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Bone marrow monocytes are primarily committed to osteoclast
formation. It is, however, unknown whether potential primary
alterations are specifically present in bone marrow monocytes

from patients with multiple myeloma, smoldering myeloma or mono-
clonal gammopathy of undetermined significance. We analyzed the
immunophenotypic and transcriptional profiles of bone marrow CD14+

monocytes in a cohort of patients with different types of monoclonal
gammopathies to identify alterations involved in myeloma-enhanced
osteoclastogenesis. The number of bone marrow CD14+CD16+ cells
was higher in patients with active myeloma than in those with smol-
dering myeloma or monoclonal gammopathy of undetermined signifi-
cance. Interestingly, sorted bone marrow CD14+CD16+ cells from
myeloma patients were more pro-osteoclastogenic than CD14+CD16-

cells in cultures ex vivo. Moreover, transcriptional analysis demonstrat-
ed that bone marrow CD14+ cells from patients with multiple myeloma
(but neither monoclonal gammopathy of undetermined significance
nor smoldering myeloma) significantly upregulated genes involved in
osteoclast formation, including IL21R. IL21R mRNA over-expression by
bone marrow CD14+ cells was independent of the presence of inter-
leukin-21. Consistently, interleukin-21 production by T cells as well as
levels of interleukin-21 in the bone marrow were not significantly dif-
ferent among monoclonal gammopathies. Thereafter, we showed that
IL21R over-expression in CD14+ cells increased osteoclast formation.
Consistently, interleukin-21 receptor signaling inhibition by Janex 1
suppressed osteoclast differentiation from bone marrow CD14+ cells of
myeloma patients. Our results indicate that bone marrow monocytes
from multiple myeloma patients show distinct features compared to
those from patients with indolent monoclonal gammopathies, support-
ing the role of IL21R over-expression by bone marrow CD14+ cells in
enhanced osteoclast formation.
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ABSTRACT



Introduction 

Multiple myeloma (MM) is characterized by bone
destruction, osteolytic lesions and consequently a higher
risk of fractures1 due to an increase in bone marrow (BM)
osteoclast formation and osteoblast suppression.2-4

Conversely, patients with indolent gammopathies such as
smoldering MM (SMM) and monoclonal gammopathy of
undetermined significance (MGUS) are characterized by
the absence of lytic lesions, although they may have an
increase in osteoclastic bone resorption.5-9

Since the close relationship between plasma cells and
BM microenvironment plays a pivotal role in the pathogen-
esis of MM,10 ongoing studies are focusing on the presence
of potential molecular alterations in the
microenvironment.11-13 Transcriptional profile alterations
have been reported in mesenchymal stromal cells and
osteoblasts of MM patients correlated to osteolytic lesions
and when compared to healthy donors but not MGUS
patients.13 BM monocytes play a pivotal role in bone dis-
ease,2,4,14 angiogenesis15 and immune system dysfunction,16

which are hallmarks of active MM.
Enhanced bone resorption in MM patients occurs in the

BM in close contact with plasma cell infiltration.5 Contact
between MM cells and BM stromal cells stimulates the
production of the receptor activator of nuclear factor
kappa-B ligand (RANKL), the main pro-osteoclastogenic
cytokine involved in osteoclast differentiation, through its
receptor RANK on the monocyte surface.2,17 Moreover, dif-
ferent factors produced by MM cells can stimulate osteo-
clastogenesis, including interleukin (IL)-618 and macrophage
inflammatory protein (MIP)-1α.19,20 Recently, it has also
been reported that IL-3 is increased in BM plasma from
MM patients and that it induces Activin A production by
BM monocytes which, in turn, stimulates osteoclastogene-
sis in a RANKL-independent mechanism.21 This suggests
that BM monocytes may be directly involved in enhanced
osteoclastogenesis in MM. 

Immunophenotypic analysis of peripheral monocytes
has shown that CD14+CD16+ cells account for 5–10% of
monocytes in healthy individuals but this sub-population
is significantly expanded in cancer22 and inflammatory con-
ditions.23,24 In psoriatic arthritis, CD14+CD16+ cells have
been associated with bone erosion and identified as the
main source of osteoclast progenitors.25 More recently, it
has been reported that the proportion of CD14+CD16+ cells
increased in MM patients with the tumor load26,27 and that
these cells are potential markers of osteoclast progenitors.27

However, it is not known whether there are alterations in
BM monocytes in MM patients. Thus, the aim of this
study was to characterize the immunophenotypic and
transcriptional profiles of BM CD14+ cells across a cohort
of patients with different types of monoclonal gam-
mopathies in order to identify genes that are potentially
involved in enhanced osteoclastogenesis and possibly
druggable as new therapeutic targets.

Methods

Patients
A total cohort of 50 patients with newly diagnosed active MM,

32 patients with SMM, and 20 patients with MGUS admitted to
our hematology institute from 2010 until 2016 were included in
the analysis of monocyte features. All of the subjects involved in

the study gave their written informed consent, according to the
Declaration of Helsinki. The Institutional Review Board of the
University of Parma (Italy) approved all the study protocols. To
define the presence of osteolytic lesions in MM patients we used
X-ray skeletal survey as the first imaging procedure and alterna-
tively a low-dose computed tomography scan or computed
tomography/positron emission tomography evaluation, as recent-
ly updated by the International Myeloma Working Group.28 The
skeleton was evaluated in MM patients in the same period as the
BM aspirates were taken. The presence of at least one lytic lesion
on X-ray or computed tomography scan or computed tomogra-
phy/positron emission tomography scan was used to define
osteo lytic patients. The presence of three or more lytic lesions
was used to define patients with “high bone disease”. MM
patients with fewer than three lytic lesions or without bone
lesions were considered as having “low bone disease”.29

Not all patients’ samples were suitable for all the analyses.
Table 1 reports the number of patients analyzed  by the different
techniques used in the study.

