
Regular Article

LYMPHOID NEOPLASIA

Monoclonal immunoglobulins promote bone loss in
multiple myeloma
Marita Westhrin,1 Vlado Kovcic,1 Zejian Zhang,2,3 Siv H. Moen,1 Tonje Marie Vikene Nedal,1 Albert Bondt,3 Stephanie Holst,3 Kristine Misund,1

Glenn Buene,1 Anders Sundan,1 Anders Waage,1,4 Tobias S. Slørdahl,1,4 Manfred Wuhrer,3 and Therese Standal1,4

1Centre of Molecular Inflammation Research (CEMIR), Department of Clinical and Molecular Medicine, Faculty of Medicine, Norwegian University of Science and
Technology (NTNU), Trondheim, Norway; 2Department of Central Laboratory, Peking UnionMedical College Hospital, Peking UnionMedical College and Chinese
Academy of Medical Sciences, Beijing, China; 3Center for Proteomics and Metabolomics, Leiden University Medical Center, Leiden, The Netherlands; and
4Department of Hematology, St. Olavs University Hospital, Trondheim, Norway

KEY PO INT S

l Monoclonal
immunoglobulins of
myeloma patients with
bone disease have
reduced IgG-Fc
glycosylation and
promote osteoclast
differentiation.

l Treatment with
ManNAc to increase
IgG sialylation reduces
the number of
osteolytic lesions and
tumor load in a
myeloma
mouse model.

Most patients with multiple myeloma develop a severe osteolytic bone disease. The
myeloma cells secrete immunoglobulins, and the presence of monoclonal immunoglobulins
in the patient’s sera is an important diagnostic criterion. Here, we show that immuno-
globulins isolated from myeloma patients with bone disease promote osteoclast differ-
entiation when added to human preosteoclasts in vitro, whereas immunoglobulins from
patients without bone disease do not. This effect was primarily mediated by immune
complexes or aggregates. The function and aggregation behavior of immunoglobulins are
partly determined by differential glycosylation of the immunoglobulin-Fc part. Glycosyl-
ation analyses revealed that patients with bone disease had significantly less galactose on
immunoglobulin G (IgG) compared with patients without bone disease and also less sialic
acid on IgG compared with healthy persons. Importantly, we also observed a significant
reduction of IgG sialylation in serum of patients upon onset of bone disease. In the 5TGM1
mouse myeloma model, we found decreased numbers of lesions and decreased CTX-1
levels, a marker for osteoclast activity, in mice treated with a sialic acid precursor,
N-acetylmannosamine (ManNAc). ManNAc treatment increased IgG-Fc sialylation in the
mice. Our data support that deglycosylated immunoglobulins promote bone loss in mul-

tiple myeloma and that altering IgG glycosylation may be a therapeutic strategy to reduce bone loss. (Blood. 2020;
136(23):2656-2666)

Introduction
Multiple myeloma is a hematologic malignancy caused by clonal
proliferation of malignant plasma cells in the bone marrow.1 This
expansion causes high circulating levels of monoclonal immu-
noglobulins (M component) in most patients; ;70% of the pa-
tients have serum monoclonal immunoglobulin levels . 2 g/dL.
The majority of patients have immunoglobulin G (IgG) myeloma
(50%), whereas IgA myeloma and light chain–only myeloma
account for 20% and 16% of the cases, respectively.2 Except for
kidney damage, theM component is not known to be involved in
the pathogenesis of the disease.

One of the hallmarks of multiple myeloma is the presence of
osteolytic lesions caused by an increase in numbers and activity
of bone-degrading osteoclasts and a decrease in bone-forming
osteoblasts. Myeloma bone disease (BD) is a severe clinical
problem, causing fractures, pain, and reduced quality of life.3-5

Bone loss is also common in inflammatory autoimmune diseases
such as rheumatoid arthritis. In mouse models of rheumatoid

arthritis, autoantibodies in the form of immune complexes have
been shown to promote bone loss.6-8 A conserved glycosylation
site is present in the CH2 domain of the IgG heavy chain, and the
type of glycan at this site is critical for conformation of the Fc
part as well as for the binding affinity to various Fcg receptors
(FcgRs).9 The pro-osteoclastogenic effect of IgGs in rheumatoid
arthritis seems to be, at least partly, dependent on altered
glycosylation of the IgG-Fc part.10,11

Multiple myeloma is not considered an autoimmune disease,
and the antigens underlying the origin of myeloma clones are to
a large extent unknown. A recent article showed thatmonoclonal
and polyclonal immunoglobulins from myeloma patients have
reduced Fc-sialylation compared with immunoglobulins from
healthy persons.12 In addition, we recently reported a decrease
in both sialylation and galactosylation in the total serum protein
N-glycome in myeloma patients compared with healthy control
subjects.13 It remains to be investigated whether glycosylation
patterns of immunoglobulins differ in myeloma patients with and
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without BD. Considering the high levels of circulating immu-
noglobulins and changes in immunoglobulin Fc-glycosylation in
myeloma patients, we sought to investigate if immunoglobulins
play a role in multiple myeloma BD.

