding twelve months (>100 passages) MUTZ-
3 cells were intermittently exposed to gradually increasing doses of
BTZ, leading to low level resistance and spontaneous early DC differ-
entiation (i.e. independent of differentiation-inducing cytokines). Ac-
cordingly, cytokine-induced LC differentiation of these BTZ-adapted
precursors was enhanced and marked by higher levels of characteris-
tic lineage and maturation markers and the induction of stronger allo-
geneic T cell responses. In an attempt to unravel the mechanism un-
derlying these effects, we uncovered evidence for a possible role for
BTZ-induced nuclear translocation of RelB/p50 NF-κB complexes.
Most importantly, our data support the notion that long-term treat-
ment with BTZ is compatible with the induction of DC-dependent
antitumor immunity.

2. Materials and Methods
2.1. hTERT-MUTZ3 progenitor culture and Langerhans

Cell cultures

Maintainable MUTZ-3 DC precursors stably expressing human
telomerase reverse transcriptase, i.e. the rate-limiting component of
the telomerase complex (hereafter referred to as hTERT-MUTZ3),
were derived through retroviral transduction of the AML-derived
MUTZ-3 cell line, as described previously [21]. Equivalent LC/DC
differentiation ability of the parent and hTERT-transduced cell line
was demonstrated [21]. hTERT-MUTZ3 progenitor cells were cul-
tured in MEM-α medium (Lonza, Vervier, Belgium) containing 20%
fetal calf serum (FCS), 100IU/ml sodium-penicillin, 100 µg/ml strep-
tomycin, 2 mM L-glutamine, 50 µM β -mercaptoethanol, and 10%
conditioned medium of 5637 renal cell carcinoma cells (i.e. routine
culture medium of MUTZ3 cells) in T75 flasks (BD Falcon) at a cell
density of 0.2×106 cells/ml and were passaged twice weekly.

LC were cultured from hTERT-MUTZ3 progenitors with
10 ng/ml TGF-β (Biovision, Mountain View, CA), 1,000 IU/ml
rhGM-CSF (Sagramostim, Berlex), and 125 IU/ml TNF−α (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) for 9 days to obtain
immature MUTZ3-LC as described previously [22]. To study short-
term effects of BTZ on MUTZ3-LC differentiation, BTZ (5 nM)
was added to hTERT-MUTZ3 progenitors (i.e. BTZ unexposed)
at the start of differentiation. Immature MUTZ3-LC were further
matured by adding monocyte condition medium (MCM)–mimic
consisting of 100 ng/ml IL-6 (R&D Systems, Abingdon, England),
1 µg/ml prostaglandin-E2 (PGE2) (Sigma-Aldrich, Zwijndrecht, The
Netherlands), 25 ng/ml IL-1β (Miltenyi Biotec, Bergisch Gladbach,
Germany) and 2,400 IU/ml TNF-α for 48 h.

2.2. Short- and long-term culture with bortezomib

Bortezomib (BTZ)/Velcade was provided by Millennium Phar-
maceuticals (Cambridge, USA).

The bortezomib adaptation of hTERT-MUTZ3/10BTZ precur-
sors was achieved by long-term exposure of hTERT-MUTZ3 progen-
itors to BTZ. The starting concentration (at passage 22) was 2 nM
BTZ and was increased to 8 nM (passage 38) and 10 nM (passage
51). Both increases occurred after approximately 1 month. From
passage 51 the drug was added intermittently (on and off every 2
passages). Of note, all analyses and experiments using the hTERT-
MUTZ3/10BTZ were performed after the cells were exposed to the
drug for at least one passage.

2.3. FACS analysis – immunophenotyping

hTERT-MUTZ3 and BTZ-adapted hTERT-MUTZ3/10BTZ cells
were immunophenotyped using appropriate dilutions of FITC- or
PE-con- jugated monoclonal antibodies (mAbs): CD34 (PeriCluster
581) (Sanquin, Amsterdam, The Netherlands), CD14, CD1a, CD80,
CD86, CD40, IL-3R, cKIT, TNF-RI, TNF-RII, HLA-ABC and HLA-
DR (BD Biosciences, San Jose, CA), Langerin (Beckman Coulter,
Woerden, The Netherlands). In short, 3 × 104 – 8 × 104 cells
were washed with PBS supplemented with 0.1% BSA and 0.02%
NaN3, and incubated with specific or corresponding isotype-matched
control mAbs for 30 minutes at 4◦C. Cells were washed and analyzed
with a FACSCalibur flow cytometer (Becton and Dickinson, San
Jose, CA) using Cell Quest software. A live cell gate was used based
on Forward and Side Scatter. Results were expressed as percentages
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of positive cells and the mean fluorescence index was calculated
based on mean fluorescence intensities.

