@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 16: 409-416, 2018

Impaired efferocytosis by monocytes in multiple myeloma
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Abstract. Efficient clearance of apoptotic cells by efferocytosis
is important for tissue homeostasis. Impaired efferocytosis
leads to the accumulation of cell debris, which is regarded as
a trigger in chronic inflammation and autoimmune diseases.
Patients with hematological neoplastic disorders such as
multiple myeloma (MM) exhibit high blood levels of apoptotic
microparticles. The present study investigated whether these
high levels of apoptotic microparticles are associated with
insufficient dead cell clearance. Blood samples were collected
from patients with MM immediately prior to and 3, 7 and
10 days after the initial cycle of bortezomib-based therapy. In
addition, bone marrow aspirates (BMA) were collected prior
to and following therapy. Prior to therapy, a 52% reduction in
efferocytosis by blood monocytes was observed compared
with the healthy controls (P<0.017). This was associated with
an elevated number of 7-AAD* dead cell remnants in the
blood flow as well as in BMA. A portion of the blood samples
contained active caspase 3. The subsequent bortezomib-based
therapy had no effect on efferocytosis, although the quantity of
dead cell remnants decreased. This reduction was associated
with a decline in cluster of differentiation 8 (CD8)* and CD4*
T cells and an increase in the number of monocytes. However,
of 28 distinct soluble immune-modulating molecules (i.e.
chemokines, cytokines and soluble co-stimulators) only C-C
motif chemokine ligand 2 (CCL2), CCL24 and sCD27 were
affected by bortezomib-based therapy. The levels of all other
molecules remained unchanged or were below the detection
threshold in all samples. The present study results revealed
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that the presence of dead cell remnants in the blood and bone
morrow of patients with MM is associated with impaired
efferocytosis by monocytes; however, its contribution to
inflammatory events during MM remains unclear.

Introduction

Under normal conditions, dying cells are immediately
eliminated by professional phagocytes in a process termed
efferocytosis (from the Latin efferre, meaning ‘to bury’).
The molecular machinery of apoptotic cell recognition and
uptake by phagocytes has previously been reviewed (1-3).
Successful efferocytosis suppresses the activation of nuclear
factor w-light-chain-enhancer of activated B cells within the
phagocyte, inhibits the secretion of tumor necrosis factor
(TNF) and promotes the release of interleukin-4 (IL-4), IL-10
and transforming growth factor-f (4-6). These mediators
are known to induce an alternative-activated macrophage
phenotype (7). This cell polarization suppresses inflammation
and promotes tissue remodeling and angiogenesis, thereby
contributing to the quiescent clearance of apoptotic cells.
However, if the clearance of apoptotic cells fails, these cells
may enter the late apoptotic/secondary necrotic stage (8).
This condition is characterized by a disintegrated cell
membrane, leading to the leakage of inflammatory intracel-
lular danger-associated molecular patterns (DAMPs), such as
calreticulin, high-mobility group box 1 (HMGBI1) and nucleo-
tides. The accumulation of late apoptotic/secondary necrotic
cells and the prolonged release of intracellular components
from dying cells contributes to chronic or autoimmune
diseases (2). Accordingly, impaired efferocytosis has been
observed in patients suffering from systemic lupus erythema-
tosus (SLE) (2), chronic granulomatous disease (9), Sjogren's
syndrome (10), chronic obstructive pulmonary disease
(COPD) (11) and non-eosinophilic asthma (12). A previous
study revealed, using genetically modified mouse models,
that the absence of genes for vital elements of the dead cell
recognition and clearance machinery, such as the Clq complex
and milk fat globule-EGF factor 8, results in an autoimmune
phenotype that resembles SLE (13). This suggests the presence
of a causal association between reduced efferocytosis and
these diseases.