Immunophenotyping 
Details of the immunophenotypic analyses performed are

reported in the Online Supplementary Data. 

Isolation of primary CD14+ cells and CD14+ cell sorting
from bone marrow samples

CD14+ monocytes were isolated from BM and peripheral blood
mononuclear cells by an immunomagnetic method with anti-
CD14 monoclonal antibody conjugated with microbeads
(Miltenyi Biotech; Bergisch-Gladbach, Germany).

With the same protocol, CD138+, CD3+, CD4+ and CD8+ cells
were isolated from BM samples. The presence of potential con-
taminating cells in each fraction was evaluated by flow cytometry
analysis, using the fluorescence-activated flow cytometer BD
FACS Canto II with Diva software [Becton, Dickinson and
Company (BD); Franklin Lakes, NJ, USA]. The purity of monocyte
samples was >92% and an example of purity analysis is shown in
Online Supplementary Figure S1. All the antibodies (anti-human
CD14-PerCP-Cy5.5, clone MφP9; anti-human CD138 PE, clone
MI15; anti-human CD3 FITC, clone SK7; anti-human CD4 FITC,
clone L120; anti-human CD8 PE, clone SK1) were obtained from
BD.

Primary BM mesenchymal stromal cells were obtained from
the CD14-CD138- fraction of BM mononuclear cells. Cells were
incubated until confluence for 2 weeks in alpha minimum essen-
tial medium (αMEM) supplemented with glutamine, at 15% fetal
bovine serum (FBS) (all these reagents purchased from Invitrogen
Life Technologies; Carlsbad, CA, USA).

For CD14+ cell sorting, purified BM CD14+ cells were stained
with PE-Cy7-conjugated anti-CD16 antibody and sorted accord-
ing to the gating strategy shown in Online Supplementary Figure S2.
The cells and gates were analyzed by FACSDiva 7 software (BD)
and the cells were sorted on a FACS Aria III instrument.
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Table 1. Number of patients with the three types of monoclonal gam-
mopathy analyzed for monocyte features by the different techniques. 

Immunophenotype GEP Real-Time PCR

MGUS 9 9 6
SMM 15 15 11
MM 28 32* 13

GEP: gene expression profiling; PCR: polymerase chain reaction. *9 out of 32 sam-
ples, displaying high CD138 expression, were excluded from the statistical analysis.



Fluorescence in situ hybridization, microarray analysis
and real-time polymerase chain reaction

These methodologies are detailed in the Online Supplementary
Methods section.

Monocyte treatment with cytokines
Primary CD14+ cells were cultured in the presence or absence

of recombinant human (rh) IL-21 (30 pg/mL) (Biovision Inc.;
Milpitas, CA, USA) for 24 h and then collected for mRNA analy-
sis.

The human monocytic cell line THP-1 was purchased from the
American Type Culture Collection (Rockville, MD, USA) and was
recently authenticated and tested for mycoplasma contamination.
THP-1 cells were treated with rhIL-6 (20 ng/mL) (Thermo
Scientific; Rockford, IL, USA) and/or rh tumor necrosis factor
(TNF)-α (10 ng/mL) (OriGene; Rockville, MD, USA) for 48 h and
then collected for mRNA analysis.

Lentiviral infections
The amplified IL21R complementary DNA sequence was

cloned into the pLenti-GIII-CMV-GFP-2A-Puro lentiviral vector
(Applied Biological Materials Inc.; Richmond, BC, Canada).
Recombinant lentivirus was produced by transient transfection of
293T cells.30 Primary CD14+ cells were transduced following pub-
lished protocols.31 Briefly, 8x106 CD14+ cells purified from periph-
eral blood buffy coats of healthy donors were placed in wells in 2
mL of αMEM with 10% FBS and rh monocyte colony-stimulating
factor (M-CSF; 25 ng/mL) (Peprotech, Rocky Hill, NJ, USA) in the
presence of either empty or IL21R vector. As a control, CD14+

cells were also seeded in the same conditions without adding the
lentiviral vector. After 18 h, 2 mL of fresh αMEM with 10% FBS
and rhM-CSF (25 ng/mL) were added. After 3 days, cells were col-
lected and seeded for osteoclastogenesis assays and for IL21R
mRNA analysis.

Osteoclastogenesis assays
After cell sorting, both CD14+CD16- and CD14+CD16+ popula-

tions were seeded at 2x105 cells/well in 96-well plates in αMEM
with 10% FBS, rhM-CSF at 25 ng/mL and rhRANKL (Peprotech)
at 60 ng/mL and then cultured for 28 days, replacing half the
medium every 2-3 days.