2.4. Proteasome constitutive-immuno subunit ELISA assay
(ProCISE)

The ProCISE assay for quantification of individual constitutive
(β5, β1, β2) and immunoproteasome (β5i, β1i, β2i) subunits was
performed as previously described [24, 25]. Expression of each
constitutive 20 S and immunoproteasome 20 S subunit in hTERT-
MUTZ3 and hTERT-MUTZ3/10BTZ cells was examined after cells
were cultured in the absence of BTZ for one week. Pellets of 10-15
× 106 cells were washed three times with PBS, frozen on dry ice,
thawed, and incubated in 100 µL of lysis buffer (20 mM Tris-HCl, pH
8.0, 5 mM EDTA) for 15 minutes on ice. Lysed pellets were micro-
centrifuged (15 min, 14,000 rpm, 4◦C), the supernatant collected,
and protein content was determined using the BCA assay (Pierce),
utilizing BSA as a standard. Cell lysates were diluted in lysis buffer
to 1 mg/ml and incubated with a proteasome active site probe (PABP;
5 µM) for 2 hours at 25◦C. Samples were denatured with 8M guani-
dine hydrochloride (Fisher Scientific) and subunits bound to PABP
were captured with streptavidin-conjugated sepharose beads (GE
Healthcare) in 96-well, 0.65 µm porous filter plates (Millipore). In-
dividual subunits were probed with subunit-specific primary anti-
bodies, followed by secondary antibodies conjugated to horseradish
peroxidase (HRP). The Super Signal ELISA Pico chemiluminescent
substrate kit (Pierce) was utilized to generate luminescent signal as-
sociated with HRP binding. Luminescence after 5 minutes of signal
development was monitored on a plate reader (Tecan Safire). Subunit
content was expressed as ng of subunit per µg of total protein, as
calculated from a standard curve of purified human constitutive or
immunoproteasomes, assayed simultaneously with the cell lysate
samples.

2.5. Mixed leukocyte reaction (MLR)

hTERT-MUTZ3 and hTERT-MUTZ3/10BTZ cells were irradi-
ated with 5000 rad, washed, plated in a 96-well plate, and co-cultured
with healthy donor peripheral blood lymphocytes (PBL), labeled
with carboxyfluorescein succinimidyl ester (CFSE) (3 µM; Sigma
Aldrich, Zwijndrecht, The Netherlands), in a 1:10 ratio for 4 to 8
days in IMDM containing 10% human pooled serum (HPS) (San-
quin, Amsterdam, The Netherlands), 100 IU/ml penicillin, 100 µg/ml
streptomycin and 2 mM L-glutamine. PBL proliferation was deter-
mined based on CFSE fluorescence intensity, which was determined
by a FACSCalibur flow cytometer (Becton and Dickinson, San Jose,
CA) using CellQuest analysis software.

2.6. Peptide kinase substrate array (PamGene analysis)

To evaluate changes in cell signaling based on tyrosine kinase
activity, lysates of hTERT-MUTZ3 and hTERT-MUTZ3/10BTZ pre-
cursors were profiled employing a tyrosine kinase peptide substrate
array (PamChip; PamGene International, ’s-Hertogenbosch, The
Netherlands). This substrate array comprises 144 peptides consisting
of 13 aa including a tyrosine, corresponding to known or putative
phosphorylation sites in a variety of human proteins. Precursors
were either left untreated (CTR) or were incubated with the LC
differentiation cytokine cocktail. The samples were lysed on ice
using M-PER buffer containing phosphatase and protease inhibitors
(Thermo Scientific, Rockford, IL, USA). Lysates were centrifuged