Methods
Patient samples
All samples were donated after informed consent, and the re-
gional ethics committee (REK 2011/2029 and 2012/2033) ap-
proved the study. For osteoclast assay and glycosylation analysis,
patient serum samples were obtained from Biobank1 (St. Olavs
Hospital, Trondheim, Norway). The serum samples were col-
lected between 2005 and 2015 and had been stored by the
Biobank at 280°C. In addition, serum samples obtained in
2013 from 51 age- and sex-matched healthy donors were used.
No outliers were excluded from the analyses. Patient charac-
teristics are presented in Tables 1 and 2. Bone affection was
determined by radiographs unless otherwise stated (supple-
mental Table 1, available on the Blood Web site). Patients with
BD had significantly higher serum CTX-1 compared with
healthy control subjects and patients without BD (supplemental
Figure 1). Additional details are provided in the supplemental
Methods.

Isolation and fractionation of immunoglobulins
Isolation of immunoglobulins was performed by using G- and
L-protein magnetic beads (Thermo Fisher Scientific/Life Tech-
nologies) or protein G SpinTrap (GEHealthcare) according to the
manufacturers’ instructions. Protein measurements of the iso-
lated products were performed by using the Pierce BCA Protein

Assay Kit (Thermo Fisher Scientific) or the NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies Inc.) according to
the manufacturers’ instructions. Isolated immunoglobulins were
fractioned by gel filtration using a Superose 6 3.2/300 column (GE
Healthcare). Fractions were collected in 100 mL of phosphate-
buffered saline and stored at 4°C until used.

IgG glycosylation analysis of human and mouse
samples
Mass spectrometric analyses of human and mouse IgG glyco-
sylation were performed at the Center for Proteomics and
Metabolomics, Leiden University Medical Center. Details are
provided in the supplemental Methods.

Mass spectrometric analyses of IgG-binding
proteins
IgG isolated from a patient’s serum as described earlier was
analyzed on an Orbitrap Elite (Thermo Fisher Scientific) to
identify binding proteins. The mass spectrometric analysis was
performed at the Proteomics Unit at University of Bergen. Details
are provided in the supplemental Methods.

Enzymatic modifications of isolated
immunoglobulins
Removal of sialic acid and galactose was performed by in-
cubating isolated IgG with 10 U of a2-3,6,8,9 neuraminidase A
and 8 U of b1-4 galactosidase in 1X GlycoBuffer (New England
BioLabs) for 24 hours at 37°C. Addition of galactose was per-
formed by incubating immunoglobulin (1 mg) with UDP-galactose
(10 mM; MilliporeSigma) and b1-4 galactosyltransferase (2.5 mU;
MilliporeSigma) in 4-morpholinepropanesulfonic acid buffer

Table 1. Clinical characteristics of multiple myeloma patients (immunoglobulins used in osteoclast assays)

Characteristic

Isolation of the M component Isolation of uninvolved immunoglobulins

Without BD (n 5 10) With BD (n 5 16) Without BD (n 5 10) With BD (n 5 17)

Age (median), y 67.7 (44-78) 67 (49-79) 70.1 (61-78) 62.7 (30-81)

Sex (male) 7 (70%) 6 (38%) 7 (70%) 11 (64.7%)

Female 3 10 3 6

ISS 1 6 3 3 4

ISS 2 3 1 4 5

ISS 3 1 2 2

Unknown 0 12 1 6

HB, g/L 12.1 (9.3-13.8) 11.0 (6.3-14.2) 10.9 (8.8-14.3) 10.2 (5.9-14.9)

WBC (/L) 5.5 (2.2-11.3) 4.8 (1.8-8.1) 8.8 (3.8-13.2) 8.4 (3.2-14.9)

TRC (/L) 264 (154-406) 191 (5-296) 229 (129-336) 233 (120-412)

M component, g/L 20.8 (3.5-42) 29.9 (8-71.9) 23.8 (2.5-44) 21.9 (0-63)

% PC 20 (9-44) 35 (2-95) 35 (10-65) 41 (6-83)

Light chain k 5 (50%) 12 (75%) 10 (100%) 13 (76.4%)*

% PC, % plasma cells; ISS, International Staging System; HB, hemoglobin; TRC, number of thrombocytes; WBC, white blood cells.

