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There is increasing evidence that some cancer therapies can promote tumor immunogenicity to boost the
endogenous antitumor immune response. In this study, we used the novel combination of agonistic anti-TRAIL-R1
antibody (mapatumumab, Mapa) with low dose bortezomib (LDB) for this purpose. The combination induced profound
myeloma cell apoptosis, greatly enhanced the uptake of myeloma cell apoptotic bodies by dendritic cell (DC) and
induced anti-myeloma cytotoxicity by both CD8C T cells and NK cells. Cytotoxic lymphocyte expansion was detected
within 24 h of commencing therapy and was maximized when myeloma-pulsed DC were co-treated with low dose
bortezomib and mapatumumab (LDBCMapa) in the presence of NK cells. This study shows that Mapa has two distinct
but connected modes of action against multiple myeloma (MM). First, when combined with LDB, Mapa produced
powerful myeloma cell apoptosis; secondly, it promoted DC priming and an NK cell-mediated expansion of anti-
myeloma cytotoxic lymphocyte (CTL). Overall, this study indicates that Mapa can be used to drive potent anti-MM
immune responses.

Introduction

MM is incurable by either conventional chemotherapy or
recently developed novel therapies including immunomodulatory
drugs and proteasome inhibitors.1,2,3 This underscores the need
for the further development of therapies that target all aspects of
myeloma control including cell survival, proliferation4 and anti-
myeloma immunity.5 MM is associated with defects in both cel-
lular and humoral immunity6-9 that must be overcome to opti-
mize immunotherapeutic approaches.10 Ideal anti-MM therapy
would be that which delivers maximal myeloma cell apoptosis
whilst simultaneously promoting anti-myeloma immune
responses by promoting immunogenic cell death.11 Recent stud-
ies in pre-clinical models,12-16 and promising results in clinical

trials17-20 suggest that antibodies directed against plasma cells
including those against SLAM-F7 (Elotuzumab, Bristol-Myers
Squibb) or CD38 (Daratumumab, Janssen Biotech) have the
potential to significantly improve immunotherapy against MM.
The effect of these antibodies at promoting secondary cytotoxic
cellular immune responses has not yet been full explored. Mono-
clonal antibodies directed against the tumor necrosis factor-
related apoptosis-inducing ligand receptor-1 (TRAIL-R1) may
also offer an opportunity to induce myeloma cell apoptosis, pro-
mote immunogenic cell death and generate cytotoxic cellular
immune responses.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL or Apo2L) induces apoptosis by activation of either
TRAIL-R1 (DR4) or TRAIL-R2 (DR5).21-24 Soluble TRAIL
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induces apoptotic cell death in a wide range of tumors, including
MM, but not in normal cells, however its therapeutic utility is
limited by its relatively short half-life. The agonistic humanized
IgG1 antibody to TRAIL-R1, Mapa, has been previously shown
to induce apoptosis in MM cells;25 however, the immune poten-
tiating effect of this antibody has not been previously explored.
The combination of TRAIL ligand and bortezomib (btz) has
been shown to induce apoptosis in MM cell lines and primary
human samples.26 Furthermore, Mapa and Velcade (btz) have
been used in a clinical trial with no additional effect of the anti-
body above that of Velcade.27 This combination however may
not be optimal at the current bortezomib doses used clinically.
btz has numerous immunosuppressive effects on the human
immune system,28-30 contributing to a demonstrable increase in
the incidence of Varicella infections in btz-treated MM
patients.31 Monoclonal antibody combination therapies using
standard dose btz, may therefore be limited in their ability to pro-
mote immune responses by the immunosuppressive effects of btz.

In this study, we addressed this problem by adjusting the dose
of btz to below that able to induce single agent myeloma cell apo-
ptosis and then explored whether myeloma cells pre-treated with
LDB potentiated Mapa-induced apoptosis. We also explored
whether antibody-mediated tumor cell death induction also pro-
moted antitumor immune responses and the mechanisms
required to do so. Our results indicate that in an NK cell-depen-
dent manner, the combination of LDBCMapa therapy induces
myeloma cell immunogenic death and promotes potent anti-
myeloma cytotoxic cell immunity.

Results

TRAIL receptor-1 expressing human multiple myeloma cell
lines are sensitive to Mapa plus low dose bortezomib

Six MM cell lines, when tested for sensitivity to titrated doses
of btz (Fig. S1), revealed two features. First, MM cell lines were
sensitive to btz from a 5 nM dose and above. Secondly, the sub-
optimal apoptosis-inducing dose was established for each cell line
and was 1 nM btz for RPMI8226, U266 and NCIH929;
2.5 nM btz for OPM-2, JJN-03 and 5 nM for LP-1. This btz
dose was used in subsequent studies to stress the MM cell with-
out inducing apoptosis, and was termed “LDB”. MM cell line
expression of TRAIL-R1 was shown to be variable; thus, LP-1,
RPMI8226, NCI-H929, U266 and OPM-2 all express TRAIL-
R1 (Fig. S2A) constitutively. In contrast, JJN-03 was consis-
tently negative for TRAIL-R1. Subsequently, all cell lines were
treated with titrated doses of Mapa, and apoptosis assessed at
48 h. The TRAIL-R1 expressing cell lines (OPM-2, U266 and
LP-1) showed 60%, 30% and 25% apoptosis in response to
10 mg/mL Mapa respectively (Fig. S2B). RPMI8226 is exqui-
sitely sensitive to Mapa and undergoes apoptosis (90–100)% in
response to 0.14 mg/mL Mapa (Fig. S2C). Two cell lines (NCI-
H929 and JJN-03) were resistant to Mapa therapy in the dose
range 0–10 mg/mL (Fig. S2B). Whilst TRAIL-R1 expression
was required for the Mapa response, TRAIL-R1 expression level
did not correlate with the extent of Mapa-induced apoptosis

(Fig. S2D), consistent with that observed previously by Menoret
et al. 25 Thus, whilst OPM-2 was sensitive to Mapa therapy,
OPM-2 constitutively expressed relatively lower levels of TRAIL-
R1 than LP-1, a low responder to Mapa-induced apoptosis.