for 10 minutes at 20,000 x g; the supernatant was stored at −80◦C
for further analysis. Forty µl of sample mix were applied to an
array, consisting of 7.5 µg protein from lysates, with addition of re-
action buffer containing PK buffer, 400 µM adenosine triphosphate,
fluorescein-labeled antibody PY20, BSA & DTT (PTK reagent kit;
PamGene International). After blocking the arrays with 2% BSA and
subsequent loading of the sample mix onto the arrays, incubation
(at 30◦C) was started for 60 minutes utilizing a PamStation R©12
instrument (PamGene International), during which time the sample
mix was pumped up and down through the array once per minute.
Repeated fluorescence imaging of each array was performed with a
12-bit CCD camera every 5 minutes, and after a washing step, at the
end of the run. Spot intensity was quantified for the post-wash data
and corrected for local background using Bionavigator R© software
version 5.1 (PamGene International).

2.7. Analysis of NF-κB subunit activation

hTERT-MUTZ3 and hTERT-MUTZ3/10BTZ precursor cells
were either not stimulated (CTR) or stimulated with TGF- β

(10 ng/ml), rhGM-CSF (1000 IU/ml) and TNF-α (120 IU/ml) for
one hour. Immature LCs were incubated with maturation cytokines
(MCM-mimic) for one hour. Nuclear pellets were made using Nuc-
buster protein extraction kit (EMD Millipore, Massachusetts, USA)
according to the manufactures’ protocol. Activation of p50, p52,
RelB, or RelA/p65 was determined using the TransAM NF-κB Fam-
ily kit (Active Motif Europe, Rixensart, Belgium) according to the
manufacturer’s instructions.

2.8. Statistical analysis

For comparisons between groups, ANOVA or Student’s t-test
were used. Differences were considered to be significant when p <

0.05. These tests, as well as linear regression analysis and plotting of
90% prediction band with the Pamchip data, were carried out using
GraphPad Prism software, version 5.01.

3. Results
3.1. Long-term culture with BTZ induces “BTZ adaptation”

in hTERT-MUTZ3 progenitor cells

To study the long-term effects of BTZ on human DC develop-
ment, hTERT-MUTZ-3 progenitor cells were cultured in the presence
of BTZ, starting at a concentration of 2 nM (from passage 22) and
the concentration was gradually increased to 10 nM over the course
of the next 30 passages, while maintaining stable expansion as shown
in Fig. 1A. From passage 51 on, BTZ was given intermittently (2
passages on, 2 passages off), thus mimicking clinical bolus on/off pe-
riods in the BTZ treatment cycle. Concentrations higher than 10 nM
BTZ were not tolerated (data not shown) and hTERT-MUTZ3/10BTZ
progenitor cells were therefore kept at this concentration and inter-
mittent exposure regimen for over 90 passages (i.e. > 45 weeks).
These progenitors, termed “BTZ-adapted cells”, were continuously
cultured in parallel with unexposed parental hTERT-MUTZ3 cells
and assessed at corresponding passages for their relative sensitivity
to BTZ in a 3-day cytotoxicity assay. A significant reduction in
survival of viable cells upon exposure to BTZ was apparent for the
BTZ-adapted cells at concentrations of ≥ 7.5 nM (Fig. 1B) with
the IC50 value increasing from 5.9 ± 0.9 nM in hTERT-MUTZ3
cells to 9.1 ± 1.2 nM in hTERT-MUTZ3/10BTZ cells. As this rep-
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resented a mere 1.54-fold resistance, acquired over a considerable
period of time (4 months of culture on BTZ), we opted for the term
BTZ-adapted cells to refer to the surviving hTERT-MUTZ3/10BTZ
progenitor cells, rather than BTZ-resistant cells.