Multiple myeloma (MM) accounts for ~10% of malignant
hematological disorders (14). MM is characterized by the
clonal proliferation of cluster of differentiation 138 (CD138)*
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malignant plasma cells in the bone marrow, aberrant produc-
tion of immunoglobulins, osteolytic lesions, osteopenia and
intractable bone pain (14). MM and various other hemato-
logical disorders, including chronic lymphocytic leukemia,
non-Hodgkin's lymphoma and acute myeloid leukemia, are
characterized by high quantities of extracellular vesicles in the
blood (15). The number of circulating extracellular vesicles
has been recently proposed to be a novel diagnostic marker for
MM (16). Between 45 and 95% of these vesicles are positive for
phosphatidylserine, which is a hallmark of apoptosis (15). This
suggests that apoptotic microparticles contribute substantially
to the circulating extracellular vesicles. However, the reason
why apoptotic microparticles accumulate in MM remains
unknown. Patients with MM are treated, dependent on their
age, with high-dose induction chemotherapy with or without
subsequent autologous hematopoietic stem-cell transplanta-
tion. The most common induction chemotherapy regimens
are bortezomib-based and can be supplemented with dexa-
methasone, doxorubicin, cyclophosphamide, lenalidomide or
thalidomide (17,18). The efficacy of bortezomib-containing
induction regimens, with respect to progression-free and
overall survival has been confirmed in a meta-analysis of
various phase III trials with transplant-eligible myeloma
patients (19). Bortezomib is a proteasome inhibitor that
induces caspase activation and apoptotic cell death (20). In
addition, it inhibits DNA repair and restores the sensitivity
of plasma cells to DNA-damaging chemotherapeutic agents.
Various in vitro studies have indicated that bortezomib affects
also immune cell function. Straube et al (21) demonstrated
that bortezomib efficiently impairs the in vitro maturation of
dendritic cells (DCs) and blocks the release of TNF and IL-12
upon lipopolysaccharide (LPS) stimulation (20,21). In addition,
it was revealed that bortezomib selectively depletes mono-
cytes in peripheral blood mononuclear cell (PBMC) cultures,
decreases the survival of purified monocytes and induces
apoptosis in monocyte-derived DCs (22). These in vitro data
indicated that bortezomib-based regimens have, in addition to
their pro-apoptotic effect on malignant plasma cells, an inhibi-
tory influence on monocytes and macrophages; these cells
are particularly important for the efficient clearance of dead
tumor cells. In a previous study it was demonstrated in vitro
that monocytes eliminate late apoptotic/secondary necrotic
cells considerably faster than the early apoptotic cells (23). In
addition, monocytes secrete distinct cytokines when exposed
to late apoptotic/secondary necrotic cell remnants compared
with early apoptotic microparticles (24). Thus, any reduction
in efferocytosis is anticipated to result in the accumulation
of DAMP-releasing late apoptotic/secondary necrotic cells,
which in turn induce a pro-inflammatory cytokine profile.
In previous clinical studies of patients with breast cancer,
peripheral blood levels of the immunogenic cell death marker
HMGBI were increased within 3 days of the administration of
the first chemotherapy cycle (25,26). This result indicated that
chemotherapy has an immediate effect on the elimination of
dead cell remnants.

The present study investigated the efferocytotic capacity
of the monocytes of patients with MM prior to and during
bortezomib-based induction chemotherapy. Blood was taken
prior to and during the first cycle of therapy and analyzed for
efferocytosis, for the quantity of dead cell remnants, and for a
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panel of diverse cytokines, chemokines and soluble immune
checkpoint molecules. The results revealed a clear impairment
of efferocytosis in MM and give an overview of the immuno-
logical consequences.