Subsequently, all six MM cell lines were treated with LDB
(established above for each cell line) and titrated doses of Mapa
to establish whether combination therapy was more effective
than Mapa alone. RPMI8226, OPM-2 and U266 were all signifi-
cantly more sensitive to combination therapy rather than Mapa
alone (Fig. 1); however, the Mapa-resistant cell lines (NCI-
H929 and JJN-03) were also resistant to LDBCMapa therapy.
Interestingly, LP-1 was only partially sensitive to combination
therapy (30% apoptosis); there was no statistical significance in
the extent of LP-1 apoptosis induction by Mapa alone and
LBMCM combination therapy.

We next asked whether sequential treatment (LDB followed
by Mapa) would render the myeloma cells more sensitive to
LDBCMapa-induced apoptosis. Pre-treatment of human mye-
loma cell lines (HMCL) with LDB induced increased TRAIL-R1
expression (compared to untreated cells) in LP-1 and OPM-2
cells (Fig. 1B). To explore whether this LDB pre-treatment
could significantly improve LDBCMapa-induced myeloma cell
apoptosis, three HMCL’s (LP-1, NCI-H929 and JJN-03) were
tested as they previously showed no increase in apoptosis in
response to the LDBCMapa combination (compared to Mapa
alone). Following pre-treatment with LDB, LP-1 cells were sig-
nificantly more sensitive to LDBCMapa combination therapy
than when treated with combination therapy alone (Fig. 1C). In
contrast, JJN-03 and NCI-H929 cells were resistant to the two
phase ‘LDB’ followed by combination therapy (data not shown).

Taken together, this data showed the combination
LDBCMapa treatment effectively induced myeloma cell apopto-
sis in vitro and that sequential treatment of myeloma cell lines
with LDB followed by Mapa also shows promising antitumor
activity.

Human dendritic cells treated with low dose bortezomib
function normally

Human DC viability and function is compromised in vitro by
btz,28,29 this occurs from a 10 nM dose upwards (data not
shown). Furthermore, a prior study using a xenotransplant model
of MM32 showed proteasome inhibition occurs in the peripheral
tissues and lymphoid organs within 1 h of dosing. Lastly, the btz
dose used in clinical practice (1.3 mg/m2/dose i.v.) results in pro-
teasome inhibitor activity in the peripheral blood (PB), based on
animal studies and antitumor activity, and this is likely the case
in peripheral tissues too. We examined whether using lower dose
btz combined with Mapa would retain anti-myeloma immune
activity, including DC function. To do this, we performed a
series of studies examining DC function in increasingly stringent
drug conditions. Initially, inhibition of proteasome chymotryp-
sin (Ch)-like activity was assessed on LDB, Mapa or
LDBCMapa-treated monocyte-derived dendritic cells (MoDCs)
(Fig. S3). This experiment showed that LDB and LDBCMapa
inhibited proteasome Ch-like activity by 10%, whereas Mapa
alone had no effect.
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We then performed complemen-
tary studies to examine MoDC
phagocytosis of apoptotic myeloma
cells. First, live video microscopy
was used to examine the kinetics
and morphology of apoptotic mye-
loma (apo-MM) phagocytosis by
DCs (Fig. 2A). This study showed
that Apo-MM were phagocytosed
by DCs as one large body within
20 min of co-culture, and that by
40 min the Apo-MM phagosome
had matured (drop in pH reflected
by pHrodobright fluorescence). The
pHrodobright Apo-MM remained in
a mature phagosome for a further
1.5 h. Second, FACS was used to
examine whether there was a quanti-
tative difference inDC phagocytosis
of Apo-MM depending on the drug
used to induce MM cell apoptosis
(Fig. 2B). Thus, DCs phagocytosed
untreated RPMI8226 cells (15.69
§ 2.5)%; in contrast, a significant
increase in MM phagocytosis was
observed when the RPMI8226 cells
were pre-treated with 1 nM Btz
alone, Mapa alone or LDBCMapa
(Fig. 2B). Interestingly, pre-treat-
ment with Mapa alone or
LDBCMapa induced a significantly
higher level of DC phagocytosis
compared to LDB pre-treatment
alone, indicating that Mapa-medi-
ated the dominant role in the
increased DC phagocytosis
observed with LDBCMapa treated
MM cells. Equivalent results were
observed using treated U266 cells in
the DC phagocytosis assay (Fig.
S4). Next, the effect of combination
drug treatment on lipopolysaccha-
ride (LPS)-induced DC maturation
was examined. Thus, whenMoDCs
were stimulated with LPS, there
was no significant difference in
DC maturation (CD80, CD86,
CD83, HLA-ABC and HLADR
expression levels) between
untreated DCs or DCs treated
with LDB, Mapa or LDBCMapa
(Fig. 2C). There was also no sig-
nificant difference in the level of
IL-12p70 or IL-4 induced by
LPS in the presence or absence
of drug co-treatment (Fig. 2D).

Figure 1. Combination low dose bortezomib plus mapatumumab induce human myeloma cell apoptosis.
(A) Six human myeloma cell lines were cultured for 48 h in triplicate wells in the previously determined sub-
optimal btz dose, or increasing doses of Mapa (0.01–50 mg/mL) alone, or the combination of LDBCM. HMCL
apoptosis was measured by annexin V binding and is presented as the mean § SE of three separate experi-
ments, * designates a statistical significant difference (where p D <0.05) in HMCL apoptosis between Mapa
alone and the combination of Mapa and low dose bortezomib. (B) HMCL were either untreated, or treated
for 24 h with LDB. TRAIL-R1 expression was determined by FACS staining. Data is shown as histogram over-
lays for each HMCL, and is representative of triplicate wells from three separate experiments showing consti-
tutive TRAIL-R1 (thick black line), TRAIL-R1 after 24 h LDB treatment (dotted line), isotype control (shaded
light gray) or secondary only control (dashed line). In brackets are MFI values for HMCL TRAIL-R1 expression
after 24 h LDB treatment (Pre-btz) or untreated (U/T). In C, LP-1 cells were either untreated (black) or pre-
treated with 5 nM Btz (white) for 24 h prior to the addition of Mapa (0.01–50 mg/mL) for 48 h. LP-1 apopto-
sis was measured by annexin V binding and is presented as the mean § SE of three separate experiments, *
designates a statistical significant difference (student t-test where p D <0.05) in LP-1 apoptosis between
untreated versus LDB pre-treated cells.
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Figure 2. For figure legend, see next page.
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Despite the immunosuppressive nature of apoptotic
myeloma cells, myeloma-pulsed dendritic cells induce an
anti-myeloma immune response

Whilst LDB treatment did not inhibit LPS-induced MoDC
maturation, phagocytosis of apoptosis MM cells was associated
with impairment of DC maturation. Prior co-culture of DCs
with LDBCMapa-treated U266 or RPMI8226 cells significantly
inhibited LPS-induced DC maturation (Fig. S5), as assessed by
CD80, CD83 and CD86 expression. LPS-induced MoDC
CD80 and CD86 expression was more significantly inhibited by
Apo-RPMI8226 (p < 0.01) than by Apo-U266 (p < 0.05).