3.2. Long-term culture with BTZ induces differentiation of
hTERT-MUTZ3 progenitor cells

MUTZ-3 cells consist of a predominant CD34+ proliferative
fraction and a small (typically less than 10%) sub-population of
CD14+ precursor cells, arising from CD34+ precursors, with the
ability to rapidly differentiate to DC [23]. Over the course of long-
term BTZ exposure CD14 expression was assessed (passages: 58, 62,
85 and 95, see Fig. 1C) and was consistently found to be increased
in hTERT-MUTZ3/10BTZ as compared to unexposed progenitor
cells, indicative of enhanced early differentiation events. Next, we
also determined the expression of cytokine receptors involved in DC
differentiation (TNF-RI and -RII) and DC precursor proliferation
(cKIT/CD117 and IL-3R/CD123) [26, 27], under normal conditions
or BTZ exposure at 10 nM, between passages 58 and 95. As shown
in Fig. 1D, consistent and selective up-regulation of TNF-RI and
-RII, both previously associated with DC differentiation ability [26],
was in keeping with the observed increased differentiation propensity.
Also an increase in immunoproteasome subunit content was observed,
consistent with an elevated differentiation state [28], see Fig. 1E.

3.3. Enhanced LC differentiation and maturation of BTZ-
adapted precursor cells

Next, the capacity of the BTZ adapted cells to develop into
LC was assessed by cytokine-driven differentiation over a period
of 9 days in the presence of GM-CSF, TGFβ , and TNFα . Of note,
hTERT-MUTZ3/10BTZ precursors were always cultured with BTZ
during the passage preceding differentiation induction but were not
exposed to the drug during differentiation. Short-term, immediate
effects of BTZ on LC differentiation were also examined by adding
the highest sub-cytotoxic concentration of 5 nM BTZ (>60% viable
cell survival, see Fig. 1B) in combination with the differentiation in-
ducing cytokines to previously unexposed parental hTERT-MUTZ3
cells. Fig. 2A shows the expression of the LC characterizing markers
CD1a and Langerin at day 9 among hTERT-MUTZ3 and hTERT-
MUTZ3/10BTZ cells from a representative LC differentiation experi-
ment out of at least ten; whereas a decrease in CD1a+Langerin+cells
after short-term exposure to BTZ was observed, BTZ-adapted cells
showed a clear increase in cells expressing these markers. This was
confirmed by data shown in Fig. 2B, revealing selective and signif-
icant decreases in the expression of the progenitor- and precursor-
associated markers CD34 and CD14 and a simultaneous increase in
LC-associated CD1a, only in cultures of long-term (and not short-
term) BTZ-exposed hTERT-MUTZ3 precursors. Similarly, signif-
icantly enhanced cell surface expression levels of the T cell (co-)
stimulatory molecules CD80, CD86, CD40 and HLA-DR were ob-
served (Fig. 2C-D). Collectively, these data demonstrate enhanced
LC differentiation from CD34+ precursors upon their long-term ex-
posure to BTZ. Of note, although we have focused on LC differenti-
ation as a model for steady-state DC differentiation, long-term BTZ
exposure also enhanced interstitial or dermal-like DC differentiation
from the hTERT-MUTZ3 progenitors, denoted by increased CD1a
and DC-SIGN expression after 7 days of culture in the presence of
TNFα , GM-CSF and IL-4 (see Suppl. Fig. 1).

The immature LC arising in the different conditions were sub-
sequently tested for their ability to mature in response to a cytokine
cocktail consisting of IL-6, PGE2, IL-1β and TNFα (see “Materials
and Methods”). Fig. 3A is representative of at least 5 separate exper-
iments and shows consistently enhanced up-regulation of all tested
maturation markers, i.e. CD83, CD80, CD86, CD40, HLA-DR and
HLA-ABC. A crucial function of mature LC is the induction of naive
T cell activation. Consistent with their increased maturation state,
mature LC derived from BTZ-adapted precursors induced higher
proliferation rates in naı̈ve allogeneic T cells (Fig. 3B).

