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Abstract – �e bone marrow microenvironment provides important signals
for the survival and proliferation of hematopoietic and malignant cells. In multiple
myeloma (MM), plasma cells are surrounded by stromal cells including osteoblasts.
�ese stromal cells protect MM cells from apoptosis induced by chemotherapeutic
agents. Osteoprotegerin (OPG), a soluble receptor of the cytokine TNF-related
apoptosis-inducing-ligand (TRAIL), is secreted by osteoblasts and has been impli-
cated in the prevention of cell death induced by TRAIL inmalignant cells. Previously,
we have designed death receptor-speci�c TRAIL variants, which induce apoptosis
exclusively via one of its death receptors. Here, we have studied in detail the inter-
action between rhTRAIL variants and OPG. We show that a DR5-speci�c variant
(rhTRAIL D269H/E195R) displays a signi�cantly decreased a�nity to OPG. Fur-
thermore, this rhTRAIL variant shows a much higher activity compared to rhTRAIL
WT, and retains its e�ectiveness in inducing cell death in multiple myeloma cell
lines, in the presence of OPG secreted by stromal cells. We also demonstrate that
stromal cells are largely insensitive to high concentrations of this rhTRAIL variant.
In conclusion, rhTRAIL D269H/E195R is a potential therapy for multiple myeloma
due to its high e�ectiveness and diminished binding to OPG.

4.1 Introduction

Multiple myeloma (MM) is a hematological malignancy characterized by clonal

expansion of B cells within the bone marrow, which can result in osteolytic le-

sions, anemia and immunosuppression. MM is in general an incurable disease

when treated with conventional chemotherapy consisting of melphalan, prednisone

and proteasome inhibitors [1, 2]. In many patients a relapse of the disease is ob-

served, which suggests that a subpopulation of multiple myeloma cancer stem

cells (MM-CSC) is chemoresistant [2–4].�ese MM-CSCs have the ability to self-

renew and expand [5, 6].�e bone marrow microenvironment is essential for the

survival and the proliferation of myeloma stem cells and it has been suggested

that the microenvironment provides important cues in mediating drug resistance

[4, 7, 8].�erefore, it is crucial to unravel the molecular mechanisms regulating

microenvironment-mediated drug resistance, in order to obtain novel therapeutic

solutions. Recently, it has been shown that Tumour necrosis factor (TNF)-related

apoptosis-inducing ligand (TRAIL), a cytokine that selectively kills a variety of

cancer cells while leaving normal cells unharmed [9, 10], is able to e�ciently in-

duce apoptosis in multiple myeloma cell lines both in vitro and in vivo [11–13].

Importantly, stem-cell enriched CD138 myeloma cells are sensitive to rhTRAIL

treatment in combination with doxorubicin [14]. TRAIL activates the extrinsic

pathway of apoptosis upon binding to its cognate surface death receptors 4 and 5

(DR4 and DR5). Ligand-induced receptor oligomerization of the receptors allows

the assembly of the death inducing signaling complex (DISC). DISC activation

can then lead to the induction of apoptosis via the activation of a caspase cascade.

However, the regulation of TRAIL-induced apoptosis is complex as TRAIL can also

bind to the surface decoy receptors 1 and 2 (DcR1 and DcR2), both lacking an intact

or functional death domain, therefore preventing TRAIL-induced apoptosis.�e
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soluble receptor osteoprotegerin (OPG) is also a binding partner of TRAIL. OPG

is a soluble receptor that is secreted by osteoblasts residing in the bone marrow

[15–17].�is receptor has been shown to be involved in bone remodeling by binding

to TNF-superfamily related protein receptor activator of NF-κB ligand (RANKL).
�is binding competes with RANKL binding to its surface receptor RANK, which

is required for the maturation and activity of bone-absorbing osteoclasts [17].�e

promiscuous behavior of TRAIL and the presence of OPG within the bone marrow

could therefore potentially compete with the association between TRAIL and its

death inducing receptors, and interfere in TRAIL-mediated cell death of myeloma

cells. Previously, we have developed death receptor-speci�c inducing rhTRAIL

variants [18, 19]. �ese variants trigger apoptosis speci�cally via either death re-

ceptor 4 (rhTRAIL 4C7 (G131R/R149I/N199R/K201H/S159R/S215D)) or the death

receptor 5 (rhTRAIL D269H/E195R). In this study, the impact of OPG in TRAIL-

mediated apoptosis using rhTRAIL WT and death-receptor speci�c variants was

further investigated in multiple myeloma cells, in the context of OPG released by

their tumor microenvironment. We demonstrate that the lowered binding of a

DR5-speci�c variant to OPG makes this variant insensitive to the interference in

apoptosis mediated by this decoy receptor.�is makes the rhTRAIL D269H/E195R

variant a promising agent for therapeutic intervention in multiple myeloma tumors.