*The rest is nonsecretory.
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(50 mM pH 7.2 with 20 mM MnCl2) for 48 hours at 37°C. The
enzymatically modified immunoglobulins were purified over Zeba
Spin columns (Thermo Fisher Scientific).

Nanoparticle tracking analysis of immunoglobulins
Isolated immunoglobulins were diluted in sterile phosphate-
buffered saline and analyzed by using NanoSight NS300
(Malvern Panalytical). Particle size and concentrations were
calculated inNTA3.2Dev Build 3.2.16. The detection thresholdwas
set to 5.

Differentiation of osteoclasts and TRAP staining
Human buffy coats for isolation of peripheral bloodmononuclear
cells (PBMCs) used for osteoclast assays were provided by the
blood bank at St. Olavs Hospital (approved REK, no. 2009/2245).
Isolation of PBMCs from buffy coats was performed with density
gradient (Lymphoprep; Axis-Shield Diagnostics Ltd.), and CD141

cells were isolated by using magnetic beads (MACS; Miltenyi
Biotec) as previously described.14 Isolated monocytes (67.000
CD141 cells/mL) were cultured in a2minimum essential medium
(without phenol red) (Thermo Fisher Scientific) with pooled human
serum (10%) and macrophage colony-stimulating factor (30 ng/mL;
R&D Systems), RANKL (20 ng/mL; R&D Systems) and transforming
growth factor-b (1 ng/mL; R&D Systems) for 6 to 10 days until
binuclear cells appeared. At that point, macrophage colony-
stimulating factor (30 ng/mL), RANKL (10 ng/mL), and isolated
immunoglobulins (5 mg/mL) were added as specified in Figure 1.
Cells were stained with TRAP by using the Tartrate-Resistant Acid
Phosphatase, Leukocyte (TRAP) Kit (MilliporeSigma) according to

the manufacturer’s instructions, with the following modifications:
Cells were fixed using paraformaldehyde (4%), and the samples
were incubated in the staining solution for up to 2 hours. TRAP-
positive multinuclear cells with $3 nuclei were regarded as oste-
oclasts and counted blinded under standard phase-contrast
microscopy.

FcgR inhibition
Cells were seeded out, cultured, and induced to differentiate
toward osteoclasts as described until binuclear cells appeared.
At this point, cells were treated with blocking antibodies (10 mg/mL)
against FcgRI (10.1; BioLegend), FcgRII (AT10; Abcam), FcgRIII
(BioLegend), or isotype control (mouse IgG1, k; BioLegend) for
1 hour. Next, immunoglobulins (10 mg/mL) were added as in-
dicated in Figure 1, and cells were cultured for up to 5
additional days before TRAP staining as described. In the serum
experiments, FcgRII-neutralizing antibodies were added to binu-
clear cells 30 minutes before stimulation with human serum (30%)
from individual myeloma patients. Cells were cultured 1 to 2 days
until multinuclear cells appeared and thereafter were TRAP stained.

5TGM1 mouse model
The mouse experiment was performed at Pharmatest Services
Ltd. and was approved by the National Committee for Animal
Experiments in Finland. Female C57BL/KaLwRij mice, aged 6 to
7 weeks at the beginning of the study, were used. On study
day 0, a total of 20 mice were given an intravenous injection of
2 3 106 of 5TGM1 mouse multiple myeloma cells. Allocation to
treatment groups (n5 10) was performed by using a stratification

Table 2. Clinical characteristics of healthy donors andmultiplemyeloma patients (immunoglobulins used in glycosylation
analyses)

Characteristic
Healthy control
subjects (n 5 51)

Without BD
(n 5 33)

With BD
(n 5 43)

Age (median), y 60 64 65

Sex (male) 27 (52.9%) 16 (48.5%) 29 (67.4%)

Female 24 17 14

Untreated NA 31 36

ISS 1 NA 10 10

ISS 2 NA 6 13

ISS 3 NA 4 9

Unknown NA 13 11

HB, g/L 14.4 (12-17.5) 11.1 (8.2-17.4) 10.7 (7.3-14)

WBC (/L) 6.8 (3.5-12.6) 5.3 (2.2-8.2) 6.3 (2.3-19)

TRC (/L) 237 (137-377) 229 (80-406) 247 (26-607)

M component, g/L NA 40.0 (0-98.8) 34.5 (1.4-105)

% PC NA 24 (5-70) 33 (0-95)

Light chain k NA 19* 34*

ISS, International Staging System; HB, hemoglobin; NA, not analyzed; PC, plasma cells; TRC, number of thrombocytes; WBC, white blood cells. NA

*Seven unknown.
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procedure based on the animal weight at the beginning of
the study.