3.4. Altered tyrosine kinase profile and NF-κB signaling in
LC derived from BTZ-adapted precursors

To further elucidate sub-cellular alterations accompanying en-
hanced LC development from long-term BTZ exposed precursors,
we evaluated their tyrosine kinase activity profile employing the Ty-
rosine Kinase PamChip microarray. Lysates were tested from hTERT-
MUTZ3 and hTERT-MUTZ3/10BTZ precursors that remained un-
stimulated or were stimulated for one hour by the LC differentiation
inducing cytokine cocktail. Fig. 4A shows the ratios of stimulated
over unstimulated kinase activities, based on evaluable phospho-
rylation of peptide substrates among a total of 144 substrates, in
hTERT-MUTZ3 plotted against the corresponding ratios in hTERT-
MUTZ3/10BTZ. The dotted line denotes the 90% prediction band,
revealing very few outliers. These data show the observed enhanced
LC differentiation not to be associated with major shifts or increased
activity in signaling pathways previously reported to be involved
in DC development, such as the JAK/STAT and MAPK pathways.
Indeed, STAT3 and STAT5a activity, both known to be involved in
DC/LC differentiation from CD34+ precursors [29, 30], was equally
up-regulated in unexposed and BTZ-exposed precursors (at kinase
activation ratios of 1.3 and 2.5, respectively). In contrast, Ephrin
Type-A receptor 2 and 4 precursor kinase activities (both previously
reported expressed in LC derived from CD34+ precursors and in-
volved in adhesion and trafficking [31]) were up-regulated upon dif-
ferentiation induction in unexposed precursors rather than in BTZ-
adapted precursors (at ratios of 2.5 vs. 1.4 and 1.3 vs. 0.9, respec-
tively), while Aminopeptidase A and Peripherin kinase activities
were more selectively upregulated in BTZ-adapted cells (1.5 vs. 0.7
and 2.9 vs. 1.3, respectively). Whereas Aminopeptidase A activation
may reflect a compensatory mechanism for protein breakdown due to
proteasome inhibition, Peripherin is involved in dendrite formation,
a hallmark of DC morphology [32].

NF-κB signaling, in particular through complexes incorporating
the non-canonical RelB subunit, has been identified as an important
pathway in DC maturation. Activation of NF-κB subunits belonging
to the non-canonical (RelB and p52) as well as the canonical pathway
(RelA and p50) was assessed by their presence in nuclear extracts
of LC derived from hTERT-MUTZ3 and their BTZ-adapted counter-
parts. Immature LC were either left unstimulated or were stimulated
for one hour with a maturation-inducing cocktail of cytokines (IL-1β ,
TNFα , IL-6 and PGE2). Elevated levels of the canonical RelA (p65)
and p50 subunits in LC derived from the BTZ-adapted precursors
were observed both before and after (Fig. 4B) maturation induction.
Most notably, RelB activation was induced in LC from BTZ-adapted
precursors and virtually absent in their BTZ untreated counterparts.
Although this BTZ-induced up-regulation of nuclear RelB levels did
not reach significance due to variability, in all three independent ex-
periments this increase was observed, varying from 2.6- to 20.6-fold.
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Fig. 1. The generation and properties of Bortezomib (BTZ) adapted hTERT-MUTZ3 progenitor cells. (A) Time table of adaptation to Bortezomib (BTZ)
and growth of the BTZ adapted hTERT-MUTZ3 precursor cells. Starting concentration of BTZ inclusion at passage 22 was 2 nM BTZ and was gradually
increased to 10 nM at passage 51. From then on, the drug was given intermittently (once every 2 passages). The cells were passaged twice-weekly. (B)
Dose–response curve for BTZ-induced growth inhibition of hTERT-MUTZ3 and BTZ-adapted hTERT-MUTZ3/10BTZ progenitor cells following 72 hours’
exposure to BTZ. Results show the percentage surviving cells and represent the mean ± SD of 5 separate experiments ** p < 0.01, * p < 0.05 (C) Percentage
of CD14+ hTERT-MUTZ3 and BTZ-adapted hTERT-MUTZ3/10BTZ progenitor cells over the course of culture from passage 58–95. (D) Expression of
TNF-RI, TNF-RII, cKIT (CD117) and IL-3R (CD123) on hTERT-MUTZ3 and hTERT-MUTZ3/10BTZ adapted progenitor cells (passage 58–95). Results are
depicted in mean fluorescence intensity (MFI) and represent the mean ± SD of 6-8 separate experiments. (E) Protein expression levels of constitutive and
immunoproteasome subunits in hTERT-MUTZ3 and BTZ-adapted cells hTERT-MUTZ3/10BTZ. Results depicted are means ± SD of two separate experiments
in hTERT-MUTZ3 and three separate experiments in hTERT-MUTZ3/10BTZ progenitors

Remarkably, activation of RelB’s non-canonical heterodimer partner
p52 was not observed under any of the tested conditions (Fig. 4B
and C). These data indicate that apart from nuclear translocation of
the canonical RelA/p50 heterodimer, translocation of non-classical
RelB/p50 dimers in the BTZ-adapted precursors may account for the
observed enhanced LC maturation.