4.2 Material and methods

4.2.1 determination of receptor binding by surface plasmon resonance

(spr)

SPR bu�ers, regeneration solutions, and sensor chips were purchased from GE

Healthcare. Protein A from Staphylococcus aureus was purchased from Sigma;

receptor-Fc fusion OPG was from R&D Systems. Protein A was directly immo-

bilized to all �ow cells using a C1 sensor chip in a Biacore 3000 (in 10 mM NaAc

pH 4.5) and the primary amine coupling was performed according to the man-

ufacturer’s instructions (GE Healthcare). Experiments were carried out at 37○C
and a �ow rate of 30 µL/min using HBS-P as running and dilution bu�er (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.005% (v/v) surfactant P20; GE Healthcare). A�er

capturing ∼ 80 RU of OPG-Fc receptor at a high �ow rate, a method comprising a
single cycle approach, where the analyte is injected with increasing concentrations

of rhTRAILWT and variants on a single cycle, was performed. A total volume of 50

µL of rhTRAIL was injected per concentration and correction of all binding curves
was performed by so-called double referencing, i.e. subtraction of the data "empty"

�ow cell 1, followed by subtraction of the data from a run bu�er injection cycle.

4.2.2 elisa and competitive elisa assays

Nunc maxisorb plates were coated for 1 h with OPG-Fc (100 ng per well) in 0.1 M

sodium carbonate/bicarbonate bu�er (pH 8.6), and the remaining binding places

were subsequently blocked with 2% BSA for 1 h. A�er washing for six times with
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Tris-bu�ered saline/0.5% Tween 20 (TBST) (pH 7.5), serial dilutions of rhTRAIL

WT and rhTRAIL D269H/E195R (0 − 2000 ng per well) were added and incubated
at 37○C for 1 h. A�er washing with TBST, a 1 ∶ 200 dilution of goat anti-TRAIL
antibody (R&D Systems) was added and incubated for 1 h at room temperature, and

a�er six times washing with TBST, subsequently incubated with a 1 ∶ 1000 dilution
of a horseradish peroxidase-conjugated swine anti-goat antibody. A�er washing

six times with TBST, 100 µL of TMB solution (Calbiochem) was added, and a�er 5
min, the reaction was quenched with 100 µL of 1 M sulfuric acid.�e absorbance
was measured at 450 nm on a microplate reader (�ermo Labsystems). For the

competitive ELISA assay, wells were coated with DR5-Fc as described above. Serial

dilutions of soluble OPG-Fc (0 − 1000 ng per well) and rhTRAIL WT or rhTRAIL
D269H/E195R (10 ng per well) in PBS (pH 7.4) were pre-incubated for 1 h at 37○C,
added to the wells and further incubated for 1 h at 37○C. Binding of rhTRAIL WT
or rhTRAIL D269H/E195R to immobilized DR5-Fc with 0 ng per well of OPG-Fc

was taken as 100%, and binding at other concentrations of OPG-Fc was calculated

relative to 0 ng per well of OPG-Fc.

4.2.3 cell lines and reagents

�e human multiple myeloma cell lines RPMI 8226 and U266 were cultured in

RPMI with 10% FCS and penicillin/streptomycin.�e osteosarcoma osteoblast-like

cell lineMG63was cultured in DMEM-F12 containing 10% FCS and penicillin/strep-

tomycin.�e osteosarcoma osteoblast-like cell line SaOS2 was cultured in DMEM

containing 10% FCS and penicillin/streptomycin. rhTRAIL WT, rhTRAIL 4C7

and rhTRAIL D269H/E195R variants were expressed and puri�ed as previously

described [18, 19]. Recombinant human OPG and monoclonal antihuman OPG

antibodies were purchased from R&D Systems (185-OS and MAB805).

4.2.4 cell line treatment

RPMI 8226 and U266 cells were seeded and a�er 24 hrs, cells were incubated with

various concentrations rhTRAIL WT or variants with or without rhOPG. rhTRAIL

WT, rhTRAIL 4C7 or rhTRAIL D269H/E195R were pre-incubated with rhOPG for

15 min at 37○C. TRAIL combined to OPG was then added to RPMI 8226 or U266
and cells and further incubated for 24 hrs. Cell deathwas assessed by theCellTiter 96

R©AQueous Non-Radioactive Cell Proliferation Assay (MTS) (Promega), Annexin
V staining and by acridine orange staining.

4.2.5 mts assay

Brie�y, a�er incubating the cells for 24 hrs at 37○C using 96-well plates, 20 µL
of the MTS reagent was added to 100 µL of treated cells and cell viability was
determined by measuring the absorption at 490 nm using a microplate reader

(�ermo Labsystems), according to the manufacturer’s instructions. For the co-

culture assay, MG63 cells were seeded and a�er 48h U266 cells were resuspended

in conditioned medium and added to MG63 cells.�erea�er, cells were incubated
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with various concentrations of rhTRAIL WT or rhTRAIL D269H/E195R with or

without rhOPG.

4.2.6 annexin v staining

A�er 24 hrs of incubation at 37○C in a 24 well plate, U266 cells were washed in
calcium bu�er (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2)

and 3 µL (in a total volume of 60 µL PBS) Annexin-V-FITC antibody (IQproducts
IQ-120F) was added for 20 minutes at 4○C. Cells were washed with calcium bu�er
and analyzed by FACScalibur.

4.2.7 acridine orange

A�er 24 hrs of incubation, acridine orange was added to the cells for 15 minutes.

Cells with condensed DNA and modi�ed morphology were counted as apoptotic

cells.