Materials and methods

Patient population and sample collection. A total of 13 patients
with MM (7 males and 6 females; age range 44-70 years; mean
age 62 years) and 12 healthy volunteers (6 males and 6 females;
age range, 42-66 years; mean age, 59 years) were enrolled
between November 2013 and September 2015 at the Vienna
General Hospital (Vienna, Austria). Only patients without
prior myeloma-specific therapy for at least 4 weeks were
included. Patients receiving any other medications, ongoing or
active HIV or hepatitis (B or C) infection were excluded from
the study. All patients received a bortezomib-based regimen in
various combinations with dexamethasone (n=8), doxorubicin
(n=6), cyclophosphamide (n=4) or thalidomide (n=3), in accor-
dance with the international guidelines (27) and as described
previously (28). Bone marrow aspirates (BMA) were collected
at the time of diagnosis and following induction therapy.
Mononuclear cells (MNCs) were prepared from the aspirates.
Samples of peripheral blood were collected immediately prior
to and 3, 7 and 10 days after the administration of the initial
therapy cycle. These samples were used to prepare serum
for chemokine and cytokine analysis, and PBMCs for cell
analysis. Furthermore, patient monocytes from day 0 and day
3 were isolated from the peripheral blood samples and used for
efferocytotic analysis. The study was approved by the Ethics
Committee of the Medical University of Vienna (Vienna,
Austria; ECS 1352/2013) and all participants provided written
informed consent.

Cell preparation. MNCs and PBMCs were isolated by Ficoll
centrifugation at 400 x g for 20 min at room temperature from
BMA or peripheral blood samples collected in EDTA-coated
syringes or vacutainers. Cells were then washed in PBS and
either used for direct analysis or for monocyte isolation using
CDI14* microbeads (cat. no. 130-050-201; Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) according to the manu-
facturer's protocol. Briefly, PBMCs were incubated with CD14*
microbeads for 15 min on ice. Following a washing step, the
cell suspension was run through a LS column (Miltenyi Biotec
GmbH), which was installed on a MultiMACS Cell Separator
(Miltenyi Biotec GmbH). The flow-through was discarded.
Next, the LS column was removed from the MultiMACS
Cell Separator, flushed with buffer and the cell suspension
containing CD14* monocytes was eluted into a fresh tube.
Monocytes were used for the subsequent efferocytosis assay.

Cell analysis. Following isolation of PBMCs or MNCs,
they were washed in PBS supplemented with 2%
bovine serum albumin (BSA; Merck KGaG, Darmstadt,
Germany). For leukocyte typing, cells were then
incubated with either anti-CD4-fluorescein isothiocyanate
(FITC)/CD8-phycoerythrin (PE) (cat. no. 340039;
BD Biosciences, Franklin Lakes, NJ, USA), anti
CDI14-FITC (cat. no. 17-0149-42; eBioscience; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) or anti CD138-FITC
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(cat. no. 11-1389-42; BD Biosciences) antibodies or the isotype
control (cat. nos. 11-4752-80 and 17-4714-42, respectively;
eBioscience; Thermo Fisher Scientific, Inc.) for 30 min on ice,
following which the cells were washed. The antibodies were
diluted according to the manufacturer's recommendations.
A parallel sample was stained with 7-aminoactinomycin D
(7-AAD; eBioscience; Thermo Fisher Scientific, Inc.) for
20 min at room temperature in the dark. For staining of dead
cells, cells were washed in PBS at 45 g for 5 min at room
temperature and then resuspended in 100 p1 PBS supplemented
with 0.5 ul Zombie Violet (BioLegend Inc., San Diego, CA,
USA). For intracellular active caspase-3 staining, cells were
fixed and permeabilized using an IntraPrep kit (Beckman
Coulter, Inc., Brea, CA, USA) according to the manufacturer's
protocol. Cells were then stained with anti-active caspase-3
(cat. no. 559565; BD Biosciences) antibody for 30 min on ice.
Following another wash and a permeabilization step (IntraPrep
Permeabilization Reagent; Beckman Coulter, Inc.), cells
were incubated with an allophycocyanin (APC)-conjugated
detection antibody (cat. no. 47-4714-82; eBioscience; Thermo
Fisher Scientific, Inc.) for 30 min on ice. Subsequently, the
cells were immediately analyzed with a Gallios flow cytometer
(Beckman Coulter, Inc.,) using the Kaluza Analysis software
(v.1.3; Beckman Coulter, Inc.).