4. Discussion

BTZ treatment can lead to immunogenic cell death in MM
cells, resulting in uptake by, and contact-dependent activation of
DC through, exposure of heat shock proteins [8]. Given that BTZ
can enhance the efficacy of tumor vaccination [8, 33], these find-
ings have prompted several groups to study the effects of BTZ on
functional DC development and maturation. Thus far, the majority

of reports have described the effects of short-term exposure to BTZ
on MoDC, an in vitro model of inflammatory DC development, and
without exception, have shown deleterious effects on DC matura-
tion, most notably through BTZ-mediated inhibition of proteaso-
mal chymotrypsin activity [10–12]. Similarly, murine DC develop-
ment and functionality were also inhibited by BTZ in short-term
cultures, which coincided with reduced levels of nuclear NF-κB [34].
As such, these studies point to the potential utility of BTZ as an
immune-regulatory therapeutic agent for the treatment of chronic
inflammatory and autoimmune disorders [35]. However, these data
are in striking contrast with recent reports of the in vivo effects of
BTZ on DC development and maturation [17, 18]. Chang et al.,
showed increased DC maturation and tumor infiltration upon BTZ
treatment, resulting in effective antitumor T cell-mediated immunity
[17]. Pellom et al., showed increased IL-12 and IL-15 production
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Fig. 2. Long-term but not short-term exposure to BTZ enhances the differentiation of Langerhans Cells (LC). (A) Langerin+ and CD1a+LC, differentiated
from hTERT-MUTZ3, hTERT-MUTZ3 in the presence of 5 nM BTZ and BTZ-adapted hTERT-MUTZ3/10BTZ cells. Data are representative of 10-15
independent experiments. (B) Expression of CD34, CD14, and CD1a on the surface of LC as percentage positive cells (mean ± SD of 10-15 separate
experiments). (C) Expression of T cell (co-)stimulatory molecules CD80, CD86, CD40, HLA-DR and HLA-ABC on LC differentiated in the absence or
presence of 5 nM BTZ or differentiated from MUTZ-3 precursors upon their long-term exposure to BTZ (hTERT-MUTZ3/10BTZ). Results are representative
of 10-15 separate experiments. (D) Expression on LC of CD80 and CD86, CD40 and HLA-ABC and HLA-DR in Mean Fluorescence Index (MFI) as mean ±
SD of 10-15 independent experiments for the indicated conditions

by CD11c+ DC and enhanced tumor reactivity upon BTZ treatment
in a 4T1 breast cancer mouse model cell line [18]. These apparently
contradictory results may be due to differential effects on inflam-
matory vs. steady-state DC differentiation as well as on short-term
(<7 days) vs. more long-term (>21 days) effects of BTZ exposure.
Current treatment schedules with BTZ consist of multiple cycles of
drug exposure over prolonged periods of time [36]. Unfortunately,
the study of long-term effects on human steady-state DC differentia-
tion is hampered by the relative difficulty of culturing primary DC
precursors over protracted periods of time. We therefore resorted
to the use of the sustainable hTERT-MUTZ3 cell line model which
we previously successfully applied to the assessment of the effects
of chronic treatment with doxorubicin on human DC development
from CD34+ precursors and CD14+ intermediates [21]. This model
allowed us to study the effects of BTZ exposure on human CD34+

DC precursors and their CD14+ intermediates for over one year.
We opted for an intermittent exposure schedule, which resembled
the clinically relevant treatment regimen. The relatively low BTZ
concentration that proved the highest tolerable level for the hTERT-
MUTZ3 DC precursors was consistent with plasma levels of the drug
found in clinical pharmacokinetics and pharmacodynamics studies
[36]. From a clinical mechanistic drug resistance point of view, the
1.5-fold resistance level that was achieved in the current study is
certainly a very low chemoresistance level, yet it might nevertheless
bear clinical relevance [24, 25, 37]. Importantly, our findings in
this human model are in agreement with the report of Chang et al.,
[17] showing that long-term exposure to clinically relevant (i.e. low)
concentrations of BTZ enhances DC maturation and is compatible
with therapeutic strategies aimed at the DC-dependent induction of