4.2.8 receptor expression analysis

U266 and RPMI 8226 cells were grown and a�er 24h, cells were incubated either

with mouse IgG1 isotype control (Dako, X0931), α-TRAIL-R1 (Enzo Life Sciences,
ALX804-297A), α-TRAIL-R2 (Enzo Life Sciences, ALX804-298A), α-TRAIL-R3
(Enzo Life Sciences, ALX804-344A) or α-TRAIL-R4 (Enzo Life Sciences, ALX-804-
299A). A�er washing the cells, cells were incubated with donkey anti mouse FITC

(Jackson ImmunoResearch, 715-095-150) at 4○C for 1 h. Cells were washed and
Fluorescence-activated cell sorting (FACS) analysis was performed on a FACScalibur

(Becton Dickinson). Data was further analyzed using FlowJo 7.6.1.

4.2.9 determination of opg secretion by mg63 and saos2 cell lines

To determine the amount of OPG secreted by the osteosarcoma osteoblast-like

MG63 and SaOS2 cells, both cell lines were seeded at 80% con�uency and 48 hrs

later conditioned medium from these cells was harvested. Total OPG concentration

was measured using the human OPG ELISA Kit (R&D Systems, DY805) following

the manufacturer’s instructions. In short, a 96-well plate was coated overnight

at room temperature with mouse anti-human OPG capturing antibody. On the

next day, the 96-well plate containing OPG antibody was washed, blocked with

BSA and conditioned medium was added. A�er 2 hrs of incubation, wells were

washed and incubated with a biotinylated goat anti-human OPG detection antibody.

Subsequently, OPG concentration was measured by addition of streptavidin-HRP

conjugate and the HRP-substrate solution. As a standard, recombinant humanOPG

was added at various concentrations in order to quantify the OPG concentration

secreted by the cells.
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4.2.10 western blotting

For antigen detection, membranes were incubated with antibodies to actin (1 ∶ 1000;
Santa Cruz) and cleaved caspase 8 (1 ∶ 1000; Cell Signaling Technologies) overnight
at 4○C, followed by 2 h incubation at room temperature with appropriate secondary
antibodies (1 ∶ 10000; Invitrogen).

4.3 Results

4.3.1 rhtrail d269h/e195r shows a lowered binding to opg-fc compared

to rhtrail wt and 4c7

Analysis of the a�nity between rhTRAILWT or the death receptor-speci�c variants

andOPGwas performed using Surface Plasmon Resonance (SPR) and ELISA assays.

Recently, variations in receptor density and sensor chip type have allowed us to

manipulate the stoichiometry of the formed receptor/ligand complexes by using

SPR, and to determine the rate constants describing the binding of trimeric rhTRAIL

to one single receptor molecule [20]. We have performed kinetic characterization

of the interaction between rhTRAIL WT/death-receptor speci�c variants and OPG-

Fc using a single-cycle approach, to determine the rate constants describing the

binding of trimeric TRAIL to one OPG receptor molecule. Using this method,

the analyte was injected with increasing concentrations on a single cycle and the

surface was not regenerated between sequential injections. Single cycle kinetics

enabled us to reduce the time spent on each assay, while still allowing kinetic analysis

of the molecular interaction between TRAIL and OPG.�e capture method in

which the OPG-Fc molecules are bound by immobilized protein A allowed us to

calculate that at the low density of 80 RU solely a trimer-monomer complex was

formed (expected response was 80 × 58.5/71 = 65.9 RU; 58.5 kDa corresponds
to the molecular weight of TRAIL and 71 kDa is the predicted molecular mass

for one arm of the disul�de linked homodimeric OPG chimera).�e interaction

data obtained for rhTRAIL WT:OPG-Fc could be accurately �tted using a 1 ∶ 1
binding, resulting in a dissociation constant (KD) of 0.9 nM (Figure 4.1A), with

ka = 1.0× 106 M−1s−1 and kd = 1.02× 10−3 s−1. Interestingly, rhTRAIL 4C7 was able
to bind OPG-Fc with similar a�nity as observed for rhTRAIL WT, resulting in

a KD of 1.4 nM (Supplementary Figure 4.5). Analysis of rhTRAIL D269H/E195R

showed a considerable decline in binding to OPG-Fc when compared to rhTRAIL

WT (Figure 4.1A). Although no satisfactory �t could be obtained with the available

so�ware, clearly both the association and dissociation rate constants are a�ected.

In addition, pre-steady state analysis performed as described in [18, 21, 22] by

reading the response values a�er the end of the injection and plotting these as

a function of the rhTRAIL concentrations, indicate a nearly 70-fold decrease in

a�nity for rhTRAIL D269H/E195R:OPG-Fc when compared to rhTRAILWT:OPG

[18]. ELISA assays further con�rmed the decrease in a�nity between rhTRAIL

D269H/E195R and OPG-Fc with regard to the a�nity measured for rhTRAIL WT

and rhTRAIL 4C7 to OPG-Fc (Figure 4.1B, Supplementary Figure 4.5). Analysis of
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Figure 1: Receptor binding of rhTRAIL WT and rhTRAIL D269H/E195R as determined by SPR and 

ELISA. (A) SPR sensorgrams for trimer-monomer complex formation of rhTRAIL WT or rhTRAIL 