The treatment with N-acetylmannosamine (ManNAc; Milli-
poreSigma) and the corresponding control mannose, both ad-
ministered at 10 g/L in the drinking water, was initiated on
study day 0, within 1 to 2 hours’ postinoculation. For the duration
of the study, the overall liquid consumption was monitored, and
the weight of each bottle was registered. Blood samples were
collected 1 day before euthanasia or at end point. To minimize
the inbetween subjects’ variability in bone marker measure-
ments, blood was collected in the afternoon after 4 hours of
fasting, when possible. The number of bone lesions was eval-
uated by radiographic imaging of both hind limbs, and the bone
microstructure was evaluated by micro–computed tomography
analysis of the right femur, as described in the supplemental
Methods. Tumor load was assessed by quantification of serum
IgG2b levels (M component), spleen weight, and percent plasma
cells in bone marrow.

Statistical analysis
Statistical analyses were performed by using Graph Pad Prism 8
and SPSS version 24 forMacOS X. The Student t test was used to
determine significance between 2 groups, and one-way analysis
of variance (ANOVA) followed by the Šidák multiple compari-
sons test were used to determine significance when comparing
multiple factors. For paired analyses, repeated measurements or
mixed models ANOVA followed by Tukey’s or Dunnett’s mul-
tiple comparisons were used. Correlation between 2 parameters
was estimated by the Spearman rank correlation analysis. For
non-normally distributed parameters: (1) when comparing 2
groups, the Mann-Whitney U test was used; and (2) when
comparing multiple groups, the Kruskal-Wallis test, followed by
the Dunnett multiple comparisons test, was used. For paired
analyses, theWilcoxonmatched-pairs signed rank test was used.
Results were considered statistically significant when P , .05.

Results
Immunoglobulins from multiple myeloma patients
with BD promoted osteoclastogenesis in vitro
To investigate whether immunoglobulins from myeloma pa-
tients influence osteoclastogenesis, we first isolated IgG from
the serum of myeloma patients who had IgG M component with
or without BD, added them to preosteoclasts generated from
PBMCs, and quantified the number of osteoclasts. Strikingly,
immunoglobulins isolated from patients with BD (n 5 16) in-
duced osteoclast formation, whereas immunoglobulins isolated
from healthy control subjects (n 5 7) or patients without BD
(n 5 10) had no effect relative to the RANKL control (Figure 1A;
supplemental Figure 2A). In contrast, when IgG was isolated
from patients with IgA, IgD, or nonsecretory myeloma, the
“normal” or so-called uninvolved immunoglobulins, IgG from
these patients did not promote osteoclastogenesis, regardless
of the BD status of the patient (Figure 1B). These data suggest that
the pro-osteoclastogenic effect is mediated by the M component
and not by the uninvolved immunoglobulins. IgG isolated from
blood promoted osteoclast differentiation to a similar extent as IgG
isolated from bone marrow plasma from the same patient (sup-
plemental Figure 2B). The clinical characteristics of the patients are
summarized in Table 1 and supplemental Table 1.

To investigate if the observed effect on osteoclastogenesis was
dependent on Fc-receptors, we inhibited FcgRI, FcgRII, and
FcgRIII on preosteoclasts using neutralizing antibodies. When
FcgRII was inhibited, osteoclastogenesis was reduced compared
with the isotype control (Figure 1C). Inhibiting FcgRI or FcgRIII
had no effect, suggesting that FcgRII is important for mediating
the effect of the isolated immunoglobulins on preosteoclasts.
To further examine the relative importance of FcgRII for
immunoglobulin-mediated osteoclastogenesis, we added serum
from myeloma patients with BD to preosteoclasts and inhibited
FcgRII using neutralizing antibodies. Indeed, inhibiting FcgRII
significantly reduced osteoclastogenesis compared with isotype
control-treated cells (Figure 1D), suggesting that immunoglobu-
lins to a large extent mediate the pro-osteoclastogenic effect of
myeloma patients’ serum.