In another osteoclastogenesis assay setting, 2x105 lentiviral
transduced CD14+ cells/well were seeded in 96-well plates in
αMEM with 10% FBS, rhM-CSF 10 ng/mL, rhRANKL 50 ng/mL
and the IL-21R signaling inhibitor Janex 1 (10 μM) (Cayman
Chemical Company; Ann Arbor, MI, USA) and then cultured for
28 days, replacing half the medium every 2-3 days.

Finally, in the third osteoclastogenesis assay setting, MM BM
mononuclear cells or purified BM CD14+ cells were used (n=18).
Mononuclear cells (4x105/well) or CD14+ cells (2x105/well) were
seeded in 96-well plates in αMEM with 10% FBS, rhM-CSF 25
ng/mL and rhRANKL 20 or 60 ng/mL in the presence or absence
of rhIL-21 (30 pg/mL) and Janex 1 (10 μM), and then cultured for
28 days, replacing half the medium every 2-3 days.

In all in vitro osteoclastogenesis assays, each condition was per-
formed at least in triplicate. The osteoclasts were identified at the
end of the culture period as multinucleated (>3 nuclei) cells posi-
tive for tartrate-resistant acid phosphatase (TRAP) (Sigma Aldrich;
Saint Louis, MO, USA) and counted by light microscopy.
Osteoclast areas were quantified using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

STAT3 activity assay
The specific procedures adopted for the STAT3 activity analysis

are detailed in the Online Supplementary Methods section.

Bone marrow interleukin-21 levels in patients with mon-
oclonal gammopathies

The levels of IL-21 in BM plasma were measured by enzyme-
linked immunosorbent assay, as reported in the Online
Supplementary Data. 

Statistical analysis
Quantitative variables were compared using the non-paramet-

ric Kruskal-Wallis and Mann-Whitney tests, or the parametric
two-tailed Student t-test. Results are considered statistically sig-
nificant at P<0.05. GraphPad Prism 5.0TM was used for all the sta-
tistical analyses.

Results

Patients with multiple myeloma have higher numbers 
of bone marrow CD14+CD16+ cells compared to patients
with monoclonal gammopathy of undetermined 
significance

The immunophenotype of BM CD14+ cells was evaluat-
ed in BM aspirates from 28 patients with active MM (medi-
an age 73 years, range 48-89; 46% female, 54% male;
International Staging System stage: I=3 , II=8, III=17); 15
with SMM (median age 57 years, range 38-82; 33% female,
67% male) and nine with MGUS (median age 57 years,
range 37-78; 44% female, 56% male). Forty-eight percent
of the patients with active MM had evidence of osteolytic
lesions. A representative example of flow cytometry analy-
sis is reported in Figure 1A.

We found that the median percentage of CD14+CD16+

cells in BM samples increased significantly across the dif-
ferent types of monoclonal gammopathies from MGUS to
active MM: MGUS: 1.9% (range, 0-3%); SMM: 3.5%
(range, 1.0-7.5%); active MM: 5.25% (range, 0-20.0%)
(P=0.0071). In particular a statistically significant difference
was observed comparing MM and MGUS patients
(P=0.0144) (Figure 1B). 

There was no statistical difference in the median per-
centages of the BM CD14+CD16+ population between
osteolytic MM patients (n=13) versus not-osteolytic ones
(n=15): 4% (range, 0-20%) versus 7.8% (range, 0-20%),
respectively (Figure 1C). Similarly, comparing MM patients
with high bone disease (n=9) versus those with low bone
disease (n=19), we did not find a statistically significant dif-
ference in the median percentages of the BM CD14+CD16+

population: 4.7% (range, 0-20%) versus 5.5% (range, 0-
20%), respectively (Figure 1D). 

In the same way, analyzing all myeloma patients (SMM
and MM), there was no significant difference between the
osteolytic patients compared to those without osteolytic
lesions [osteolytic MM (n=13) versus not-osteolytic MM
plus SMM (n=30): 4% (range, 0-20%) versus 4.3% (range,
0-20%), respectively].

Bone marrow CD14+CD16+ cells in multiple myeloma
patients are pro-osteoclastogenic in ex vivo cultures

To investigate whether the increased number of
CD14+CD16+ cells observed in BM samples from MM
patients could be associated with enhanced pro-osteoclas-
togenic activity, we sorted the BM CD14+CD16+ monocyte
population by FACS and then tested its ex vivo pro-osteo-
clastogenic differentiation properties in comparison with
the CD14+CD16- cell fraction. A representative example of

Molecular features of monocytes in myeloma
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flow cytometry analysis of monocyte sub-populations
before and after cell sorting is reported in Online
Supplementary Figure S2. A median of 3.5x105 CD14+CD16+

cells was obtained after cell sorting from MM BM samples.
Due to the limited numbers of cells, we were only able to
perform osteoclastogenesis assays. Interestingly, we found
that, compared to the CD14+CD16- population,
CD14+CD16+ cells generated more TRAP-positive cells
with a higher number of osteoclasts showing five or more
nuclei (Figure 1 E).