Efferocytosis assay. Following isolation of patient monocytes,
the efferocytosis assay was performed as described previ-
ously (23). Briefly, carboxyfluorescein succinimidyl ester
(CFSE)-labeled (Invitrogen; Thermo Fisher Scientific, Inc.)
Jurkat cells (ATCC-LGC Standards GmbH, Wesel, Germany)
were cultured in Dulbecco's modified Eagle's Medium/Ham's
F-12including GlutaM A X (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal calf serum (Linaris GmbH,
Dossenheim, Germany) at 37°C and in a humidified 5% CO,
atmosphere. Cells were treated with 100 nM bortezomib (kindly
provided by the pharmacy of the General Hospital of Vienna)
for 24 h in serum-free Ultra Culture (UC) medium (Lonza
Group, Ltd., Basel, Switzerland), washed to remove the drug and
then incubated for 1 h in UC medium supplemented with 25%
normal human serum (NHS; PA A Laboratories; GE Healthcare,
Chicago, IL, USA). For co-culture, 100,000 apoptotic Jurkat
cells were added to 100,000 monocytes and incubated for 2 h
at 37°C in a total volume of 200 yl UC medium. Next, the
cells were washed with PBS supplemented with 2% BSA and
stained with an APC-conjugated anti-CD14 antibody (cat.
no. 17-0149-42; eBioscience; Thermo Fisher Scientific, Inc.)
for 30 min on ice. Cells were analyzed immediately using a
Gallios flow cytometer. The efferocytotic index was calculated
as follows: The CFSE*/CDI14* cell-population was divided by
the total CD14" cell count and multiplied by 100.

Analysis of soluble immune modulators. Patient serum samples
were collected and stored at-80°C until analysis.IL-13,1L-6,1L-8,
IL-10, IL-12 p70, IL-23, IFN-y, TNF-a, C-C motif chemokine
ligand 2 (CCL2), chemokine (C-X-C motif) ligand 9 (CXCL9),
CCL24, CXCLI10, vascular endothelial growth factor-A
(VEGF-A) and VEGF-C were quantified using a customized
magnetic bead-based ProcartaPlex Multiplex Immunoassay
(eBioscience; Thermo Fisher Scientific, Inc.). Soluble forms of
the checkpoint molecules CD27, CD28, CD80/B7-1, CD137,
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CDI152/CTLA-4, CD223/LAG-3, herpes virus entry mediator
(HVEM), B- and T-lymphocyte attenuator (BTLA), programmed
death ligand 2 (PD-L2), PD-L1, programmed cell death
protein 1 (PD-1), glucocorticoid-induced TNFR-related protein
(GITR), indoleamine-pyrrole 2,3-dioxygenase (IDO) and T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3) were
measured using a ProcartaPlex Human Immuno-Oncology
Checkpoint Panel (cat. no. EPX140-15803-901; Affymetrix;
Thermo Fisher Scientific, Inc.). All assays were performed
according to the manufacturer's protocol and analyzed with a
Luminex analyzer.

Statistical analysis. Multiple groups (Fig. 1A: Healthy volun-
teers, MM patients prior to therapy, and MM patients following
therapy; Figs. 1B, 2B, 3A-F: Prior to therapy, 3, 7, and 10 days
following therapy) were analyzed by one-way analysis of vari-
ance with the Greenhouse-Geisser correction. Comparisons
between two groups (Fig. 1C and D: Prior to and following
therapy, respectively) were assessed with an unpaired Student's
t-test. Data are expressed as the mean + the standard deviation.
All statistical analyses were calculated using the GraphPad
Prism software package version 6.04 (GraphPad Software,
Inc., La Jolla, CA, USA).

Results

Efferocytosis by monocytes. Monocytes obtained from patients
as well as healthy volunteers (HVs) exhibited an evidently
higher uptake of apoptotic cell remnants than of viable prey
cells (Fig. 1A). However, this difference was much lower with
monocytes from patients with MM than with monocytes from
HVs. The uptake of apoptotic cell remnants was similar prior
to and 3 days after the administration of therapy. These data
revealed that the efferocytotic capacity is markedly reduced in
patients with MM compared with in healthy subjects. However,
chemotherapy had no further effect on this monocytic cell
function.