Using this information, a modified in vitro expansion culture
of anti-MM lymphocytes was devised using either no myeloma
cells, untreated U266, or LDBCMapa treated U266 as an anti-
gen source. Furthermore, U266-pulsed DCs were then either
treated with LDBCMapa or LPS. Autologous peripheral blood
mononuclear cells (PBMCs) were added to the MM-pulsed
MoDCs for 7 d, and anti-myeloma cytotoxic lymphocyte
(AMCL) expansion performed (as per methods) for a further 14

d. The MM killing assay showed untreated or LDBCMapa-
treated U266 suppressed the ability of DCs to induce expansion
of an anti-MM cytotoxic response (Fig. 3). In contrast, a signifi-
cant expansion of MM-specific CTLs occurred when Apo-U266-
pulsed DCs were also treated with LDBCMapa during the prim-
ing phase of the culture (Fig. 3). The level of CTL expansion
was similar to that observed when Apo-U266-pulsed DCs were
activated with LPS (Fig. 3). This cytotoxic response was specific
to the HMCL, since autologous PBMCs were not lysed by effec-
tor cells (Fig. 3). In addition, the AMCL expansion required
DCs pulsed with myeloma antigen, as the ‘no antigen’ DC con-
trol did not induce AMCL effectors (Fig. 3).

LDBCMapa combination therapy does not exert the
immune-modulating effect via a direct effect on dendritic cells
or by differential induction of TRAIL-R1 on immune subsets

To explore the mechanism/s whereby LDBCMapa expanded
AMCLs, we first examined the direct effect of LDBCMapa on
MoDC function. We know that MoDC effectively phagocytose

Figure 2 (See previous page). Combination LDBCM treatment of human myeloma cells induced increased MoDC cell phagocytosis, but does not affect
MoDC response to the TLR ligand LPS. HMCL (U266 and RPMI8226) were labeled with the pH sensitive dye pHrodo, pre-treated with LD btz and Mapa
for 48 h, then co-cultured with MoDCs (as per Methods). The kinetics of MoDC phagocytosis of apoptotic HMCLs was monitored by live video microscopy
(A), then quantitated by flow cytometry (B). The effect of LDBCM combination or single drug treatment on MoDC responses to LPS were assessed in C
and D. In C, changes in MoDC expression of CD80, CD86, CD83, HLA-ABC and HLADR and CD83 were investigated. Data shown is representative histo-
gram overlays, and collated mean fluorescence intensity (MFI) data from triplicate wells of a single experiment. In D, MoDC secretion of IL-12p70 and IL-
4 is shown. Data presented is either representative data from three separate experiments (A) and (C). Quantitative data in B and D is the mean § SE for
three separate experiments, p values (student t-test) are provided in B for test conditions that are significantly different to the control, and in D **** rep-
resents p < 0.0001.

Figure 3. Combination LDBCM induced increased effector cell killing of human myeloma cells. HLA-A2*01 MoDCs were pulsed with apoptotic U266 cells
(induced by LDBCM treatment) in the presence or absence of LDBCM. MM pulsed-DCs were then cultured with autologous PBMCs and the responder T
cells expanded for 21 d in vitro (see Methods for details). The expansion of MM-specific effector cells was then assessed by CTL assay using Cr-labeled
U266 cells as targets. Data presented is the percentage lysis (mean§ SE) of targets for three separate experiments on four HLA-A2*01 donors. Data series
include four separate test conditions in the in vitro culture. These include DC pulsed with untreated or treated U266, DC pulsed with treated U266 in the
presence of btzCMapa, DC pulsed with treated U266 and then matured with LPS. Additional controls included ‘unloaded DC’ used at the priming phase
in the culture (but U266 as targets in the killing assay), or control targets (autologous PBMC control) to show specificity of the AMCL response. A statisti-
cal (student t-test) difference in U266 lysis between the test and control combinations was shown, where * p< 0.05, and ** p < 0.01.

www.tandfonline.com e1038011-5OncoImmunology



Figure 4. For figure legend, see next page.
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LDBCMapa treated MM cells; how-
ever, does this facilitate MoDC matura-
tion/licensing in the absence of a toll-
like receptor (TLR)-mediated signal?
To address this question, we assessed
whether MoDC maturation was
affected by co-treatment with LDB-
Mapa in the presence or absence of
U266 MM cells (as depicted in
Fig. 4A). We examined MoDC CD80,
CD83, CD40 and HLADR expression
levels at 4 and 48 h after initiation of
LDBCMapa treatment. In the absence
of LPS, we showed no change in
MoDC maturation kinetics in the con-
text of LDBCMapa alone (Fig. 4B),
whether the MoDCs were also pulsed
with U266 or not. In the presence of
LPS, MoDCs up-regulated CD80,
CD40, CD83 and HLADR by 48 h,
this response (CD80, CD83 and
CD40) was significantly decreased
when the MoDCs were first pulsed with
LDBCMapa-treated U266 (Fig. 4B).
In addition, we explored whether the
LDBCMapa co-treatment could
directly alter MoDC-secreted cytokine
levels. To address this, drug treated
MoDC culture supernatant was col-
lected at early and late timepoints (0,
4,8 and 24 h) and a cytokine bead array
performed for GM-CSF, IL-4, IL-6, IL-12p70, IL-1b, IL-6, IL-
10 and sCD40L levels (Fig. 4C). We showed the LPS control
MoDCs secreted increased levels of all cytokines except IL-4. In
the absence of LPS, apo-U266 pulsed MoDCs secreted higher
levels of IL-4 than non-pulsed MoDCs. This was true whether
the MoDCs were also treated with LDB, Mapa or LDBCMapa
(Fig. 4C). There was no data to indicate that LDBCMapa treat-
ment of MoDCs induced increased IL-12p70 or Il-1b secretion.