A different transcriptional fingerprint characterizes bone
marrow CD14+ cells from patients with multiple 
myeloma as compared to smoldering multiple 
myeloma and monoclonal gammopathy 
of undetermined significance

We performed gene expression profiling of purified pri-
mary BM monocytes. We checked the intensity value of
specific CD14 and CD138 probe sets (Online Supplementary
Table S1) and discarded nine samples displaying high
CD138 expression from the analysis to further ensure that
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Figure 1. Immunophenotype of bone marrow monocytes in patients with monoclonal gammopathies and their pro-osteoclastogenic ex vivo properties. (A) CD14
and CD16 expression by BM monocytes in patients with monoclonal gammopathies: example of plots of flow cytometry data. (B) Box plots representing the median
percentage values of CD14+CD16+ cells evaluated in BM samples obtained from patients with MGUS, SMM or MM (P calculated using the Mann-Whitney test). (C, D)
Box plots representing the median percentage values of CD14+CD16+ cells evaluated in BM samples obtained (C) from patients with (w) or without (w/o) osteolysis
and (D) from patients with high bone disease (HBD) or low bone disease (LBD). (E) Osteoclast assay. CD14+ cells were purified from BM samples of patients with
mono clonal gammopathies by an immunomagnetic method and then sorted into the two sub-populations CD14+CD16- and CD14+CD16+ by a flow cell sorter as
described in the Methods section. CD14+CD16- or CD14+CD16+ cells (200,000 cells/well) were seeded in 96-well plates in αMEM with 10% FBS, rhM-CSF 25 ng/mL
and rhRANKL 60 ng/mL. After 28 days of culture, osteoclasts were identified as multinucleated TRAP-positive cells and counted by light microscopy. (E) Bar graph
represents the median number of osteoclasts/well of each condition, divided into osteoclasts with ≥5 nuclei or <5 nuclei (P calculated using the Mann-Whitney test,
CD14+CD16- versus CD14+CD16+ cells). On the right there is a representative image of the osteoclastogenesis assay stained by TRAP from BM sorted CD14+CD16-

and CD14+CD16+ cells (original magnification, 4x).
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Table 2. Main clinical characteristics of the cohort of patients eligible for gene expression analysis.  
MM cell genetic alterations

Patient Sex Age ISS Osteolysis HBD Type del(13q) H del(17p) t(11;14) t(4;14) t(14;16)

MGUS1 F 43 l

MGUS2 F 52 l

MGUS3 M 42

MGUS4 M 78 k

MGUS5 F 54 l

MGUS6 M 77 k - - - - -

MGUS7 M 43 k

MGUS8 M 91 l

MGUS9 F 50

SMM1 F 67 l

SMM2 F 72 l - + - - + -

SMM3 F 58 l

SMM4 M 58 k

SMM5 F 64 k

SMM6 F 61 l

SMM7 F 64 k - + - - - -

SMM8 M 56 k

SMM9 M 70 k - - -

SMM10 F 67 - -

SMM11 F 76 k

SMM12 M 83 k + - - + - -

SMM13 M 47 k

SMM14 M 41 k

SMM15 M 65 k + - - - + -

MM1 M 83 III + - l

MM2 M 75 III k

MM3 F 59 II + - k + - - - +

MM4 F 80 II - - l + + - - -

MM5 M 76 II - - l + - + - -

MM6 F 79 II - - l + - - - -

MM7 M 69 I + + k

MM8 M 79 II + + l

MM9 M 57 I + - l + - +

MM10 M 81 II + + k - + - - - -

MM11 M 60 II k

MM12 F 78 II l - - - - -

MM13 M 73 III + + k

MM14 M 74 II + + l -

MM15 F 73 II - - l - - + - -

MM16 M 70 I - - k - - -

MM17 F 84 III - - k + - - - - -

MM18 F 86 III l

MM19 M 73 II + - l - - - - - -

MM20 M 56 III - - k

MM21 F 50 II + + k + - - + - -

MM22 F 75 I + + k -

MM23 F 77 III - - k - - - - -

MGUS: monoclonal gammopathy of undetermined significance; SMM: smoldering multiple myeloma; MM: multiple myeloma; F: female; M: male; ISS: International Staging System; HBD:
high bone disease; H: hyperdploid; l: lambda k: kappa.



malignant plasma cells were not included in the analysis.
Hence, BM monocyte samples included in the gene expres-
sion analysis were obtained from 23 MM, 15 SMM and
nine MGUS patients. The main characteristics of patients
eligible for gene expression analysis are reported in Table 2.

Unsupervised analysis significantly clustered together
MM samples (P=0.0024, Fisher exact test) whereas SMM
and MGUS were scattered along the dendrogram. (Figure
2A). A multiclass analysis identified 99 differentially
expressed genes in CD14+ cells between the three classes of
patients (Online Supplementary Figure S3A; Online
Supplementary Table S2), whereas 78 genes (18 up- and 60
down-regulated) were differentially expressed in mono-
cytes of MM patients as compared to SMM patients
(Online Supplementary Figure S3B; Online Supplementary
Table S3). The comparison of MM with samples from
asymptomatic patients (SMM and MGUS) identified 254
genes differentially expressed in CD14+ cells; specifically,
there were 62 up-regulated and 192 down-regulated genes
(Online Supplementary Figure S3C, Online Supplementary
Table S4). Functional annotation analysis of genes differen-
tially expressed in symptomatic patients was performed
using standard procedures with the Database for