Dead cell remnants in blood and bone marrow. Whether the
impaired efferocytosis of monocytes in patients with MM
is associated with the accumulation of dead cells was then
investigated. Considerable numbers of 7-AAD* PBMCs were
observed prior to treatment (ranging between 0.6 and 6.7%;
Fig. 1B). This value did not change within 3 days of the admin-
istration of the first dose of therapy. But on day 7 all patients
exhibited low numbers of 7-AAD* PBMCs (<2.9%), remaining
at this low level until day 10. These data confirm that dead cells
are present in the circulation of untreated patients with MM
and indicate that the majority of these cells are cleared within
the first 7 days of therapy. The 7AAD* dead cell remnants
of untreated patients with MM could not be attributed to a
specific immune cell subpopulation. They were negative for
the three investigated clusters of differentiation markers (CD4,
CD8 and CD14). These cell surface proteins may have been
shed from the cell membrane during cell death.

The high number of dead cell remnants observed prior to
chemotherapy is evidently due to the disease itself rather than
to the chemotherapy. As MM leads primarily to destruction
of the bone marrow, bone marrow was investigated in the
next experiment. BMA were collected prior to and following
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Figure 1. Efferocytosis and dead cell remnants. (A) Monocytes were isolated from HV and patients with MM prior to and after 3 days of induction therapy.
Cells were co-cultivated with CFSE-labeled and either bortezomib-treated (apoptotic) or untreated (viable) Jurkat prey cells for 2 h. Next, the cell mixtures
were stained with anti-CD14 antibody and analyzed by flow cytometry. The percentage of CFSE* cells within the CD14* monocyte population was taken as the
efferocytotic capacity. (B) PBMCs were isolated from patients with MM prior to and 3, 7, and 10 days after the administration of the first cycle of therapy. Cells
were washed, stained with 7-AAD and analyzed by flow cytometry for the surface expression of CD4, CD8 or CD14. (C and D) Mononuclear cells from prior to
and after therapy were isolated from bone marrow aspirates, washed and stained with (C) 7-AAD or (D) anti-CD138 antibody. The percentage of CD138* and
7-AAD* cells is shown in the graphs. Each dot represents one patient at a given time point. The mean is depicted as a horizontal line. HV, healthy volunteer;
CFSE, carboxyfluorescein succinimidyl ester; CD14, cluster of differentiation 14; PBMC, peripheral blood monocyte; 7-AAD, 7-aminoactinomycin D.

therapy, and the dead cells were stained with 7-AAD and
analyzed by flow cytometry (a collection of bone marrow
samples during therapy was not possible for ethical reasons).
The analysis revealed the presence of considerable levels of
7-AAD" cells prior to therapy (median, 8.05% of all cells in
the aspirate; Fig. 1C). Notably, the level of 7-AAD* cells was
strongly reduced following therapy. This reduction was associ-
ated with a reduction of the number of CD138* plasma tumor
cells (Fig. 1D).

The 7-AAD dye stains nucleated cells with a disintegrated
cell membrane irrespective of whether the permeabilization
of the cell membrane was a direct result of cell rupture (i.e.
primary necrosis) or a secondary effect following apoptosis
(i.e. late apoptosis/secondary necrosis). To estimate the contri-
bution of secondary necrosis to 7-AAD* cells in patients with
MM, cells were stained with antibodies against activated
caspase 3. The dead cell dye Zombie was used to identify
cells with a disintegrated cell membrane. Fig. 2A describes
the gating strategy, the results are shown in Fig. 2B. A mean of
18.4% of dead cells with a disintegrated cell membrane were
positive for caspase 3, indicating late apoptosis. The percentage
of activated caspase 3* dead cells did not change during the
observation period of the therapy. Taken together, these data
indicate that untreated MM is associated with the presence a
considerable number of dead cells in the bone marrow as well

as in the blood flow, indicating a substantial number of late
apoptotic/secondary necrotic cells.