An alternate potential mechanism for the LDBCMapa-treat-
ment effect on CTL expansion was a differential effect on the
effector:suppressor ratio of T cells and their expression of
TRAIL-R1, the target for Mapa. To address the latter, human
PBMCs were directly treated with LDBCMapa and TRAIL-R1
assessed at 4 and 48 hours (depicted in Fig. S6A). TRAIL-R1
expression on regulatory CD4C T cells (Treg), CD4C or CD8C

T cells was not affected by LDBCMapa treatment during this

48 h time course (Fig. S6B). In addition, lymphocyte subset fre-
quencies and their TRAIL-R1 expression were also assessed dur-
ing the anti-myeloma expansion culture, using the expansion
culture conditions described in Fig. S7. Data showed the per-
centage of different lymphocyte subsets changed during the
expansion culture, although this was not specific to the
LDBCMapa treatment group. For example, NK cell percent-
age increased at one week after 1st restimulation; however,
this was the case for all treatment groups. The percentage of
TRAIL-R1C Tregs increased in all culture conditions across
the timecourse; in contrast, NK and B cells had a specific
TRAIL-R1 increase in the Apo-U266 MoDCCLPS control.
Taken together, in the LDBCMapa versus other treatment
groups, there was no data to indicate a relative increase in
Teff or NK cell:Treg ratio, or a specific increased expression
of TRAIL-R1 on these subsets.

Figure 4 (See previous page). Combination LDBCMapa treatment does not directly alter MoDC maturation or cytokine secretion. MoDCs were cultured
with U266 myeloma cells and the effect of subsequent LDBCMapa treatment on MoDC maturation compared to MoDCs activated with LPS. MoDCs
were harvested at 4 and 24 h post drug or LPS treatment (as depicted in A) and assessed for the changes in the MoDC maturation markers CD80, CD40,
CD83 and HLADR (B). Data show is protein expression assessed by FACS in mean fluorescence intensity (MFI). This is pooled data of therapy responses
from three separate normal donor MoDC cultures. A statistically significant difference between test and control groups is represented by * (p < 0.05),
**(p < 0.01), ***(p < 0.001). In addition, in C culture supernatant was collected from the co-cultures at 4, 8 and 24 h and cytokine levels (IL-12p70, IL-8,
IL-4, GM-CSF, IL-1b, IL-6, IL-10 and sCD40 ligand) assessed by Luminex assay. In these co-culture conditions, ‘tr’ refers to cells treated with LDBCMapa.
Data is from triplicate wells of a single experiment, representative of two experiments.

Figure 5. NK cells are required at the priming phase for efficient effector cell killing of human mye-
loma cells. A myeloma-specific effector cell culture was established as for Fig. 3. Thus, MM-pulsed
MoDCs were co-cultured with autologous PBMCs for 7 d. In addition, monocytes or NK cells were
depleted from the priming phase of the effector cell culture. MM-specific effector cells were expanded
with re-stimulation and expansion steps up to day 21. Harvested effector cells were used in a killing
assay with Cr-labeled U266 as targets (E:T D 25:1). Results presented are percentage lysis (mean § SE),
pooled data from three separate experiments. Where a statistical difference (student t-test) in U266
killing was observed ** pD <0.005, ***pD <0.0005, ****p D <0.0001.
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Figure 6. Myeloma induced activation of NK cells is increased by Mapatumumab pre-treatment. U266 myeloma cells were either untreated, or treated
with LDB, Mapa or LDBCMapa for 48 h (as per methods) and the effect of drug treatment on myeloma cell immunogenicity assessed by FACS for expres-
sion of CD80, CD86, CD83, HLA-ABC, HLA-DR (A). The effect of drug treatment on myeloma cell NK cell activating ligand expression was also investigated
(B). NK activating ligands included the NKG2D ligands MIC-A, MIC-B, ULBP-1, ULBP-2,5,6 and the DNAM-1 ligands CD155 and CD112. Data is presented as
representative histogram overlays for the isotype control (filled light gray), untreated (filled dark gray), Mapa (black dotted line), LDB (black line), or
LDBCMapa (black dashed line) treated U266 cells. In addition, in B a statistical comparison was made between treatment groups for NK cell activating
ligand expression. In C at 48 h, the treated U266 cells were also co-cultured with HLA-A2+ PBLs. Cells were harvested at 4 (A) or 24 (B) h and the effect of
drug treated myeloma cells on NK cell and T cell subset activation assessed by CD69 and CD25 expression. Data is presented for triplicate wells in a single
experiment, representative of two separate experiments.
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Figure 7. For figure legend, see next page.
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NK cells play a key role in expansion of anti-myeloma
cytotoxic lymphocytes

Having excluded an immediate direct effect of LDBCMapa
treatment on DCs, we next explored whether the LDBCMapa-
induced AMCL expansion occurred via an indirect effect at the
priming phase of the culture (Fig. 5). We postulated that FcgR
expressing NK cells or monocytes could be activated via Mapa
and change the subsequent expansion of AMCL by an indirect
mechanism. Thus, when NK cells (and not monocytes) were
depleted at the start of the culture from the autologous PBMCs,
anti-myeloma cytotoxic function was significantly decreased
(Fig. 5). Using the 51Cr-release assay to test anti-myeloma killing
capacity of the ensuing expanded cells, we showed that both
T cells (U266 killing in the presence of cold K562 targets) and
NK cells participated in the myeloma target killing (Fig. 5).