Annotation, Visualization and Integrated Discovery
(DAVID) and Gene Set Enrichment Analysis (GSEA) tools
(Table 3). Among the identified gene sets, it is worth men-
tioning those associated with the cytokine-cytokine recep-
tor interaction pathway, Jak-STAT signaling pathway, and
the interferon alpha and gamma responses. Among the dif-
ferentially expressed genes, chemokines and chemokine
and cytokine receptors with pro-osteoclastogenic proper-
ties such as CCR5, IL21R and CD40, were specifically up-
regulated in CD14+ cells from MM patients. Importantly,
monocytes in MM samples up-regulate SLAMF7, which is
selectively expressed in plasma cells and natural killer cells
in MM leading to antibody-dependent cellular cytotoxicity
and direct natural killer cell activation.32 Particularly, IL21R
over-expression by BM CD14+ cells in MM was demon-
strated (q-value=0), both in the multiclass analysis and
when comparing MM versus SMM plus MGUS (Online
Supplementary Tables S2 and S4). Interestingly, IL21R gene
expression in the complete database significantly correlat-
ed with the expression of CCR5 (P=0.0197), CD40
(P<0.0001), and SLAMF7 (P=0.0002) genes (Figure 2B).
Moreover a further analysis between osteolytic versus not-
osteolytic patients with active MM identified 12 genes
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Figure 2. Transcriptional fingerprints evaluated by gene expression profiling of purified bone marrow CD14+ cells from patients with different monoclonal gam-
mopathies. (A) Heatmap of the trancriptional profiles resulting from the unsupervised analysis of all the MM, SMM and MGUS monocyte samples. (B) Scatterplots
showing the correlation between IL21R expression and that of CD40, SLAMF7 and CCR5 by BM monocytes as determined from gene expression analysis. The lines
represent the linear regression between each couple of genes. (C) Quantitative real-time polymerase chain reaction of IL21R, CCR5, CD40 and SLAMF7 genes per-
formed on BM monocytes purified from patients with monoclonal gammopathies. Values represent the median of the -ΔCt values of the reactions (*: fold change
>1.5). (D) Quantitative real-time polymerase chain reaction of IL21R, CCR5, CD40 and SLAMF7 genes performed on BM monocytes purified from MM patients with
(w) or without (w/o) osteolysis. Values represent the mean of the -∆Ct values of the reactions.
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(SERPINB10; CDCA5; MYBL2; SELENBP1; TK1; GYPA;
KIF18A; SPC25; HJURP; TAL1; SKA1; E2F8) that were
down-regulated in not-osteolytic MM patients. On the
other hand, we did not find a significantly different gene
expression signature between patients with active MM
with high bone disease versus low bone disease.

Thereafter, in a subgroup of patients, we confirmed a sig-
nificant up-regulation of IL21R, CCR5, CD40, and SLAMF7
genes in CD14+ cells from MM patients compared to SMM
and/or MGUS patients, by real-time polymerase chain
reaction (Figure 2C). Consistently with the gene expression
profiling data, we did not find a significantly different
expression of IL21R, CCR5, CD40, and SLAMF7 genes
between osteolytic versus not-osteolytic patients with
active MM (Figure 2D). 

Bone marrow CD14+ cells over-express IL21R mRNA in
multiple myeloma patients irrespective of interleukin-21

Based on the gene expression data and previous evidence
that IL-21 is a growth factor for MM cells33,34 and that the
IL-21/IL21R axis promotes osteoclastogenesis and bone
destruction in pathological conditions35,36 we further inves-
tigated the possible role of IL21R over-expression by
CD14+ cells in MM-induced osteoclastogenesis.

Firstly, by means of real-time polymerase chain reaction,
we confirmed that IL21R mRNA levels significantly
increased in BM CD14+ cells across different plasma cell
dyscrasias in a cohort of patients with MM, SMM and
MGUS (P=0.036) (Figure 3A). We showed that BM CD14+

cells expressed significantly higher levels of IL21R mRNA
in MM patients than in MGUS patients (P=0.023, Figure
3A), and in MM patients compared to SMM plus MGUS
patients (P=0.005, Figure 3B). The up-regulation of IL21R
mRNA was also observed in MM CD14+ cells obtained
from peripheral blood (n=3, data not shown). The mean dif-
ference between IL21R expression (expressed as -ΔCt) by
BM and peripheral blood monocytes purified from the
same patient was 0.46±0.49 (P=0.64). The expression of IL-
21R was also investigated at the protein level by flow
cytometry: in line with the evidence that the CD14+CD16+

population was increased in MM patients, we found that
BM CD14+ cells in MM patients expressed IL-21R/CD360
and that the CD14+CD16+ population showed higher
median fluorescence intensity (MFI) compared to
CD14+CD16- cells in each tested patient (mean ΔMFICD14+CD16+-

MFICD14+CD16- ±SD= 6.1±2.4) (Figure 3C).

Furthermore, we checked the levels of active STAT3 in
BM CD14+ cells, as it is well known that the signaling path-
way down-stream of IL-21R leads to the activation of Jak3
and STAT3.37,38 We found that MM CD14+ cells had signif-
icantly higher levels of active STAT3 compared to MGUS
cells (P=0.0029) and cells from asymptomatic patients
(MGUS plus SMM) (P=0.0093, Figure 3D).