Blood immune cells and serum levels of immunomodulatory
molecules. To determine whether impaired efferocytosis
and the accumulation of dead cells in patients with MM
are associated with a pro-inflammatory response, the main
PBMC subpopulations and the serum levels of a panel of
immunomodulatory molecules were quantified. Fig. 3A
demonstrates that the number of CD14* monocytes remained
unchanged over the course of chemotherapy, until day 7
when it increased slightly. By contrast, the number of CD4*
regulatory and CD8* cytotoxic T cells continuously declined
(Fig. 3B and C). The panel of immunomodulatory molecules
consisted of 14 different cytokines, chemokines and angio-
genesis factors (TNF, IFN-a, IL-1p, IL-6, IL-8, IL-10, IL-12
p70, IL-23, CCL2, CCL24, CXCL9, CXCL10, VEGF-A and
VEGF-C), as well as 14 soluble forms of co-stimulatory or
co-inhibitory receptors (sPD-1, sPD-L1, sPD-L2, sTIM-3,
sCTL-A4, sIDO, sCD27, sCD28, sCD80, sCD137, sHVEM,
sLAG-3,sBTLA and sGITR). The results of all parameters are
summarized in Table I. In total, 12 of these molecules were
under the detection limit in all samples. The majority of the
remaining molecules were present at stable levels throughout
the therapy. Only sCD27, CCL2 and CCL24 were affected
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Figure 2. Contribution of apoptosis to circulating dead cell remnants. PBMCs were isolated from patients with MM prior to and 3, 7, and 10 days after the
administration of the first cycle of therapy. Cells were stained for disintegrated cell membrane using the dead cell dye Zombie. Next, cells were permeabilized
and stained for active caspase 3 using specific antibodies. (A) Flow cytometric analysis of the sample gating of the active caspase 3 signal against the Zombie
signal. All cell events were included in the analysis. The box in the upper part of the graph indicates the dead cell remnants that were used to quantify the
contribution of active caspase 3* cells to the total dead cell count. (B) Summary of the quantification. Each dot represents one patient at the indicated time
point. The mean is depicted as horizontal line. PBMC, peripheral blood monocyte; MM, multiple myeloma.
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Figure 3. Effect of induction therapy on immune cells and immune-modulating soluble molecules. Blood was taken from patients with MM directly prior to
and on day 3, 7, 10 after the administration of the first cycle of therapy. From all samples, serum and PBMCs were prepared. (A-C) Quantification of immune
cells using antibodies against CD14, CD4 and CD8. The percentage of positive cells are shown. (D-F) Serum levels of sCD27, CCL2 and CCL24. Each dot
represents one patient at the indicated time point. The mean is depicted as a horizontal line. Significant changes compared with the preceding time point or
day 0 are indicated. PBMC, peripheral blood monocyte; MM, multiple myeloma; CD14, cluster of differentiation 14; CCL2, C-C motif chemokine ligand 2.

by bortezomib-based therapy (Fig. 3D-F). Prior to therapy,
a strong variation in sCD27 was observed between patients.
Notably, the high levels declined within seven days of therapy.
By contrast, CCL2 levels strongly increased and those of
CCL24 declined slightly. The results revealed no induction
of classical pro-inflammatory cytokines or chemokines. Only
a few immunomodulatory molecules were affected by the
therapy.