Mapatumumab plays a key role in NK cell direct activation
by LDBCMapa-treated myeloma cells

To explore how NK cells may be affected during the AMCL
expansion culture-priming phase, we examined potential direct
molecular interactions between the drug-treated U266 and
immune system cells, with a focus on NK cells and their activa-
tion. To do this, we first examined whether drug treatment of
U266 cells affects their immunogenicity or expression of NK-
activating ligands. We showed that U266 cell immunogenicity
(CD80, CD83, CD86, HLA-ABC and HLA-DR levels) was not
affected by single LDB, Mapa or LDBCMapa treatment
(Fig. 6A). Furthermore, we observed that U266 cells constitu-
tively expressed the NKG2D ligand MIC-A and low levels of the
DNAM-1 ligand CD112; expression of these NK cell-activating
ligands was not altered by single LDB, Mapa or combination
LDBCMapa treatment (Fig. 6B). When the drug-treated U266
cells were then co-cultured with PBLs, NK cells were activated at
both the 4 and 24 h time points (Fig. 6C). Higher levels of NK
activation were observed in wells where PBLs were co-cultured
with Mapa- or LDBCMapa-treated U266 cells, suggesting that
Mapa plays the key role in mediating the LDBCMapa mediated
NK cell activation (Fig. 6C). We also observed a lower but sig-
nificant increase in NK cell activation in the context of untreated
U266 cells (vs. PBL alone control), this is likely due to recogni-
tion of U266 NK activating ligands by the responding NK cell
(ie.NKG2D/MIC-A and DNAM-1/CD112) (Fig. 6C).

Myeloma-pulsed DCs induce NK and CD8C T cell
activation and proliferation

In the final phase of this study, we explored whether the
MoDCs (pulsed with drug-treated U266) induced activation of
NK and T cell subsets within 24 h of co-culture. To do this,

U266 cells were pre-treated with LDBCMapa for 48 h, MoDCs
were pulsed with the drug-treated U266 and then co-cultured
with autologous PBLs. Co-cultured cells were assessed for
changes in the activation markers CD25 and CD69 at 4 and
24 h. At 24 h, MoDCs induced an increased percentage of acti-
vated (CD69CCD25– and CD69CCD25C) NK, CD4C and
CD8C T cells when the MoDCs were pulsed with untreated
U266 (CLPS) or pulsed with LDBCMapa treated U266
(Fig. 7A, B). Analysis of NK subset responses (Fig. 7B) showed
an increased percentage of CD25–CD69C cells within both the
CD16CCD56C and CD56hiCD16¡ NK cells when the MoDCs
were pulsed with U266 cells (in the presence or absence of
LDBCMapa). In the same culture conditions, both CD4C and
CD8C T cells showed an increased percentage of CD25CCD69¡

cells.
Having revealed that U266 pulsed MoDCs activated NK and

T cell subsets within the first 24 h of the co-culture with autolo-
gous PBLs, we next explored whether these activated cells prolif-
erated over 7 d of culture. To do this, we labeled the autologous
PBLs with Cell Trace Violet (CTV) and examined NK and T
subset proliferation by CTV dilution assay plus their activation
status. This study revealed that all NK cell subsets and CD8C T
cells, (but not CD4C T cells) undergo increased proliferation
when co-cultured with MoDCs pulsed with U266, either after
LDBCMapa pre-treatment or with LPS activation (Fig. 8A). In
the same co-cultures, all NK cell subsets and CD8C T cells had
an increased percentage of CD25Ccells, this correlated with
increased proliferation in the context of U266-pulsed MoDCs
(Fig. 8A). Interestingly, CD4C T cells displayed a marked
increase in the percentage of CD25Ccells when PBLs were cul-
tured alone, this decreased when the PBLs were co-cultured with
U266 pulsed MoDCs. In addition, day 7 expanded cells from
the co-culture were also re-stimulated with U266 cells to assess
effector function status at this time point (Fig. 8A). To assess the
functional status of these activated proliferating NK and T cells,
we co-cultured the cells with either LDBCMapa-treated or
untreated U266 cells for a 4 h period and assessed whether they
degranulated (CD107a), and/or secreted cytokines. The
LDBCMapa treated or untreated myeloma cells induced NK cell
subset and CD8C T cell degranulation (CD107aC), a subset of
these cells also produced IFNg and TNF-a (Fig. 8B). This
shows the U266-pulsed MoDCs induce effector NK and CD8C

T cells; in these culture conditions, there was no apparent differ-
ence in responses by these cells when re-stimulated in the context
of untreated or LDBCMapa-treated U266.

In summary, LDBCMapa treatment of myeloma-pulsed DCs
induces a powerful CTL response, this does not occur via a direct
effect on DCs, effector T cells or Tregs. Rather Mapa has two

Figure 7 (See previous page). Myeloma-pulsed DCs induce increased activation of autologous NK, CD4C and CD8C T cells. Monocyte-derived DCs were
pulsed with untreated or drug (Mapa, LDB or LDBCMapa) treated U266 cells (as per methods) for 2 h, then co-cultured with autologous normal donor
(n D 2) PBLs for a further 24 h. Cells were collected at 4 and 24 h, and activation of NK cells and T cell subsets assessed by CD69 and CD25 expression.
Data presented in A are representative dot plots of NK and T cell activation in cultures from a single normal donor. Shown are PBL alone, PBLCDC,
PBLCU266 pulsed MoDC (where U266 were pre-treated with LDBCMapa), and PBLCU266 pulsed MoDC in the context of 1 mg/mL LPS. Collated data in
B is from duplicate co-culture wells (single normal donor representative of two normal donor experiments) and shows the percentage of CD25¡CD69C,
CD25CCD69C and CD25CCD69¡ cells in NK cell subsets, CD4C and CD8C T cells.
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Figure 8. For figure legend, see next page.
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distinct modes of action which co-opt the immune system indi-
rectly. First, Mapa induces NK cell activation within 24 h of
contact with LDBCMapa treated myeloma cells. Second, Mapa
promotes DC phagocytosis of LDBCMapa treated myeloma
cells. We also know there is an ensuing antigen-specific response
by both NK and CD8C T cells within 24 h and proliferation by
7 d to produce fully functional effector cells.