Because FcgRII is a low-affinity receptor for monomeric immu-
noglobulins, we wanted to examine if immune complexes or
aggregated immunoglobulins mediated the effect on osteo-
clasts. To this end, we fractioned the isolated immunoglobulins
using gel filtration and stimulated preosteoclasts with the dif-
ferent molecular weight fractions. Indeed, for patients with
BD, the fractions containing immune complexes of ;600 to
1000 kDa contained the “active” components (Figure 1E). In
contrast, for patients without BD, there was little or no effect of
immunoglobulins on osteoclastogenesis, even in the fractions
containing immune complexes (Figure 1F). Monomeric immu-
noglobulins (;150 kDa) had no effect compared with the con-
trol, implying that immune complexes or aggregates (and not
monomeric immunoglobulins) are the culprits for the osteo-
clastogenic effect. In an attempt to estimate the amount
of complexes/aggregates in the samples, we quantified the
number of particles with a diameter of $100 nm in our isolated
immunoglobulin fractions using nanoparticle tracking analysis.
We found that samples from patients with BD contained more
nanoparticles compared with the healthy control subjects,
whereas there was a nonsignificant difference between patients
with or without BD (Figure 1G). To further characterize differ-
ences between the groups, mass spectrometric analyses were
performed of immunoglobulins isolated from patients with
(n 5 11) and without (n 5 8) BD. The only proteins that were
significantly upregulated in the BD group were C1q subcom-
ponent subunit B, C1q subcomponent subunit A, and C1q
subcomponent subunit C. This finding indicates that immuno-
globulins from patients with BD bind more complement C1q
compared with patients without BD (Figure 1H).

Reduced Fc-glycosylation of immunoglobulins from
multiple myeloma patients with BD
Complex formation/aggregation and receptor binding is influ-
enced by Fc-glycosylation of immunoglobulins.9 To examine if
there were changes in Ig-glycosylation in myeloma patients with
BD, IgG Fc-glycosylation was characterized by mass spectrometry
of immunoglobulins isolated frommyeloma patients with (n5 43)
and without (n5 33) BD and fromhealthy control subjects (n5 51)
(Table 2). The derived glycosylation traits in the 3 groups are
presented in a heat map (Figure 2A). It is evident from the map
that patients with BD have decreased immunoglobulin gal-
actosylation and sialylation compared with patients without BD
(supplemental Table 2). These differences were mainly caused by
a decrease in galactosylation and to some degree sialylation, as is
seen in the lower part of the heat map. According to a more

MONOCLONAL IMMUNOGLOBULINS IN MULTIPLE MYELOMA blood® 3 DECEMBER 2020 | VOLUME 136, NUMBER 23 2659

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/23/2656/1791080/bloodbld2020006045.pdf by guest on 02 June 2024



M
-C

SF

RANKL

HEALT
HY

no
 B

D BD
0

100

200

300

Re
la

tiv
e 

# o
ste

oc
la

sts

ns

**

**

ns

A

M
-C

SF

RANKL

no
 B

D BD
0

100

200

300

Re
la

tiv
e 

# o
ste

oc
la

sts ns

ns

ns

B

Iso
ty

pe 
co

nt
ro

l

+ F
cg

R1 
inh

+ F
cg

R2 
inh

+ F
cg

R3 
inh

0

50

100

150

Re
la

tiv
e 

# o
ste

oc
la

sts

RANKL

IgG from patients
ns

**

C

RANKL

se
ru

m
 +

 n
o ad

d

se
ru

m
 +

 an
ti-

Fc
gR2

se
ru

m
 +

 is
to

yp
e 

ct
rl

0

100

200

300

Re
la

tiv
e 

# o
ste

oc
la

sts

ns

***
****

****

D

RANKL

>10
00

10
00 60

0
40

0 70 <70
0

50

100

150

200

250

Ig-fraction (size in kDa)

Re
la

tiv
e 

# o
ste

oc
la

sts

**
E

RANKL

>10
00

10
00 60

0
40

0 70 <70
0

50

100

150

200

250

Ig-fraction (size in kDa)

Re
la

tiv
e 

# o
ste

oc
la

sts ns

F

no
 B

D BD
0

10

20

30

10
^

6 
pa

rti
cle

s/m
l

*
G

-7.0 -3.5 0.0 3.5 7.0
0.0

0.5

1.0

1.5

2.0

log2 BD/no BD

-lo
g1

0 
(p

-va
lu

e)