D269H/E195R (6.25 to 100nM; left to right) and OPG-Fc. Using single site kinetics, binding of rhTRAIL WT (A, 

left and right) and rhTRAIL D269H/E195R (A, right) to ~70 RU of OPG-Fc captured by protein A was assessed 

using a C1 sensor chip, and a flow rate of 30 µL/min in HBS-P. A flow channel containing only immobilized 

protein A subtracted to a run buffer injection cycle was used as control (A; green). The data were fitted using a 

titration kinetics 1:1 binding with drift in BIAevaluation 4.1. (B) Receptor binding of rhTRAIL WT and rhTRAIL 

D269H/E195R to OPG-Fc as determined by ELISA. Receptor binding was calculated relative to the response of 

rhTRAIL WT at 110 nM. (C) Competitive ELISA by TRAIL receptors of rhTRAIL WT and rhTRAIL 

D269H/E195R binding to immobilized DR5-Ig receptor using soluble OPG-Fc as a competitor. Ten nanograms 

per well of rhTRAIL WT or rhTRAIL D269H/E195R was pre-incubated with 0-250 ng per well of OPG-Fc for 1 

Figure 4.1: Receptor binding of rhTRAIL WT and rhTRAIL D269H/E195R as
determined by SPR and ELISA
A) SPR sensorgrams for trimer-monomer complex formation of rhTRAIL WT or rhTRAIL

D269H/E195R (6.25 to 100 nM; le� to right) and OPG-Fc. Using single site kinetics, binding

of rhTRAIL WT (A, le� and right) and rhTRAIL D269H/E195R (A, right) to ∼ 70 RU of

OPG-Fc captured by protein A was assessed using a C1 sensor chip, and a �ow rate of 30

µL/min in HBS-P. A �ow channel containing only immobilized protein A subtracted to
a run bu�er injection cycle was used as control (A; green). �e data were �tted using a

titration kinetics 1 ∶ 1 binding with dri� in BIAevaluation 4.1 B) Receptor binding of rhTRAIL

WT and rhTRAIL D269H/E195R to OPG-Fc as determined by ELISA. Receptor binding

was calculated relative to the response of rhTRAIL WT at 110 nM C) Competitive ELISA

by TRAIL receptors of rhTRAIL WT and rhTRAIL D269H/E195R binding to immobilized

DR5-Ig receptor using soluble OPG-Fc as a competitor. Ten nanograms per well of rhTRAIL

WT or rhTRAIL D269H/E195R was pre-incubated with 0− 250 ng per well of OPG-Fc for 1h.

Pre-incubated solutions were added to microtiter plates coated with DR5-Ig. Binding of the

variants at various concentrations of soluble receptor toward the immobilized DR5-Fc was

calculated relative to the value measured on the presence of 0 ng per well of soluble receptor.

�e data are the mean ± SD of three independent experiments
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Table 4.1: Apparent OPG-Fc binding a�nities of rhTRAIL WT, rhTRAIL 4C7
and rhTRAIL D269H/E195R as determined by ELISA
Apparent KD values were calculated using a four-parameter �tting tool

Protein Apparent KD (nM), OPG-Fc (ELISA)

rhTRAIL WT 0.75 ± 0.09
rhTRAIL 4C7 0.67 ± 0.08

rhTRAIL D269H/E195R 66.8 ± 6.02

the interaction between rhTRAIL WT and OPG-Fc is consistent with the values

previously obtained by SPR for rhTRAIL WT binding to OPG-Fc (KD = 0.75 nM)
(Table 4.1). Furthermore, the variant D269H/E195R showed a ∼ 89-fold decrease
in apparent a�nity (KD = 66.8 nM) to OPG-Fc when compared to rhTRAIL WT
as assessed by ELISA. We further evaluated the binding preference of the mutant

rhTRAIL D269H/E195R by performing a competitive ELISA assay using coated

DR5-Fc and competitive soluble OPG-Fc (Figure 4.1C). Soluble OPG-Fc was very

e�cient in reducing the binding of rhTRAILWT to immobilizedDR5-Fc, in contrast

to the results obtained for rhTRAIL D269H/E195R, which was much less sensitive

to competition by OPG-Fc. Notably, the mutant still showed approximately 70%

binding e�ciency to DR5-Fc even when competing with 2500 ng/ml of OPG-Fc

(Figure 4.1C). Taken together, these results indicate a decreased a�nity of rhTRAIL

D269H/E195R toward OPG when compared to the a�nity constants determined

for rhTRAILWT, and a lowered capacity of OPG-Fc to compete for DR5-Fc binding

by this mutant, when compared to both rhTRAIL WT and rhTRAIL 4C7.