Discussion

Until recently, it has proven difficult to develop effective
immunotherapies against MM. This is in part due to the absence
of effective myeloma targeting antibodies. Recently, two mono-
clonal antibodies, Elotuzumab (anti-SLAMF7) and Daratumu-
mab (anti-CD38), have shown pre-clinical and early clinical trial
success. Whilst both clearly rely on NK cell function to induce
maximal plasma cell apoptosis, little is known about their down-
stream ability to induce immunogenic cell death and prime cyto-
toxic cellular immunity. We show that the agonistic TRAIL-R1
antibody Mapa may also act as a myeloma-targeting antibody.
We revealed that Mapa has at least two distinct modes of anti-
myeloma activity. First, Mapa induces myeloma cell apoptosis
directly, which is increased via pre- or concurrent treatment with
LDB. These results compare favorably to studies where Mapa
was used in vitro to induce HMCL and primary myeloma cell
death.25,33

Secondly, we show that Mapa induced plasma cell killing eli-
cited a powerful anti-myeloma cytotoxic response. Critically, this
anti-myeloma CTL expansion occurred optimally when both
Mapa and NK cells were present during the priming phase.
Indeed, compared to LDB treatment, Mapa-treated myeloma
cells significantly increased NK cell activation and led to the max-
imal uptake of apoptotic cells by DCs, which in turn resulted in
reproducible expansion and activation of cytotoxic CD4C and
CD8C T cells.

Prior studies have shown that apoptotic myeloma cells inhibit
LPS-induced DC maturation due to a combination of IL-10,
TGF-b and VEGF inducing activated phospho-STAT-3.34,35

Our study confirms this observation. However, despite this,
when autologous PBMCs were primed in a co-culture system
containing LDBCMapa, myeloma targets, PBMC and DCs, an
expanded population of myeloma-specific cytotoxic cells was
consistently generated. The importance of NK cells during the
co-culture priming phase suggests cross-talk between NK cells
and the Apo-MM pulsed DCs. It is known that NK-DC cross
talk involves a number of mechanisms including soluble factors

IL-12, IL-18, IL-15 and type I interferon and contact-dependent
signals (NKG2DL-NKG2D, GITRL-GITR, LFA1-ICAM1),36

which can have a dramatic effect on the functional capacity of
the DC and ensuing T and NK cell responses. We did not see
any effect of LDBCMapa treatment on cytokine secretion by
MoDCs in the context of treated myeloma cells. However, this
does not exclude the possibility that the cross-talk occurs between
NK cells and DCs at a later time point in our culture system. It is
likely the NK cells are initially activated via interactions between
activating receptors and activating ligands expressed on myeloma
cells. In addition, Mapa-bound to either apoptotic or viable mye-
loma cells will be bound by NK cell FcgRIII. The net effect of
these interactions is increased NK cell activation, degranulation
and production of cytokines,37 including IFNg, which has a DC
licensing effect.38 This DC licensing is likely to have occurred
following cross-talk with activated NK cells present within the
culture.39,40 Whilst FcgR-mediated phagocytosis of antigen is
known to be an efficient pathway by which to load DCs with
antigen41,42 induction of an antigen-specific T cell response
requires a further licensing signal for the DCs. In our study, this
is efficiently achieved by Mapa-activated NK cells providing a
DC licensing signal.

Taken together, our study showed Mapa is a novel anti-mye-
loma antibody that has multiple effector arms. The rational com-
bination with LDB enhanced optimal myeloma cell apoptosis
leading to effective immunogenic cell death mediated by pre-
served DC function and NK cell mediated licensing. Our study
provides a strong rationale for the application of LDBCMapa in
clinical trials of MM immunotherapy.

Methods and Materials

Cell lines and materials
Human myeloma cell lines RPMI8226, U266 and NCI-

H929 cell lines were obtained from American Type Cell Collec-
tion (ATCC); LP-1, OPM-2, and JJN-03 cell lines were from
DSMZ (Braunschweig, Germany). Cell lines were cultured in
RPMI1640 supplemented with 10% heat-inactivated fetal bovine
serum and 2 mM L-glutamine. btz was from Millenium Pharma-
ceuticals, MA; Mapa from Human Genome Sciences Inc., NJ;
Annexin V-FITC, 7-AAD, anti-mouse Ig-PE, the monoclonal
antibodies CD11c-PECy7, CD83-APC and HLADR-FITC
were from BD Biosciences, CA and the IL-12p70 EIA kit from
BD PharMingen, CA. pHrodoTM (Invitrogen, Carlsbad, CA);
lipopolysaccharide (from E.coli, SIGMA ALDRICH, St Louis,
Mo).

Figure 8 (See previous page). Myeloma-pulsed DCs induce increased proliferation of NK cells, CD4C and CD8C T cells. Monocyte-derived DCs were
pulsed with untreated or drug (Mapa, LDB or LDBCMapa) treated U266 cells (as per methods) for 2 h, then co-cultured with autologous normal donor
(n D 2) PBLs (pre-labeled with Cell trace Violet, CTV) for 7 d. Cells were harvested, labeled with conjugated antibodies and analyzed on the FACS. In A,
the proliferation and activation status of NK and T cell subsets was shown by gating first on lineage markers (NK subsets: CD56hiCD16¡, CD16-CD56lo,
CD56loCD16C, and T cells CD3CCD4Cand CD3CCD8C) followed by CTV dilution (left panels) or CD69,CD25 expression (right panels). Cell proliferation
data is shown as individual histogram overlays with the PBL alone control (filled light gray) with the test groups (thick black line) either PBLCU266-pulsed
MoDC or PBLCU266 pulsed MoDC (where U266 were pre-treated with LDBCMapa). In B day 7 cells were recovered from the co-culture and stimulated
by co-culture for 4 h, cells were stained for activation markers (CD25,CD69), degranulation (CD107a), and cytokines (IFNg and TNF-a). Data is presented
as dot plots showing CD107a expression and TNF-a (left panel) or IFNg (right panel) production by NK or T cell subsets.
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Myeloma therapy experiments
Myeloma cells (2 £ 106/mL) were treated with mono- or

combination therapy for 48 h in 24 well plates. Initially, drugs
were used as monotherapy including btz (0–10 nM) or Mapa
(0–10 mg/mL) and apoptosis induction assessed. To do this,
after 48 h treatment, cells were harvested, washed once in
Dulbecco’s PBS and then stained with Annexin V-FITC and
7AAD for 10 min at room temperature. Stained cells were then
analyzed on the BD LSRII flow cytometer. For combination
therapy, myeloma cell lines were treated with the highest dose of
btz that did not induce apoptosis (termed ‘low dose’, this dose
was established from the monotherapy titration) combined with
titrated amounts of Mapa (from 0–10 mg/mL) for 48 h prior to
evaluation of myeloma cell apoptosis.