Discussion

The present study revealed that monocytes in patients
with MM have a reduced efferocytotic capacity. Impaired

efferocytosis has also been observed in SLE (2), chronic
granulomatous disease (9), Sjogren's syndrome (10),
COPD (11), smokers (11), non-small cell lung cancer (29),
non-eosinophilic asthma (12), and cystic fibrosis (30). To the
best of our knowledge, this is the first report of diminished
efferocytosis in MM. Notably, bortezomib-based induction
had no negative effect on monocyte function or the monocyte
count. However, a clear decline in the number of CD4* and
CD8* T-cells was observed. The in vivo data contradict those
of previous in vitro studies, which stated that bortezomib
specifically inhibited monocytes, leaving lymphocytes
unaffected (21,22). The reason for this difference is unclear;
however, owing to large differences in the experimental
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Concentration®, pg/ml

Parameter Day 0 Day 3 Day 7 Day 10
TNF n.d. n.d. n.d. n.d.
IFN-a n.d. n.d. n.d. n.d.
IL-1B nd. n.d. nd. n.d.

IL-6 n.d. n.d. n.d. n.d.

IL-8 n.d. n.d. n.d. n.d.
1L-10 nd. nd. nd. nd.
IL-12 p70 nd. nd. nd. nd.
1L-23 n.d. n.d. n.d. n.d.
CCL2 82+44 130+74 143+128 138+136
CCL24 169+123 172+113 14799 135+105
CXCL9 117x149 154+196 198+284 176275
CXCL10 nd. n.d. nd. nd.
VEGF-A 677511 687567 502+366 680+554
VEGF-C 153+100 179+94 167x110 134+73
sPD-1 153+152 136x151 81+109 198+109
sPD-L1 n.d. n.d. n.d. n.d.
sPD-L.2 32,345+15,105 32,731+17,049 33,774+14,787 47,711+£24.709
sTIM-3 15,963+5,024 16,754+5,396 15,847+4,797 19.874+10,398
sCTL-A4 112+150 170+137 172+144 336222
sIDO n.d. n.d. 423+1,043 680+634
sCD27 13,612+14,530 14,305+13,459 11,509+8,142 10,419+6,136
sCD28 132+178 153+144 159+143 2564248
sCD80 582+572 5944570 563+501 1,322+844
sCD137 206+273 245417 135+188 593+725
sHVEM n.d. n.d. n.d. n.d.
sLAG-3 2954292 189+166 2344273 45+67
SBTLA 21,037£21,630 25,758+28.,507 16,186x17,670 29.,916+24,860
sGITR n.d. n.d. n.d. n.d.

“Mean =+ standard deviation. sTNF, soluble tumor necrosis factor; IFN-a, interferon-a; IL-1f, interleukin-18; CCL2, C-C motif chemokine
ligand 2; CXCL9, C-X-C motif chemokine ligand 9; VEGF-A, vascular endothelial growth factor-A; PD-1, programmed cell death protein
1; PD-L1, programmed death-ligand 1; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; CTL-A4, cytotoxic T-lymphocyte
associated protein 4; IDO, indoleamine 2,3-dioxygenase; CD27, cluster of differentiation 27; HVEM, herpesvirus entry mediator; LAG-3,
lymphocyte-activation gene 3; BTLA, B- and T-lymphocyte attenuator; GITR, glucocorticoid-induced TNFR family related protein; n.d., not

detectable.

setting, comparisons between in vitro and in vivo data should
be conducted with care. Corroboration for the results of the
present study comes from a report by Blanco ef al (31), which
demonstrated that bortezomib induced selective depletion of
alloreactive T lymphocytes (31); however, the authors did not
include monocytes in their analysis.

The reduced efferocytosis in patients with untreated
MM was accompanied by an accumulation of dead cells.
Approximately 20% of patients were positive for active
caspase 3, indicating that at least a proportion of the circu-
lating dead cells were derived from late apoptotic/secondary
necrotic cells. The disease-associated tissue damage in
MM occurs mainly in the bone marrow, and an accordingly
increased number of dead cell remnants were observed
in this compartment. A previous report demonstrated an