To investigate the possible mechanisms involved in
IL21R mRNA over-expression, we treated purified BM
CD14+ cells obtained from MM, SMM or MGUS patients
with the rhIL-21 concentration reached in the BM plasma
of our cohort of patients. The addition of rhIL-21 (30
pg/mL) slightly increased IL21R mRNA in BM CD14+ cells
from MGUS and SMM patients but not from MM patients,
without the difference reaching statistical significance
(Figure 3E), suggesting a constitutive IL21R mRNA expres-
sion in MM patients irrespective of the presence of IL-21.
On the other hand, using the well-established39 monocytic
cell line THP-1, we found that combined treatment with
the pro-inflammatory cytokines rhIL-6 (20 ng/mL) and
rhTNF-α (10 ng/mL) significantly increased IL21R mRNA
expression compared to that of untreated controls
(P=0.005, Figure 3F).

Bone marrow IL21 expression and protein levels did 
not significantly differ across patients with monoclonal
gammopathies

Next, we evaluated IL21 mRNA expression levels in our
cohort of patients. BM mesenchymal stromal cells, CD14+

and primary MM cells did not express the IL21 gene,
which was otherwise expressed by CD3+ cells, in the CD4+

fraction, as checked by real-time polymerase chain reaction
(Online Supplementary Table S5). We failed to find a signifi-
cant difference in IL21 mRNA expression by CD3+ cells
among MM, SMM and MGUS patients, as shown in Figure
4A. Consistently, no significant difference was found in
BM levels of IL-21 across the different monoclonal gam-
mopathies, as detected by enzyme-linked immunosorbent
assay (Figure 4B). The median BM IL-21 level was 32.4
pg/mL for MGUS, 24.4 pg/mL for SMM and 34.1 pg/mL
for newly diagnosed MM patients.

IL21R over-expression by CD14+ cells is involved 
in osteoclastogenesis

Since IL21R was identified among the genes over-
expressed by BM CD14+ cells in MM patients, we investi-
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Table 3. Functional annotations* of the representative genes distinguishing BM monocytes as emerging from supervised analysis of MM versus
MGUS plus SMM patients.  

Database for Annotation, Visualization and Integrated Discovery (DAVID ) 
Pathway Database Term Genes§

KEGG Cytokine-cytokine receptor interaction CCR5, IL21R, CSF3R, CD40
Jak-STAT signaling pathway IL21R, CSF3R, 
Chemokine signaling pathway GNGT2, CCR5

REACTOME Metabolism of carbohydrates GOT2, GPI, PGM1, PGD, GYS1

Gene Set Enrichment Analysis (GSEA) 
Functional group category Genes§

INTERFERON ALPHA RESPONSE EPSTI1, IFI27, IFITM1, ISG20, LAP3    

INTERFERON GAMMA RESPONSE CD40, EPSTI1, IFI27, ISG20, LAP3, PIM1, SLAMF7, STAT4, VAMP5   
*The DAVID Functional Annotation Tool v6.8 (https://david.ncifcrf.gov) and GSEA tool (http://software.broadinstitute.org/gsea) were used to classify genes into functional cat-
egories. §Genes down-regulated in MM monocytes are underlined.



gated its role in osteoclast differentiation. We induced
IL21R over-expression in CD14+ cells obtained from three
different healthy donors. The over-expression of IL21R
gene was evaluated by real-time polymerase chain reaction
in CD14+ cells infected with IL21R vector (CD14+ IL21R
vector) and compared to that of cells infected with the
empty vector (CD14+ empty vector, Figure 5A).
Subsequently, we performed in vitro osteoclastogenesis
assays. The number of osteoclasts in this set of experi-
ments was low because the infection with lentiviral vec-
tors strongly affects primary monocyte viability (Figure
5B,C). Interestingly, in vitro osteoclastogenesis assays
showed that the over-expression of IL21R increased the

number and median area of osteoclasts in the presence of
RANKL and M-CSF compared to controls; consistently, the
presence of Janex 1, a JAK3 inhibitor known to block IL-
21R signaling, significantly reduced osteoclast formation
and size in CD14+ IL21R vector cells (Figure 5B,C).