4.3.2 activity of the rhtrail d269h/e195r variant is unaffected in the

presence of opg and efficiently induces cell death in multiple

myeloma cell lines

�e biological activity of rhTRAIL WT and the two variants rhTRAIL 4C7 and

D269H/E195R was measured in the multiple myeloma cell lines RPMI 8226 and

U266.�e DR5-speci�c variant was the most potent inducer of apoptosis in these

cell lines, when compared to rhTRAIL 4C7 and rhTRAILWT, as measured by MTS

and Annexin V staining (Figure 4.2A-4.2C). To assess the biological consequences

of the altered binding kinetics of DR4- and DR5- speci�c variants towards OPG,

we analyzed the survival of the multiple myeloma cell lines RPMI 8226 and U266

upon addition of rhTRAIL WT, rhTRAIL 4C7 and rhTRAIL D269H/E195R in the

presence of 100 ng/mL of rhOPG. Consistent with the decreased binding a�nity

of the rhTRAIL D269H/E195R variant to OPG, the addition of rhOPG did not

shield these two cell lines from apoptosis induced by this variant, whereas the

same cells became less sensitive to apoptosis when treated with rhTRAIL WT

(Figure 4.2A-4.2C). Upon addition of rhOPG, RPMI 8226 cells treatedwith rhTRAIL

4C7 became less sensitive to apoptosis mediated by this variant, suggesting that

OPG can also interfere with rhTRAIL 4C7 apoptosis induction. Interestingly, also



thesis August 26, 2015 23:00 Page 69 �
�	

�
�	 �
�	

�
�	

69

 

 16

 

Figure 2: Sensitivity of multiple myeloma cells lines to rhTRAIL D269H/E195R variant is unchanged upon 

addition of OPG. A) U266 cells and B) RPMI 8226 cells were treated with rhTRAIL WT, rhTRAIL 4C7 or the 

rhTRAIL D269H/E195R for 24 h in the presence or absence of 100 ng/mL OPG. Next day, cell viability 

(mitochondrial activity) was evaluated using an MTS assay. C) Apoptosis induced by rhTRAIL WT, rhTRAIL 

4C7 and rhTRAIL D269H/E195R in U266 cells was quantified by Annexin V staining. The data are the mean +/- 

SD of three independent experiments.  

 

 

Figure 4.2: Sensitivity of multiple myeloma cells lines to rhTRAIL
D269H/E195R variant is unchanged upon addition of OPG
A) U266 cells and B) RPMI 8226 cells were treated with rhTRAIL WT, rhTRAIL 4C7 or the

rhTRAIL D269H/E195R for 24 h in the presence or absence of 100 ng/mLOPG. Next day, cell

viability (mitochondrial activity) was evaluated using an MTS assay C) Apoptosis induced

by rhTRAIL WT, rhTRAIL 4C7 and rhTRAIL D269H/E195R in U266 cells was quanti�ed by

Annexin V staining.�e data are the mean ± SD of three independent experiments

statistically signi�cant di�erences in apoptosis were observed in U266 cells upon

addition of low concentrations of rhTRAIL 4C7 in the presence of rhOPG.�e less

pronounced decrease in activity is most likely due to the very low activity of TRAIL

4C7 at these concentrations consistent wit the low DR4 expression of this cell line

(Supplementary Figure 4.6). Furthermore, we con�rmed that rhTRAIL WT and

the variants activate the initiator caspase-8 (Suppl. Figure 4.7). Addition of OPG

partially rescued U266 cells from apoptosis induced by rhTRAILWT and rhTRAIL

4C7, consistent with a reduced activation of caspase-8 in cells treated with these

proteins. In contrast, no di�erences in caspase-8 activation could be observed upon

addition of OPG to rhTRAIL D269H/E195R treated cells, con�rming that OPG

does not reduce rhTRAIL D269H/E195R induced caspase-8 activation.
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4.3.3 death receptor expression influences the sensitivity to

trail-mediated apoptosis

We questioned whether the di�erence in sensitivity of these multiple myeloma cell

lines could be related to the varied expression of the death receptors on the surface of

the cells.�e activities shown for the DR4 speci�c rhTRAIL 4C7 and DR5-speci�c

rhTRAIL D269H/E195R variants correlate with the surface expression of death

receptors DR4 and DR5 on the surface of these myeloma cell lines. RMPI 8226 cells

were sensitive to both DR4- and DR5-mediated apoptosis and expressed both DR4

as well as DR5, whereas U266 cells (sensitive to the rhTRAIL D269H/E195R variant

and only mildly sensitive to rhTRAIL 4C7) expressed signi�cantly higher levels of

DR5 when compared to DR4 (Suppl. Figure 4.6, Suppl. Table 4.3).

4.3.4 opg secreted by osteoblast-like cells protects u266 cells from

apoptosis mediated by rhtrail wt, but not by rhtrail d269h/e195r

OPG is secreted by osteoblasts and bymarrow stromal cells. Medium conditioned by

the human osteosarcoma osteoblast cell lines MG63 or SaOS2 for 2 days, contained

respectively 260 ng/mL and 7 ng/mL of OPG as measured by enzyme-linked im-

munosorbent assay (ELISA) (Table 4.2). In contrast to these osteosarcoma cell lines,

the multiple myeloma cells RPMI 8226 and U266 did not secrete OPG (below detec-

tion level of 0.2 ng/mL). To investigate whether rhTRAIL D269H/E195R retained

its e�cacy in the presence of OPG secreted by these osteoblast-like cells, we set up a

co-culture system of the myeloma U266 cells and the osteoblast-like MG63 cells. To

verify that TRAIL-induced apoptosis does not occur in MG63 cells and therefore

interferes with apoptosis measurement in the multiple myeloma cell lines tested,

we have performed acridine orange staining using di�erent concentrations of both

rhTRAIL WT and variant (Figure 4.3). Our results indicate that MG63 cells are not

sensitive to either rhTRAILWT or rhTRAILD269H/E195R, even upon addition of a

very high concentration of rhTRAIL WT or rhTRAIL D269H/E195R (1000 ng/mL).