C1q subunit B

C1q subunit A
C1q subunit C

C1r subunit C

H

HEALT
HY

Figure 1. IgG isolated frommyeloma patients with BD induce osteoclastogenesis. (A-B) Immunoglobulins isolated from patients with BD (BD) or without BD (no BD) or from
healthy control subjects were added to preosteoclasts derived from CD141 cells isolated from PBMCs of healthy donors. After 2 to 4 days, cells were TRAP stained, and TRAP-
positive cells with$3 nuclei were counted as osteoclasts. Cells were incubated with RANKL (10 ng/mL) as a positive control and macrophage colony-stimulating factor (M-CSF;
30 ng/mL) only as a negative control In panel A, IgG from IgG-myeloma patients (the M component) (5 mg/mL) with (n5 16) and without (n5 10) BD, were used; in panel B, IgGs
(5 mg/mL) isolated from the serum of IgA, IgD or nonsecretory patients (uninvolved immunoglobulins) with (n5 17) and without (n5 10) BD were used. Numbers of osteoclasts
are presented relative to the RANKL positive control. **P , .01 using ANOVA followed by the Šidák multiple comparisons test. (C) Relative increase in osteoclasts after
immunoglobulins (5 mg/mL, n 5 4 patients with BD) were added to preosteoclasts that were previously blocked with neutralizing anti-FcgR antibodies. The number of TRAP-
positive cells was counted after 1 to 3 days. **P, .01 using mixed model ANOVA followed by Tukey’s multiple comparisons test. (D) Preosteoclasts were stimulated with serum
from myeloma patients (n 5 4) with and without FcgRII antibody. The number of osteoclasts after 1 to 2 days was evaluated by using TRAP staining. ***P , .001, ****P , .0001
using ANOVA followed by the Šidák multiple comparisons test. (E-F) Isolated immunoglobulins (n5 3 per group) were separated based on size on a Sepharose 6 size-exclusion
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detailed analysis, a significant reduction in sialylation was noted
in patients with BD compared with healthy control subjects
(Figure 2B), as well as a reduction in galactosylation in patients
with BD compared with patients without BD and with healthy
control subjects (Figure 2C). For other traits, such as core fuco-
sylation or bisection, there was no difference between patients
with or without BD. However, fucosylation was significantly higher
in myeloma patients compared with healthy control subjects
(supplemental Figure 3).

We next analyzed Fc-glycosylation of IgG from 8 myeloma
patients who did not have BD at the time of diagnosis but who
later developed BD. Extraordinarily, we found that sialylation
decreased in all these patients as they developed BD (Figure 2D).
There was also a trend toward reduced galactosylation when BD
had manifested, although this difference was not significant
(Figure 2E). Moreover, the group of patients with low IgG gal-
actosylation (lower 20th percentile) had significantly higher levels
of serum CTX-1, a marker for osteoclast activity, compared with
the group of patients with high IgG galactosylation (upper 20th
percentile) (Figure 2F). Taken together, our data show a negative
association between IgG sialylation and galactosylation and bone
loss in multiple myeloma. All derived glycosylation traits are
presented in supplemental Table 3.

Reduced immunoglobulin galactosylation and sialylationmay be
caused by reduced expression of glycosyltransferases in plasma
cells.11 To further explore the relation between immunoglobulin
glycosylation and BD, we compared the expression of trans-
ferases involved in sialic acid, galactose, N-acetylglucosamine,
and fucose addition between myeloma patients with and
without BD from a publicly available microarray gene expression
dataset (GSE755). This data series includes samples from 137
patients with BD and 36 patients without BD. Two transferases,
the sialyltransferase ST6GAL1 and the galactosyltransferase
B4GALT1, were expressed significantly lower in the BD group
comparedwith the no-BDgroup (Figure 2G). The data for ST6GAL1
and B4GALT1 are presented in more detail in supplemental Fig-
ure 4. Similar results were found in the large CoMMpass data set
(interim analysis 11) consisting of RNA-sequencing data from 767
diagnostic samples: both ST6GAL1 and B4GALT1 were signif-
icantly downregulated in the BD patients compared with those
without BD (supplemental Figure 5A-B). There was also decreasing
expression of ST6GAL1 and B4GALT1 with increasing number of
lesions (supplemental Figure 5C-D). These data further strengthen
the hypothesis that reduced immunoglobulin sialylation and
galactosylation are associated with bone loss in myeloma.