Blocking interleukin-21 receptor signaling inhibits
osteoclastogenesis

To further confirm the role of IL21R over-expression in
osteoclastogenesis, we performed in vitro osteoclastogene-
sis assays with or without rhIL-21 in the presence or
absence of Janex 1. The presence of rhIL-21 did not affect
the number or area of TRAP-positive osteoclasts obtained
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Figure 3. IL-21R over-expression by bone marrow CD14+ cells from patients with multiple myeloma compared to those from patients with smoldering multiple
myeloma or monoclonal gammopathy of undetermined significance. (A) IL21R mRNA expression was evaluated by real-time polymerase chain reaction (PCR) in
purified BM CD14+ obtained from patients with monoclonal gammopathies. Box plots show the median –ΔCt levels (P calculated by the Mann-Whitney test). (B) IL21R
mRNA expression was evaluated by real-time PCR in purified BM CD14+ obtained from MM patients versus SMM plus MGUS patients. Box plots show the median –
ΔCt levels (P calculated by the Mann-Whitney test). (C) CD360/IL-21R expression was evaluated by flow cytometry in BM CD14+CD16- and CD14+CD16+ cells.
Comparison between CD360 expression by CD14+CD16- and CD14+CD16+ monocyte populations, stained with anti-CD360 or control IgG1, is shown in three repre-
sentative MM patients (i, ii, and iii) (MFI: median fluorescence intensity). (D) Active STAT3 levels were determined by the STAT family assay kit in nuclear extracts of
purified BM CD14+ cells obtained from MGUS (n=3), SMM (n=3) and MM (n=3) patients. The bar chart represents the mean±SD level of active STAT3 checked as
optical density (OD) at 450 nm with a reference wavelength of 620 nm, after subtracting the blank. (E) BM CD14+ cells purified from patients with MM, SMM or
MGUS were treated with or without rhIL-21 (30 pg/mL) for 24 h. IL21R mRNA level was evaluated by real-time PCR. The bar chart represents the median –ΔCt of
IL21R mRNA of three replicates (Con: untreated control). (F) The monocytic cell line THP-1 was treated for 48 h with or without rhIL-6 (20 ng/mL) or TNF-α (10 ng/mL)
or both cytokines. IL21R mRNA levels were evaluated by real-time PCR in three independent experiments (P calculated using the t test). The bar chart represents
the mean±SD fold change of mRNA IL21R (Con: untreated control).
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Figure 4. IL21 mRNA expression by
the bone marrow microenviron-
ment and levels of interleukin-21 in
the bone marrow in patients with
multiple myeloma, smoldering mul-
tiple myeloma or monoclonal gam-
mopathy of undetermined signifi-
cance. (A) IL21 mRNA expression by
purified CD3+ cells from MM (n=5),
SMM (n=7) or MGUS (n=7) patients
evaluated by real-time polymerase
chain reaction. The bar chart shows
the mean±SD –ΔCt of IL21 mRNA.
(B) BM IL-21 levels were evaluated
by enzyme linked immunosorbent
assay in a cohort of 76 newly diag-
nosed MM, 42 SMM and 41 MGUS
patients. The scatter dot plot repre-
sents BM IL-21 levels in the cohort
of patients with the lines represent-
ing median levels.

Figure 5. IL21R over-expression by a lentiviral vector in monocytes increases the differentiation of osteoclasts. (A) IL21R was over-expressed in peripheral blood
CD14+ cells obtained from three different healthy donors transduced with a specific lentiviral vector for IL21R (CD14+ IL21R vector) as compared to those infected
with the empty control vector (CD14+ empty vector) or not transduced (CD14+). IL21R mRNA levels were checked by real-time polymerase chain reaction. Bar graph
represents the median –ΔCt levels of three independent experiments. CD14+ transduced cells with IL21R or empty lentiviral vectors (200,000 cells/well) were seeded
in 96-well plates in αMEM with 10% FBS, rhM-CSF 10 ng/mL and rhRANKL 50 ng/mL in the presence or absence of the IL-21R signaling inhibitor Janex 1 (10 μM)
or vehicle (DMSO). After 28 days of culture, osteoclasts were identified as multinucleated (>3 nuclei) TRAP-positive cells and counted by light microscopy. (B) The bar
graph shows the mean±SD number of osteoclasts for each well (P calculated using the t test) in three independent experiments with CD14+ from three different
healthy donors (left panel). The box plot represents the osteoclast area (P calculated by the Mann-Whitney test) in a representative experiment performed at least in
triplicate (right panel). (C) Images of one representative experiment of the osteoclastogenesis assay stained by TRAP of CD14+ IL21R vector and CD14+ empty vector
cells performed in the presence or absence of Janex 1 (original magnification, 4x).
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from total mononuclear cells or CD14+ cells purified from
MM BM aspirates (Figure 6A,B). No significant differences
were found in osteoclast number or area between tumor
and not-tumor samples treated with IL-21 (data not shown).

On the other hand, Janex 1 significantly suppressed
osteoclastogenesis from either total BM mononuclear cells
or BM CD14+ cells obtained from MM patients, both in the
presence (P<0.001) and in the absence (P<0.001) of the
rhIL-21, as shown in Figure 6A,B. Moreover, the presence
of Janex 1 significantly reduced the median osteoclast area
both in the presence (P=0.012) and in the absence
(P<0.001) of rhIL-21, compared to untreated controls
(Figure 6A).

Discussion

Monoclonal gammopathies are characterized by the acti-
vation of bone resorption with a progressive increase in the
number of osteoclasts from MGUS to MM.5 Several studies
have evaluated the gene expression profiles of plasma cells
obtained both from patients with newly diagnosed MM or
MGUS and from healthy donors to identify genes poten-
tially related to the progression of MM.40,41 However, while
MGUS and MM can be distinguished from normal plasma
cells, these two conditions cannot be easily differentiated
from each other.40,41 Transcriptional data were used to strat-

ify MM patients with lytic lesions, identifying DKK1 as the
main over-expressed gene when focal bone lesions occur.42

Studies analyzing BM microenvironment cells indicate that
mesenchymal stromal cells and osteoblasts in MM patients
have different transcriptional profiles compared to those of
healthy donors and based on the occurrence of osteolytic
lesions.13 However, not all the BM biological alterations
from MGUS to SMM and, finally, to active MM are clear
yet. 