antitumor T cell immunity.
Long-term exposure to BTZ was found to induce an adapted

cellular state in hTERT-MUTZ3 progenitor cells, which facilitated a
relative resistance to the induction of apoptosis and was accompa-
nied by spontaneous early differentiation events and enhanced de-
velopment and maturation of LC, with an increased ability to prime
allogeneic T cells. The observed selective BTZ-induced increase in
immunoproteasome subunits was consistent with this enhanced DC
differentiation and maturation capacity [28, 38] as was the significant
up-regulation of both TNF-RI and -RII levels on the BTZ-adapted
progenitors [23, 26]. In particular, TNF-RI was previously shown to
be essential for DC maturation and subsequent CD8+ T cell activa-
tion [39]. Of note, TNF-RI signaling involves the canonical NF-κB
pathway and is controlled at virtually all levels by ubiquitination
and de-ubiquitination events [40]. It therefore stands to reason that
proteasome inhibition would induce molecular modulation of TNF-
RI-mediated NF-κB signaling and thus affect DC development. BTZ
adaptation may thus lead to favoring of the non-canonical RelB-
mediated pathway as was reported in BTZ-treated Head and Neck
squamous cell tumors, which might possibly account for the heteroge-
neous response to BTZ in patients harboring this tumor [41]. In DC,
this phenomenon may be reflected by increased signaling through
TNF-RII (up-regulated to higher levels on hTERT-MUTZ3/10BTZ),
which involves signaling through the non-canonical RelB pathway
[42]. However, our finding of nuclear RelB in the absence of p52
supports an alternative scenario in which RelB heterodimerizes with
p50 for nuclear translocation. High levels of RelB is a characteristic
of cells belonging to the DC lineage and may account for the recent
observation of nuclear translocation of RelB/p50 dimers, thus com-
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Fig. 3. Long-term but not short-term exposure to BTZ enhances the maturation of Langerhans Cells (LC). (A) Expression of CD83, the co-stimulatory
molecules CD80 and CD86, CD40 and the MHC molecules HLA-ABC and HLA-DR after induction of maturation of LC differentiated from hTERT-MUTZ3
precursors in the absence or presence of 5 nM BTZ or from BTZ-adapted hTERT-MUTZ3/10BTZ cells. Results are representative of 5-10 separate experiments.
(B) Expression of the same surface markers under the same conditions as Mean Fluorescence Index (MFI) ± SD of 5-10 separate experiments. (C) Naı̈ve T cell
stimulatory capacity of the differentially matured LC in a Mixed Leukocyte Reaction. Proliferation using the CFSE dilution assay among monocyte-depleted
PBMC (PBL) was determined on day 4 to day 9

bining canonical and non-canonical signaling elements in a molec-
ular event that appears to be unique to DC activation [43]. Shih
et al., showed that RelB/p50 activation was induced by agents and
receptors associated with the canonical NF-κB pathway and was
accordingly under the control of canonical signaling as evidenced by
the binding of RelB/p50 dimers to IK-κβ in the cytoplasm [43, 44].
The lack of nuclear p52 activation together with the clear activation
of p50 in our BTZ-adapted LC model, indicate that BTZ adaptation
also induces this canonical activation, involving, besides the classical
RelA/p50 pairing, the functional heterodimerization of RelB with
p50. The higher basal activation level of RelB in the BTZ adapted
LC is in accordance with previous findings that nuclear RelB is cru-
cial for DC development, maturation and antigen-presenting and T
cell stimulatory capacities [45–49]. Indeed, ablation of RelB endows
DC with tolerating abilities [50, 51] and the absence of nuclear RelB
in LC accounts for their reported ability for T cell tolerance induc-
tion [52]. Based on our findings, low-dose BTZ treatment may thus
abolish DC/LC-mediated tolerization of effector T cells and support
DC/LC-targeted tumor vaccination strategies.