Combination Mapa and low dose bortezomib therapy do not
inhibit dendritic cell function

MoDCs were established from fresh PB monocytes as
described previously.43,44 Briefly, purified monocytes were cul-
tured for 5 d in 10 ng/mL IL-4 and 20 ng/mL GM-CSF (Pepro-
tech, NJ), the media was renewed at day 3. On day 5, non-
adherent cells were removed by gentle aspiration from the culture
flask and the purity of immature MoDCs checked by FACS
using the phenotype CD11chi/CD14¡/CD11bint.

DC phagocytosis of treated myeloma cells
MoDCs were harvested from the above cultures and used for

myeloma cell phagocytosis assays. To induce myeloma cell apo-
ptosis, RPMI8226 were either g-irradiated (30 Gy), or treated
with 1 nM btz alone, 0.9 mg Mapa alone or a combination of
both drugs for 48 h. Treated myeloma cells were stained with
0.5 mg/mL pHrodo, washed with PBS twice before co-culture
with MoDCs (1:2 myeloma:DC ratio) for 4 h at 37�C. A nega-
tive control co-culture was also performed at 4�C. Harvested cells
were then stained with anti-CD11c-PECy7 and Fluorogold
(Invitrogen); stained cells were analyzed on the BD LSRII flow
cytometer, 5000 CD11chi events were collected and the fre-
quency of CD11chi/pHrodohi collected. In other experiments,
the MoDC myeloma cell phagocytosis assay was performed in
the presence of 1 nM btz. pHrodoTM is a pH sensitive dye and
undergoes a quantum yield in red fluorescence when stained apo-
ptotic bodies are processed to the low pH environment of an
endosome. Thus, cells that are CD11chi/pHrodohi are MoDCs
with endocytosed myeloma cells and CD11chi/pHrodolo are
likely MoDCs with adherent myeloma apoptotic bodies. To ver-
ify that the FACS data did indeed represent MoDC phagocytosis
of treated myeloma cells we examined an aliquot of the same cells
by fluorescent live video microscopy. To do this, apoMM-pulsed
MoDCs (1 £ 105) were added to optimally manufactured grids
[125 mm (l) £ 125 mm (w) £ 60 mm (h)], which are individual
paddocks designed to contain the cells within the microscope
field of view (as described previously45 The grids were then
placed in imaging chamber slides (Ibidi, DKSH, Martinsried,
Germany). Images were taken on the Leica SP5 confocal micro-
scope (Leica, Wetzlar, Germany). Voltage gain, offset and focus
were set on compensation wells before the first image was taken.

DCs were then added to wells and positions were selected to
maximise the wells in the field of view with DCs clearly visible.
The tumor target cells were added (2 £ 105) just prior to
the image sequence starting. Images were taken at each position
every 4–5mins for 3–4 h. The objective of the microscope was
20£. The images were collated and analyzed using Metamorph
Software (MDS Analytical Technologies, Downington USA),
which allows single frame images to be viewed as a multi-frame
video.

LPS-induced DC responses
MoDCs were cultured with 1 mg/mL LPS for 48 h at 37�C in

the presence or absence of 1 nM btz. MoDCs were harvested and
stained with antibodies to CD11c, CD83 and HLA-DR, cells
were analyzed on the BDLSRII flow cytometer to examine upre-
gulation of CD83 and HLA-DR as an indicator of LPS-induced
MoDC maturation. In addition, culture supernatant was col-
lected at 48 h of LPS treatment and an IL-12p70 assay per-
formed (as per manufacturer’s instructions).

DC proteasome activity assay (chymotrypsin-like functional
subunit)

MoDCs were cultured (as described above), proteasomes were
extracted from the DCs and treated with 1 nM btz alone, 1 mg/
mL Mapa alone or a combination of both drugs for 4 h at 37�C.
Treated proteasomes were pelleted and then a Ch-like protea-
some assay performed (Millipore), as per manufacturer’s instruc-
tions, and46,47 using Suc-Leu-Leu-Val-Tyr-MCA as the 20S
proteasome substrate.

Expansion of myeloma-specific cytotoxic lymphocytes
in vitro and detection of cytotoxic function

U266 myeloma cells were either untreated, or treated with
LDBCMapa for 48 h to induce apoptosis (Apo-U266). U266 or
Apo-U266 cells were washed twice in RPMI1640 containing
10% fetal bovine serum, complete medium (CM). MoDCs
(HLA-A2*01 normal donor) were pulsed with either untreated
or Apo-U266 cells for 4 h in the presence or absence of
LDBCMapa. Subsequently, the U266-pulsed MoDCs were co-
cultured with autologous PBMCs for 7 d in CM containing
20 U/mL IL-2, 10 ng/mL of IL-7 and IL-15 (priming phase).
On days 7 and 14, cells were harvested and re-stimulated with
autologous myeloma-pulsed MoDCs, expansion of CTL during
these time points occurred in CM supplemented with 25 U IL-
2. On day 21, cells were harvested and their anti-myeloma activ-
ity assessed by a chromium-release assay. Controls for the CTL
expansion culture include unpulsed MoDCs, or U266-pulsed
MoDCs that were activated with 1 mg/mL LPS. Chromium-
release assay was performed as described previously.9 Briefly,
chromium-labeled U266 cells were cultured (in triplicate wells)
with effector cells from the CTL expansion culture at an effector-
target ratio (E:T) from 6.25 to 50:1. After 4 h, culture superna-
tant was collected from each well and the amount of Cr released
by U266 cells measured on a g-counter (Wallac Wizard 1470,
Perkin Elmer, MA, USA). The amount of U266 cell death (per-
centage lysis) was compared to total U266 Cr-release wells
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(U266 plus 2M HCl). Thus, percentage lysis was calculated using
the formula (mean cpm – spontaneous cpm)/total cpm. To assess
the contribution of different effector cells (NK versus T cell) to
the killing of U266 cells, a ‘cold target assay’ was performed. To
do this, the Cr-release assay was performed as above, except that
in addition to the Cr-labeled U266 cells, equal numbers of unla-
beled K562 cells (the cold target) were included. To assess the rel-
ative importance of NK cells or monocytes at the priming phase
of the CTL expansion culture, NK cells (CD3¡/CD56C) or
monocytes (CD14C) were removed from the autologous PBMCs
by FACS-sorting, purity was >95%. The NK- or monocyte-
depleted PBMCs were then co-cultured with MM-pulsed
MoDCs as above.