As regards the immunophenotypic profile, we found
that the median percentage of CD14+CD16+ cells in BM
samples increased among the different types of monoclon-
al gammopathies, being significantly higher in MM than in
MGUS. In our study, for the first time we sorted BM
CD14+CD16+ cells and showed that they represent the
osteoclastogenic fraction of CD14+ cells in MM patients,
supporting the notion that inflammatory monocytes are
involved in MM-induced osteoclastogenesis. In addition,
CD14+CD16+ cells might contribute to the high production
of inflammatory cytokines, such as TNF-α,23 which are
increased in the BM of MM patients and involved in osteo-
clast formation.43,44

Consistent with the immunophenotypic profile, the
transcriptome of CD14+ cells obtained from MM patients
showed up-regulation, as compared to the expression in
SMM and MGUS, of genes involved in immune response,
chemotaxis and osteoclastogenesis. We focused on genes
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Figure 6. Interleukin-21 receptor signaling inhibition blocks Interleukin-21 driven osteoclastogenesis. BM mononuclear cells, obtained from MM patients, were
seeded at the concentration of 4x105 cells/well in 96-well plates in αMEM with 10% FBS, rhM-CSF 25 ng/mL and rhRANKL 20 ng/mL in the presence or absence
of rIL-21 (30 pg/mL) and the IL-21R signaling inhibitor Janex 1 (10 μM) or vehicle (DMSO) for 28 days, replacing the medium every 3 days. At the end of the culture
period osteoclasts were identified as multinucleated (>3 nuclei) TRAP-positive cells and counted by light microscopy (Con: untreated control). (A) The bar graph rep-
resents the mean±SD osteoclast number for each well (P calculated using the t test) (upper panel). The box plot shows the osteoclast (OC) area (P calculated by the
Mann-Whitney test) in one representative experiment performed at least in triplicate (lower panel). (B) Representative images of osteoclasts stained with TRAP after
28 days of culture (original magnification, 4x).
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potentially involved in osteoclastogenesis. The up-regulat-
ed genes included CCR5, whose role in bone destruction in
MM has already been extensively investigated.19,20 IL21R
mRNA was also over-expressed by BM CD14+ cells in MM
but not in SMM or MGUS. 

The analysis of patients with active MM according to the
presence of osteolysis identified only 12 genes that were
down-regulated in not-osteolytic patients. Nevertheless,
we did not find a significantly different gene expression
signature between the MM patients with high bone dis-
ease versus those with low bone disease. The lack of major
differences in the immunophenotypic and transcriptional
profiles of monocytes from osteolytic and not-osteolytic
patients are not surprising because the main pathophysio-
logical difference between osteolytic and non-osteolytic
MM patients is the suppression of osteoblast formation
rather than increased osteoclast formation and activity.
Our data are supported by previous reports that all MM
patients have a significant increase of bone resorption rate
with unbalanced bone remodeling.5,9 In addition, MGUS
patients have a significant increase of bone resorption
rate.5,7 Consistently, in this study we did not find a large
number of differentially expressed genes by monocytes
across patients with the different monoclonal gam-
mopathies. 

In this study, we demonstrated the potential involve-
ment of the IL-21/IL-21R axis in the increased osteoclasto-
genesis that occurs in MM patients. The ligand of IL-21R,
the cytokine IL-21, is a growth factor for MM cells33,34 and
it is mainly produced by T cells.37,45 The binding of IL-21 to
its receptor leads to the activation of the Jak–STAT path-
way, in particular Jak1, Jak3, STAT1, and STAT3.37,46,47

Interestingly, a previous study showed that IL-21 up-regu-
lation in the synovium and the serum of patients with
rheumatoid arthritis is involved in osteoclastogenesis and
bone destruction.35 Nevertheless, the role of IL-21 in MM-
induced osteoclast formation is largely unknown. In this
study we found significant IL21R mRNA over-expression
by CD14+ cells correlated with the other osteoclastogenic
genes identified such as CCR5, but also with CD40 and
SLAMF7. Interestingly, in line with the immunophenotyp-

ic profile of BM CD14+ in MM patients, IL21R was
expressed at high intensity in the CD14+CD16+ fraction.
The up-regulation of IL21R in MM patients was associated
with an increase of STAT3 signaling and was independent
of the presence of IL-21. On the other hand, as the combi-
nation of the pro-inflammatory cytokines IL-6 and TNF-α
increases IL21R mRNA expression in monocytes, we
might suppose that these cytokines are involved in IL21R
over-expression by BM CD14+ cells. The pathophysiolog-
ical role of IL21R over-expression by CD14+ cells in the
enhanced osteoclastogenesis that occurs in MM patients
was further demonstrated by a lentiviral approach. These
data also support the role of IL-21R signaling as a potential
therapeutic target. Accordingly, it is worth remembering
that the clinically approved JAK3 inhibitor tofacitinib sup-
presses osteoclast-mediated structural damage to arthritic
joints and decreases RANKL production.48 This study was
not designed to evaluate the role of IL-21R overexpression
as a potential biomarker of MM progression; however, our
data suggest that IL-21R expression level could be a poten-
tial biomarker of myeloma progression. Clearly, only an
appropriate prospective study evaluating IL-21R expres-
sion would be able to address this point. 

In conclusion, this study supports the notion that a pro-
inflammatory profile of BM CD14+ cells is involved in
osteoclastogenesis in MM patients, in line with a consider-
able amount of evidence from the literature.19,49,50 For the
first time, we highlighted IL21R over-expression in BM
monocytes from MM patients and demonstrated its role in
increased osteoclastogenesis, suggesting that IL-21R signal-
ing could be a potential new therapeutic target for MM
bone disease.
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