Shih et al., have proposed that the formation of RelB/p50 com-
plexes, due to high levels of RelB during DC development, may rep-
resent a key mechanism leading to irreversible maturation [43, 44].
However, it remains unclear how RelA/p50 versus RelB/p50 may
lead to activation of alternate signaling programs marking the on-

set of LC development and maturation. Indeed, as pointed out by
Hayden [44], based on findings by Siggers and colleagues [53], very
little difference in preference for DNA promoter-binding sites exists
between p50 complexes encompassing different binding partners,
which was born out by gene expression profiling studies undertaken
by Shih et al. [43]. Similarly, we found very little difference in tyro-
sine kinase activity profiles between unexposed and long-term BTZ
exposed hTERT-MUTZ3 precursors. In both, up-regulation of STAT
kinase activity was observed upon differentiation induction (STAT3,
STAT5, and STAT6–see Fig. 4A), in keeping with the control of
DC development by the JAK/STAT signaling cascade, irrespective
of their regulation by nuclear RelA/p50 or RelB/p50 complexes. In
particular, STAT3 and STAT5 activation have previously been impli-
cated in steady-state DC differentiation and maturation from CD34+

precursors [28, 29, 54]. Based on previous reports, some of the rare
kinase activities we found to be differentially regulated between drug-
free control cells and BTZ-exposed precursor cells, may actually
signal functional differences. For instance, relatively lower induction
of tyrosine kinase activity of the Ephrin Type-A receptor 2 in BTZ-
exposed precursors may have contributed to the increased capacity
of the resulting LC to stimulate naı̈ve T cells [31]. Reciprocally,
higher kinase activity of Peripherin, a neuronal intermediate filament
protein [32], in BTZ adapted cells may be associated with a more
dendritic morphology, consistent with enhanced LC development.
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Fig. 4. Long-term exposure to BTZ: effects on tyrosine kinase activity and nuclear NF-κB subunit profiles. (A) Activity of 144 Tyrosine kinases was
determined in cell extracts of hTERT-MUTZ3 or BTZ-adapted hTERT-MUTZ3/10BTZ using the Tyrosine Kinase PamChip microarray. The precursor cells
were either left unstimulated or were stimulated with LC differentiation-inducing cytokines (TNFα , TGFβ1, and GM-CSF) for one hour. Shown are the ratios
of kinase activities of stimulated over unstimulated precursors, plotted for hTERT-MUTZ3 vs. BTZ-adapted hTERT-MUTZ3/10BTZ. Linear regression analysis
was performed with the dotted lines indicating the 90% predictability intervals. Some (differentially) activated kinases are denoted. APA= Aminopeptidase
A, EPHA = Ephrin Type-A Receptor. (B) NFκB activation was measured in nuclear pellets of LC differentiated from hTERT-MUTZ3 (open bars) and
BTZ-adapted hTERT-MUTZ3/10BTZ (closed bars). LC were either left unstimulated or stimulated for one hour with a maturation-inducing cytokine cocktail
consisting of 2,400 IU/ml TNFα , 25 ng/ml IL-1β , 1 µg/ml PGE2 and 100 ng/ml IL-6. Activation (by nuclear levels) of the NFκB subunits, RelA/p65, RelB,
p50 and p52 is shown. Presented data are means ± SD of 3 separate experiments

Rather than inducing major shifts in signaling programs and gene
expression profiles, it was suggested that RelB/p50 dimers might
be subject to different (in)activation mechanisms, leading to their
preferred or prolonged activation and thus resulting in superior DC
development and maturation [44].

Inhibitory effects of BTZ on human DC differentiation and mat-
uration from previously unexposed precursors, as reported by others
for MoDC [10–15], were not observed in our model, hence emphasiz-
ing differential effects on human DC development under inflamma-
tory versus steady-state conditions. Thus, our findings do not negate
the possible efficacy of BTZ as an anti-inflammatory agent, but rather
confirm its compatibility with DC-dependent tumor immunotherapy,
e.g. of MM. Coupled to previous observations that BTZ treatment
can break detrimental clusters between leukemic tumor cells and
immuno-compromised DC [10], induces immunogenic cell death
[8, 55] and promotes effector molecule expression and effector func-
tions of CD8+ tumor-reactive T cells and NK cells [18, 56–58],
our finding of enhanced functional human DC development and
maturation argues in favour of applying BTZ in combination with
immunotherapy for cancer treatment.
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