accumulation of apoptotic Annexin V*/CD138* plasma cells
in the bone marrow of patients with untreated MM (32). The
authors revealed that a higher number of apoptotic plasma
cells in the bone marrow was associated with an unfavorable
prognosis (32). However, it is unclear whether the dead cell
remnants in the circulation were derived from the bone marrow
or if they were the consequence of a disease-associated direct
effect on blood cells. The impaired efferocytotic capacity of
circulating monocytes may contribute to the accumulation
of dead cell remnants in the circulation, although the present
study did not identify whether this is the only reason. The
total number of 7-AAD* dead cell remnants diminished
during the first week of therapy. As no significant therapeutic
effect on efferocytosis by monocytes could be observed, it
was assumed that the lower number of 7-AAD* cells results



from the reduced formation of new dead cells in response to
therapy. Thus, the lower degree of efferocytosis in patients
with MM is evidently sufficient to clear the remaining dead
cell remnants.

Leaky dead cell remnants release passive intracellular
immunogenic DAMPs, which activate the Toll-like receptor
signaling pathway in monocytes/macrophages, resulting in
the secretion of pro-inflammatory mediators such as TNF,
IL-1B, IL-6, IL-8, IL-12p70, and IL-23 (33). No induction of
any these cytokines was observed; however, an increase in
CCL2 following administration of the first cycle of therapy
was observed. Fraser et al (34) demonstrated that CCL2 is
released from macrophages exposed to apoptotic cells in a
Clg-dependent manner. Clq binds exclusively to a subpopula-
tion of late apoptotic/secondary necrotic cells (26), indicating
that the late apoptotic/secondary necrotic cells found in the
present study may contribute to CCL2 formation. There is
also a report claiming that CCL2 can be produced by tumor
cells and tumor-associated fibroblasts (35). High CCL2 levels
are associated with increased numbers of TAMs and poor
patient prognosis in various types of cancer (35). Thus, the
increased release of CCL2 may also result from the cyto-
toxic effects of the induction therapy on malignant plasma
cells or stromal cells in the bone marrow. CCL2 is known to
stimulate the emigration of inflammatory monocytes from
the bone marrow into the circulating (35) to promote the
survival of CD11b* peripheral blood mononuclear cells (36)
and to induce M2-type macrophage polarization (37).
Thus, the increased CCL2 levels observed during induction
therapy in MM may contribute to the sustained survival of
monocytes during bortezomib treatment. Accordingly, a
slight increase in the number of circulating monocytes was
observed after 10 days of therapy. Notably, CCL2 levels
increased during therapy in exactly those patients exhibiting
high sCD27 levels prior to treatment, although no difference
in CCL2 levels between sCD27"e" and sCD27'"" patients
were observed prior to therapy, and the underlying reason
remains unclear. The cell surface form of CD27 is highly
expressed on normal plasma cells, T cells, B cells, NK cells
and their precursors. Following cell activation, CD27 can be
shed from the cell surface, thereby giving rise to circulating
sCD27. Therefore, the soluble form is regarded as a marker
for lymphoid cell activation (38). The shedding mechanism is
mediated by the protein ‘a disintegrin and metalloprotease’,
which is activated in response to extracellular ATP via P2X
purinoreceptor 7 (39). As aforementioned, extracellular ATP
is a well-known DAMP released by dead cell bodies with a
disintegrating cell membrane. Thus, the concomitant reduc-
tion in dead cell remnants and sCD27 observed during the
first cycle of therapy may be mutually associated. Notably,
a prior study revealed that the in vitro treatment of human
myeloma cells with bortezomib reduces the cell surface
expression of CD27 (40). However, it is unclear whether this
effect also occurs in vivo.

The present study revealed that MM is associated
with reduced efferocytosis by monocytes, and with an
increased number of dead cell remnants, including late apop-
totic/secondary necrotic cells. However, the accumulation of
late apoptotic cells was not associated with an inflammatory
response. The bortezomib-based induction chemotherapy used

ONCOLOGY LETTERS 16: 409-416, 2018

415

to treat patients with MM inhibited neither the number nor the
efferocytotic function of monocytes. However, it reduced the
number of dead cell remnants in the circulation and the bone
marrow. The origin and potential role of dead cell remnants
in the pathophysiology of MM remains to be investigated in
future studies.
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