Upon addition of conditioned medium fromMG63 cells to the U266 myeloma cells,

U266 cells showed a clear reduction in cell death induced by rhTRAIL WT (Figure

4.4A). However, conditioned medium did not a�ect apoptosis levels induced by

rhTRAIL D269H/E195R. To test whether the e�ect of the conditioned medium

was mediated by OPG, 2 µg/mL of a monoclonal anti-human OPG antibody was
added to this culture. Addition of anti-OPG reversed the e�ects of the conditioned

medium observed in the U266 cells upon treatment with rhTRAIL WT, demon-

strating that OPG was responsible for this reduction in apoptosis (Figure 4.4A).

Furthermore, a similar reduction in apoptosis was observed when U266 cells were

cocultured with osteosarcoma MG63 cells. Equal apoptosis induction activities

were observed for rhTRAIL D269H/E195R when U266 cells were cocultured with

MG63 cells in the presence or absence of anti-OPG, whereas U266 cells became

resistant to rhTRAIL WT-mediated apoptosis due to OPG secreted from the MG63

cells (Figure 4.4B).
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Table 4.2: Levels of OPG secretion into themedium ofMG63, SaOS2, U266 and
RPMI 8226 cells

Cell line OPG secretion

MG63 260 ng/mL

SaOS2 7 ng/mL

U266 < 0.2 ng/mL (detection limit)
RPMI 8226 < 0.2 ng/mL (detection limit) 

 17

 
 

 

Figure 3: MG63 cells are resistant to rhTRAIL WT and rhTRAIL D269H/E195R. A) Quantification of 

apoptotic MG63 cells counted by acridine orange staining, upon treatment with 50 µM of bortezomib and 10, 100 

and 1000 ng/mL rhTRAIL WT or rhTRAIL D269H/E195R. B) Illustration of acridine orange stained cells in 

control MG63 cells, MG63 cells treated with 50 µM of bortezomib (positive control) and in MG63 cells treated 

with 1µg/mL rhTRAIL WT or rhTRAIL D269H/E195R.  

Figure 4.3: MG63 cells are resistant to rhTRAIL WT and rhTRAIL
D269H/E195R
A) Quanti�cation of apoptotic MG63 cells counted by acridine orange staining, upon treat-

ment with 50 µM of bortezomib and 10, 100 and 1000 ng/mL rhTRAIL WT or rhTRAIL
D269H/E195R B) Illustration of acridine orange stained cells in control MG63 cells, MG63

cells treated with 50 µM of bortezomib (positive control) and in MG63 cells treated with 1
µg/mL rhTRAIL WT or rhTRAIL D269H/E195R
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Figure 4: Cell death induced by rhTRAIL D269H/E195R is not inhibited by OPG secreted by stromal 

MG63 cells in contrast to rhTRAIL WT. A) Conditioned medium (2 days) was added to U266 cells and cells 

were incubated with rhTRAIL WT or rhTRAIL D269H/E195R for 24 hours. OPG present in the medium was 

neutralized by the addition of an OPG neutralizing antibody prior to treatment. B) U266 cells in coculture with 

MG63 cells were incubated with rhTRAIL WT (0 to 300 ng/ml) or rhTRAIL D269H/E195R (0 to 100 ng/ml), and 

after 24 hours apoptosis of suspension cells was measured by Annexin V staining. The data are the mean +/- SD 

of two independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.4: Cell death induced by rhTRAIL D269H/E195R is not inhibited by
OPG secreted by stromal MG63 cells in contrast to rhTRAILWT
A) Conditioned medium (2 days) was added to U266 cells and cells were incubated with

rhTRAIL WT or rhTRAIL D269H/E195R for 24 hours. OPG present in the medium was

neutralized by the addition of an OPG neutralizing antibody prior to treatment B) U266

cells in coculture with MG63 cells were incubated with rhTRAIL WT (0 to 300 ng/ml) or

rhTRAIL D269H/E195R (0 to 100 ng/ml), and a�er 24 hours apoptosis of suspension cells

was measured by Annexin V staining. �e data are the mean ± SD of two independent

experiments

4.4 Discussion

Multiple myeloma is a plasma B-cell disorder that still has an unfavorable prognosis

using conventional chemotherapies. Successful treatment of multiple myeloma

and other hematological malignancies does not only depend on the e�cacy of

the therapeutic agents but is further dictated by the bone microenvironment sur-

rounding the multiple myeloma cells. �is bone microenvironment consists of

several cells supporting the proliferation and survival of normal and malignant

hematopoietic (stem) cells [3, 4]. Furthermore, the presence of these supporting

cells and their secreted cytokines might protect against various chemotherapies

and contribute to chemoresistance [5, 6]. OPG is secreted by bone marrow cells

and prevents excessive bone resorption by osteoclasts. Maturation of osteoclasts

is inhibited by OPG via binding to RANKL, the ligand that activates osteoclasts

via the RANK receptor. However, OPG might also function as a paracrine survival

factor of myeloma cells by binding to TRAIL and thereby it could prevent induction