Modifications of immunoglobulin glycosylation
alter the pro-osteoclastogenic properties
To determine if the glycosylation differences were important for
the osteoclast-promoting effect of the myeloma-derived im-
munoglobulins, we treated immunoglobulins with neuramini-
dase and galactosidase to remove sialic acid and galactose,
respectively. Neuraminidase treatment of immunoglobulins

from either group of patients had no significant effect on
osteoclastogenesis (Figure 3A-B). Importantly, however, re-
moving galactose from IgG isolated from patients without BD
made these immunoglobulins pro-osteoclastogenic (Figure 3C),
whereas the same treatment had no effect on immunoglobulins
isolated from patients with BD (Figure 3D). A possible expla-
nation for this difference might be that IgGs from patients with
BD are lacking galactose to start with, and thus treating them
with galactosidase will have no effect.

Finally, we assessed if addinggalactose to the immunoglobulins using
b1-4 galactosyltransferase would influence osteoclastogenesis. In-
deed, when immunoglobulins from patients with BD were treated
with UDP-galactose and b1-4 galactosyltransferase, the pro-
osteoclastogenic effect was significantly reduced (Figure 3F),
whereas the same treatment had no effect in the no-BD group
(Figure 3E). In conclusion, reduced galactosylation is mediating the
pro-osteoclastogenic activity of thepatient-derived immunoglobulins.

Modifying immunoglobulin glycosylation in vivo
reduces tumor load and bone loss
To investigate if modifying the extent of immunoglobulin gly-
cosylation could have a beneficial effect on bone loss in vivo, we
fed 5TGM1 myeloma mice ManNAc in the drinking water.
ManNAc, a precursor for sialic acid, has previously been shown
to increase immunoglobulin sialylation in mice.10 The experi-
mental set-up is shown in Figure 4A. The 5TGM1 myeloma
cells secrete IgG2b. As shown in Figure 4B, sialylation of the
M-component (IgG2) decreased with disease progression. The
reduction in sialylation was most prominent for the M compo-
nent. There was a slight increase in Fc-sialylation of the un-
involved IgG1 (supplemental Figure 6A), whereas Fc-sialylation
of IgG3 was reduced but to a lesser extent than for the M
component (supplemental Figure 6B). Importantly, the ManNAc
treatment significantly increased IgG2-Fc sialylation compared
with the control mannose treatment. Moreover, a significant
reduction was noted in the number of osteolytic lesions in the
ManNAc-treated mice compared with the mannose-treated
control group (Figure 4C). The lesions were larger (supple-
mental Figure 6G), and there was no difference in the total lesion
area (Figure 4D). Importantly, however, a significant reduction
was found in serum CTX-1, a degradation product of collagen
type 1 (Figure 4E), indicative of reduced osteoclast activity.
Together, these data support a reduction in osteoclast activity in
the ManNAc-treated mice compared with the control mice.
Serum levels of P1NP, a marker of osteoblast activity, did not
differ between the groups (Figure 4F). Micro–computed to-
mography analysis showed that great variations occurred within
the groups, and no significant differences in trabecular bone
volume, trabecular thickness, trabecular separation, or trabec-
ular number between the groups were found (supplemental
Figure 6C-F). Of importance, ManNAc treatment reduced tumor
load, as evident by reduced serum M component levels and
reduced spleen weight in the ManNAc-treated mice compared
with control mice (Figure 4G-H). The amount of plasma cells in

Figure 1 (continued) column, and the different fractions were added to preosteoclasts. The number ofmature osteoclasts after 1 to 3 days was evaluated by using TRAP staining.
**P, .01 using repeated measurements one-way ANOVA followed by Dunnett’s multiple comparisons test. (G) Amount of nanoparticles over 100 nm (range, 50-200 nm) in size
for healthy control subjects (n5 11), no-BDpatients (n5 18), and BDpatients (n5 20). Error bars represent the standard error of themean. *P, .05 using ANOVA followed by the
Šidák multiple comparisons test. (H) Mass spectrometric analyses of IgG derived from patients with (n5 11) or without (n5 8) BD. P values corrected for multiple comparisons are
shown on the y-axis. ns, not significant.
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the bonemarrow also seemed reduced; however, this difference
was not significant (supplemental Figure 6G).