Direct effect of LDB§Mapa treatment on MoDC
maturation and cytokine secretion

Day five MoDCs were divided into two groups, one was
unpulsed and the other pulsed with LDBCMapa treated U266
myeloma cells for 4 h. Both MoDC groups were then each fur-
ther dissected into three arms (either untreated, treated with
LDBCMapa or 1 mg/mL LPS) and cultured for 48 h as depicted
in Fig. 5A. LDBCMapa treatment comprised 1 nM btz and
1 mg/mL Mapa. Cells were harvested at 4 and 48 h to assess
MoDC maturation at an early vs. late timepoint. Maturation was
assessed by FACS following labeling with antibodies to CD80,
CD40, CD83 and HLADR. In addition, culture supernatant
was harvested at 0, 4, 8 and 24 h and a multiplex Luminex assay
performed to assess changes in cytokine levels (GM-CSF, IL-4,
IL-8, IL-12p70, IL-1b, IL-6, IL-10 and sCD40L) in response to
the drug treatment.

Effect of drug treatment on human myeloma cell
immunogenicity and NK-activating ligand expression levels

U266 and RPMI8226 myeloma cells were either untreated, or
treated with LDB, Mapa or LDBCMapa for 48 h (as per meth-
ods above) and the effect of drug treatment on myeloma cell
immunogenicity assessed. Treated myeloma cells were labeled
with antibodies to CD80-FITC, CD86-PE, CD83-APC, HLA-
DR-APC-H7 (all from BD Biosciences) and HLA-ABC-V450
(e-Bioscience) and changes in protein expression detected by
FACS analysis. In addition, treated myeloma cells were labeled
with the antibodies CD155-FITC, MIC-A-PE, MIC-B-APC,
CD112-FITC, ULBP-2,5,6-APC, ULBP-1-PE (all RnD Sys-
tems) and changes in NK-activating ligand expression assessed by
FACS analysis.

Assessment of direct activation of NK and T cells by drug
treated myeloma cells

Drug-treated U266 cells (prepared as above) were harvested at
48 h, washed twice in media and then co-cultured with HLA-
A2C PBLs. The PBLs from two normal donors were co-cultured
with treated U266 cells in separate cultures in triplicate wells.
Cells were harvested 4 or 24 h later and labeled with antibodies
to CD45-BV510, CD3-BV711, CD4-BV605 (Biolegend)
CD14- and CD19-APCH7, CD56-PE, CD8-PECy5.5, CD25-
APC, CD69-PECy7 (BD Biosciences). Labeled cells were then

analyzed by FACS, and co-culture induced activation of NK or
T cell subsets assessed following a devised gating strategy depicted
in Fig. S8.

Detection of NK or T cell subset activation following co-
culture with myeloma-pulsed MoDCs

Day 5 MoDCs were pulsed with drug-treated U266 cells at a
1:1 ratio as in the protocol for CTL expansion culture (see
above). After 4 h, cells were washed twice and left overnight.
Recovered autologous PBLs were washed, counted and added to
the pulsed MoDCs at a 5:1 ratio. Co-cultured cells were recov-
ered 4 and 24 h later. Four hours prior to each timepoint, Golgi
stop and CD107a-PeCy5 (BD) antibody were added to the
appropriate wells for intracellular staining. Cells were washed
and stained for NK, CD4 and CD8 T cell markers (CD3-
BV711, CD4-BV605 (both Biolegend), CD56-PECy7, CD8-
PerCPCy5.5, CD14/CD19-APCH7, CD16-PE (all BD Bio-
sciences). Cells were then fixed and permeabilized (BD Cytofix/
Cytoperm) before staining for intracellular cytokines (TNFa-
APC and IFNg-FITC (both BD Biosciences). In addition, for
activation status, appropriate wells were stained with a separate
antibody panel for NK, CD4 and CD8 T cell markers combined
with activation markers (CD3-BV711, CD4-BV605 (Biole-
gend), CD8-PerCPCy5.5, CD14/CD19-APCH7, CD56-PE,
CD16-FITC, CD69-PECy7, CD25-APC (BD Biosciences).
Labeled cells were acquired on the BD Fortessa FACS analyzer,
FACS data was then analyzed using FlowJo analysis software and
a gating strategy (depicted in Fig. S9) to derive the percentage of
NK and T cell subsets expressing activation markers (CD25 and
CD69), the degranulation marker (CD107a) and cytokines
IFNg and TNF-a.

Detection of NK or T cell subset proliferation following
co-culture with myeloma-pulsed MoDCs

Day 5 MoDCs were pulsed with drug-treated U266 cells at a
1:1 ratio as in the protocol for CTL expansion culture (as
described above). After 4 h, cells were washed twice with culture
media and left overnight. Autologous PBLs (from two separate
normal donors) were washed, counted and stained with 2.5uM
CTV (Life Technologies) for 20 min, washed and added to the
myeloma pulsed MoDCs and cultured for 7 d at a 5:1 ratio in
0.5 mL RPMI1640 plus 10% FCS, IL-2 (20 U/mL) in 48-well
plates. On day 4, culture media was replaced with fresh RPMI
plus 10% FCS and low dose IL-2 (20 U/mL). Co-cultured cells
were harvested on day 7 and stained for NK, CD4, CD8 T cell
and activation markers (CDD3-BV785, CD4-BV605 (both
from Biolegend), CD8-PerCP Cy5.5, CD14/CD19-APCH7,
CD16-FITC, CD56-PE, CD69-PECy7, and CD25-APC (all
from BD Biosciences). Cells were analyzed by FACS and the level
of activation and proliferation assessed on NK and T cell subsets
using the same gating strategy depicted in Fig. S9.

Detection of expansion culture NK and T cell effector status
Day 7 co-cultured cells (from above) were re-stimulated with

antigen (untreated or treated U266 cells) for 4 h prior to stain-
ing. Golgi stop and CD107a-PeCy5 (BD) antibody were added
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to the appropriate wells. Staining panels were the same as for the
NK, CD4 and CD8 activation protocol (above).
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