of apoptosis in these malignant cells. TRAIL is a promising therapeutic agent that

selectively induces apoptosis in tumor cells compared to normal cells. It is of poten-
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tial clinical relevance in multiple myeloma due to its ability to speci�cally target

the MM-cancer stem cells that are required for the development and relapse of

the disease [14]. To further improve the e�cacy of rhTRAIL WT, we were recently

successful in developing rhTRAIL variants which speci�cally target cancer cells via

either the DR5 or DR4 receptor and induce apoptosis in various tumor cells, with

improved e�ectiveness compared to rhTRAIL WT [18, 19]. We have characterized

the a�nity of our most potent death-receptor speci�c inducing variants to OPG. Re-

ceptor binding experiments using SPR and ELISA assays demonstrate that rhTRAIL

D269H/E195R displays a signi�cantly lowered binding a�nity to OPG-Fc when

compared to rhTRAIL WT and 4C7 (Figures 4.1A, 4.1B, Supplementary Figure 4.5,

Table 4.1). In addition, competitive ELISA assays reveal that soluble OPG-Fc is

largely ine�ective in competing for rhTRAIL D269H/E195R binding to DR5-Fc

when compared to rhTRAIL WT (Figure 4.1C). As di�erent binding a�nities of

TRAIL to its receptors can in�uence TRAIL activity, the results presented here

indicate that OPG binds with high a�nity to TRAIL and competes in vitro for death

receptor binding. �is is in accordance to previous results obtained by Vitovski

et al. [23], and in contrast with the results obtained by Truneh et al. [24], where

OPG was able to compete with TRAIL binding to immobilized DR5 only at 4○C
but not at 37○C. Although the apparent a�nities obtained here are in agreement or
similar to the apparent dissociation constants reported for rhTRAIL WT binding

to OPG by Gasparian et al. [25] and Emery et al. [26], when using SPR, they di�er

somewhat from those obtained by others [24]. �ese di�erences in a�nity may

be related to the fact that apparent KD values can be substantially higher when

equilibrium at low concentrations is not reached [20]. Additionally, di�erences

in the methodology used, including immobilization versus capturing techniques,

or/and the preparation of the recombinant molecules used in these studies (e.g.

introduction of tags that that can in�uence the oligomerization of ligands such as

TRAIL) could in�uence the �nal a�nity constants obtained. Importantly, tumor

cells and osteoclasts producing OPG can prevent TRAIL-induced apoptosis of tu-

mor cells [16, 17], indicating that OPG plays a regulatory role in TRAIL-induced

apoptosis.

�e residue Asp-269 plays an important role in conferring DR5 selectivity [18],

however it is not in direct contact with the DR5 receptor. Strikingly, this is not the

case for themodels of TRAIL in complex withDR4, DcR1 andDcR2, where Asp-269

of TRAIL directly interacts with Lys-120 of these receptors. In DR5, this residue

is replaced by an aspartate. A sequence alignment performed on all the receptors

of TRAIL reveals that OPG also contains a Lys at this position, consequently, it is

plausible that the interference mediated by this mutation on OPG binding partially

results from breaking this Asp-Lys interaction, as previously described for the

receptors DR4, DcR1 and DcR2, and ultimately lead to a decreased a�nity to

the receptor OPG. To fully resolve the underlying mechanism of OPG binding to

rhTRAIL WT and rhTRAIL D269H/E195R, the elucidation of the crystal structure

of the complex between OPG and TRAIL, or a model of rhTRAIL in complex

with OPG, making use of the recently identi�ed structure of OPG in complex with

RANKL [27, 28], might give us further insight into the binding characteristics
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of this complex. �is could potentially function as a lead to further improve or

design rhTRAIL variants that do not bind to OPG.�e a�nity results obtained

and the likely role of OPG mediated inhibition on TRAIL-mediated apoptosis [23]

allowed us to propose that the variant rhTRAIL D269H/E195R could eventually

bypass OPG mediated TRAIL-resistance in the bone marrow environment. To

demonstrate that the di�erences in a�nity are re�ected in vitro, we demonstrate that

rhTRAIL D269H/E195R retains its e�ectiveness in the presence of OPG, whereas

OPG protects multiple myeloma cells from induced apoptosis by rhTRAILWT and

rhTRAIL 4C7 (Figure 4.2). Analysis of the surface expression of death receptors

on these cells correlates with the speci�c activities observed in this cell lines by

DR-speci�c variants (Supplementary Figure 4.6). Interestingly, despite the high

expression of the decoy receptor 2 (DcR2), rhTRAIL D269H/E195R still induced

high levels of apoptosis in the RPMI 8226 cells.

Using a co-culture experiment of myelomaU266 cells and osteoblast-likeMG63

cells, we show that rhTRAIL D269H/E195R is insensitive to OPG secreted by MG63

cells, whereas the activity of rhTRAIL WT is impaired by the addition of OPG and

rescued by the subsequent addition of anti-OPG (Figure 4.4). Notably, the stromal

MG63 cells were insensitive to high concentrations of both rhTRAIL WT and

rhTRAIL D269H/E195R and therefore these cells did not a�ect the quanti�cation

of apoptosis in our assays (Figure 4.3).