Discussion
Most patients with multiple myeloma develop a severe osteo-
lytic BD. The current understanding is that bone loss in multiple

myeloma is multifactorial and that the main “driver” differs
between patients.15 Accordingly, it is unclear why bone loss is
such a common feature of this disease. The myeloma cells se-
crete immunoglobulins, and the presence of monoclonal im-
munoglobulins in the patients’ sera is an important measure for
tumor load. Here, we show that immunoglobulins have a direct
effect on bone loss in myeloma. Our data challenge the current
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conception and provide a new understanding of why patients
with multiple myeloma lose bone.

We found that both sialylation and galactosylation of patient-
derived M components are important for the effect on osteo-
clasts. We show that galactosylation is significantly different
between patients with and without BD and that treating im-
munoglobulins from patients without BD with galactosidase
to remove galactose makes the immunoglobulins pro-
osteoclastogenic. When enzymatically adding galactose to the
BD group–derived immunoglobulins, these immunoglobulins lost

their pro-osteoclastogenic effect, confirming that galactose is
important for the effect seen on osteoclasts. To investigate the
effect of glycosylation in vivo, it is important to consider the
differences between mice and men. In humans, galactosylation
seems to have the largest influence on the inflammatory effects of
immunoglobulins, whereas in mice, it is sialylation of the immu-
noglobulins that is most important.16,17 Interestingly, we found
that IgG Fc sialylation is also reduced in mice upon disease
progression. When we treated mice with a sialic acid precursor
(ManNAc), the mice were to a certain extent protected from bone
loss. The beneficial effect of ManNAc on bone, however, can also
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be explained by the unexpected reduction in tumor load we
found in these mice. The effect of ManNAc treatment on tumor
growth needs to be investigated further.

The “pro-osteoclastogenic” activity of immunoglobulins is
specific for theM component. When treating preosteoclasts with
uninvolved immunoglobulins (ie, isolating IgGs from patients
with IgA myeloma), there was no effect on osteoclastogenesis
in vitro. Reduced Fc-sialylation was reportedly a feature of both
the M component and the uninvolved immunoglobulins in
myeloma patients, although sialylation was significantly lower in
the M component in individual patients compared with the
uninvolved immunoglobulins.12 We observed a similar trend in

mouse myeloma; the reduction in sialylation upon disease
progression wasmost prominent for theM component, but there
was a slight reduction in Fc sialylation also in the uninvolved
immunoglobulins. Hence, it may be that there are other features
in addition to reduced Fc-glycosylation that mediate the effect of
the M component on osteoclasts. To this end, we report that the
pro-osteoclastogenic effect is mediated by immunoglobulins in
complexed or aggregated form. We cannot conclude if these are
purely aggregates ofmisfolded immunoglobulins or if they consist
of immunoglobulins bound to antigen or other proteins in “tradi-
tional” immune complexes. Studies have identified lysolipids,18,19

modified paratarg-7,20 and heat shock protein-9021 as antigens
in subgroups of patients. We also found that the complement
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factors C1qrs bound more to immunoglobulins from patients
with BD compared with those without BD, but no potential
antigens were identified from the mass spectrometric analyses.
However, this would be nearly impossible, as it is unlikely that
the M component of these patients is targeted toward the
same antigen. We propose that patients who develop BD haveM
components with reduced Fc-sialylation and galactosylation and a
specificity for an endogenous or pathogen-derived antigen that
lead to complex formation. These non-sialylated/non-galactosy-
lated immune complexes promote osteoclast differentiation.

IgG Fc glycosylation is important for the immunoglobulin’s
ability to mediate its effect, such as binding to Fcg receptors,
antibody-dependent cellular cytotoxicity activity, and aggrega-
tion behavior.22 During inflammation, serum IgGs are typically less
sialylated and galactosylated.23 Conversely, in several cancers,
increased sialylation of proteins are often common (as reviewed
elsewhere24). In myeloma, results are conflicting. In one study, IgG
sialylation was shown to be increased,25 and this increase corre-
latedwith disease stage.On the contrary, more recent studies have
reported IgG sialylation to be decreased in myeloma patients.12,26

Here, we show that both IgG Fc sialylation and galactosylation are
decreased in myeloma cases compared with healthy persons in a
large cohort of well-characterized patients.

In conclusion, we have shown that immunoglobulins frommyeloma
patients with BD have reduced Fc-galactosylation and that these
immunoglobulins induce osteoclastogenesis when present in the
form of complexes or aggregates. Treatment with ManNAc to in-
crease protein sialylation had a beneficial effect on both bone
destruction and tumor load in a mouse model of myeloma. Taken
together, our findings suggest that modifying immunoglobulin
glycosylationmaybebeneficial formyelomapatientswithbone loss.
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