To further evaluate the e�ect of rhTRAIL D269H/E195R decreased binding to

OPG and thereby increased e�cacy compared to rhTRAIL WT, in vivo validation

will be required. Recently, it has been suggested that OPG does not prevent rhTRAIL

WT induced cell death in a mouse model [29]. However, in that study, target cells

themselves do overexpress OPG and were injected intratibially, which di�ers from

the bone marrow microenvironment consisting of multiple myeloma cells and

stromal cells. Furthermore, for therapeutic applications, low levels of rhTRAIL

and the di�erential a�nities observed for all its receptors may allow locally high

concentrations of OPG [30] to take a more predominant role in preventing TRAIL-

induced apoptosis in the context of the bone marrow environment. As such, OPG

may play a more dominant role in protecting these cells from undergoing apoptosis

in vivo than previously anticipated.

In conclusion, we have shown that the rhTRAIL D269H/E195R variant has a

decreased binding a�nity to OPG and that this variant is superior to rhTRAIL WT

in targeting several multiple myeloma cells.�is superior e�ectiveness is mediated

by its primary e�ect on multiple myeloma cells, and remains highly e�ective due to

its decreased binding to bone marrow secreted OPG.�us, these results demon-

strate that rhTRAIL D269H/E195R can e�ectively target multiple myeloma cells

by bypassing a therapeutic interference mediated by their microenvironment, and

improve the available options for therapeutic intervention in multiple myeloma

tumors.
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SUPPLEMENTARY FIGURES & LEGENDS 

 

 
 

Supplementary Figure 1: SPR sensorgrams for trimer-monomer complex formation of rhTRAIL 4C7 (6.25 

to 100nM; left to right) and OPG-Fc. A) Binding of rhTRAIL 4C7 to ~70 RU of OPG-Fc captured by protein A 

was assessed using a CM1 sensor chip, and a flow rate of 30 µL/min in HBS-P. A flow channel containing only 

immobilized protein A subtracted to a run buffer injection cycle was used as control. The data were fitted using a 

titration kinetics 1:1 binding with drift in BIAevaluation 4.1. B) Receptor binding of rhTRAIL WT and rhTRAIL 

4C7 to OPG-Fc as determined by ELISA. Receptor binding was calculated relative to the response of rhTRAIL 

WT at 110 nM. 

 

 

 

 

 

 

Figure 4.5: SPR sensorgrams for trimer-monomer complex formation of
rhTRAIL 4C7 (6.25 to 100 nM; le� to right) and OPG-Fc
Top) Binding of rhTRAIL 4C7 to ∼ 70 RU of OPG-Fc captured by protein A was assessed

using a CM1 sensor chip, and a �ow rate of 30 µL/min in HBS-P. A �ow channel containing
only immobilized protein A subtracted to a run bu�er injection cycle was used as control.

�e data were �tted using a titration kinetics 1 ∶ 1 binding with dri� in BIAevaluation 4.1.

Bottom) Receptor binding of rhTRAIL WT and rhTRAIL 4C7 to OPG-Fc as determined by

ELISA. Receptor binding was calculated relative to the response of rhTRAIL WT at 110 nM
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Supplementary Figure 2: Cell surface expression of TRAIL receptors in U266 and RPMI 8226 cells. Cell 

surface expression of the two death receptors DR5 and DR4 and the two decoy receptors DcR1 and DcR2 was 

determined using flow cytometry, by making use of specific antibodies against all the surface bound receptors of 

TRAIL. Gray filled peaks: isotype control, black open peaks: TRAIL receptor stained sample.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Cell surface expression of TRAIL receptors in U266 and RPMI 8226
cells
Cell surface expression of the two death receptors DR5 and DR4 and the two decoy receptors

DcR1 and DcR2 was determined using �ow cytometry, by making use of speci�c antibodies

against all the surface bound receptors of TRAIL. Gray �lled peaks: isotype control, black

open peaks: TRAIL receptor stained sample

Table 4.3: Mean �uorescent intensities (MFI) of TRAIL receptor expression of
U266 and RPMI 8226 cells

U266 (MFI) RPMI 8226 (MFI)

IgG1 11.7 5.7

DR5 26.2 13.3

DR4 13.9 10.5

DcR1 14.6 6.3

DcR2 13.6 61.7
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Supplementary Figure 3: Cleaved caspases 8 western blot analysis of U266 cells treated with rhTRAIL WT 

or variants with or without OPG. Cleavage of caspases 8 was determined upon addition of 50 ng/mL rhTRAIL 

WT, rhTRAIL D269H/E195R and rhTRAIL 4C7 with or without 100 ng/mL OPG addition. 

 

 

Figure 4.7: Cleaved caspases 8 western blot analysis of U266 cells treated with
rhTRAILWT or variants with or without OPG
Cleavage of caspases 8 was determined upon addition of 50 ng/mL rhTRAIL WT, rhTRAIL

D269H/E195R and rhTRAIL 4C7 with or without 100 ng/mL OPG addition
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