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1 | INTRODUCTION

Polyclonal immunoglobulin G (IgG) is a secretory product of
the adaptive immune system and constitutes the major class
of antibodies found in serum. IgGs consist of variable anti-
gen-binding fragment (Fab) parts that interact with specific
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Abstract

Immunoglobulin G (IgG) is important in clearance and recognition of previously
presented antigens and after activation, IgGs can interact with the Fc gamma re-
ceptors (FcyRs) on haematopoietic cells, including bone-resorbing osteoclasts. The
pathogenicity of IgG, that is the ability to elicit stimulatory effects via FcyRs, can be
modulated by attachment of sugar moieties, including sialic acids. Human IgGs and
autoantibodies are associated with bone loss in autoimmune disease. However, the
impact of polyclonal murine IgG via FcyRs on bone loss is poorly understood. Here,
we investigate if heat-aggregated activated murine polyclonal IgG complexes have
any direct effects on murine osteoclasts and if they modulate arthritis-mediated bone
loss. Using cell cultures of murine osteoclasts, we show that I[gG complexes without
sialic acids (de-IgG complexes) enhance receptor activator of nuclear factor kappa-B
ligand (RANKL)-stimulated osteoclastogenesis, an effect associated with increased
FcyRIII expression. Using an in vivo model of arthritis-mediated bone loss, where
IgG complexes were injected into arthritic knees, no effect on the severity of arthritis
or the degree of arthritis-mediated bone loss was detected. Interestingly, injection of
de-IgG complexes into non-arthritic knees increased osteoclast formation and en-
hanced bone erosions. Our findings show that activated de-IgG complexes have no
additive effect on arthritis-mediated bone loss. However, de-IgG complexes potenti-
ate murine osteoclastogenesis and enhance local bone erosion in non-arthritic bones,

further confirming the link between the adaptive immune system and bone.

KEYWORDS

antibodies/immunoglobulins, experimental animals, fc receptors, in vitro, osteoclast

antigens and a constant Fc part that after antigen activation or
complex formation, binds to cell surface Fc gamma receptors
(FcyRs). FeyRs are expressed on all haematopoietic cells, in-
cluding osteoclasts, which originate from bone marrow de-
rived myeloid lineage cells and are the cells responsible for
bone resorption.l'3 There are four different types of murine
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FcyRs, where [, III and IV activate and /Ib inhibits immune
action.* Signalling via both FcyRIII 3 and FcyRIV % in osteo-
clasts has been demonstrated to regulate murine bone remod-
elling in transgenic mice. Rheumtoid arthrthis (RA) specific
autoantibodies towards citrullinated proteins (ACPAs) are
strongly associated with induction of osteoclastogenesis and
bone destruction >® and we recently demonstrated a direct
role of mutated citrullinated vimentin (MCV) or antibodies
against this protein, ACPAs, for local arthritis-mediated bone
loss in the same model as used in the present study.7 Several
studies support the hypothesis that IgGs affect osteoclasts via
its Fc part after interaction with FcyR %9 but there are stud-
ies showing that the Fab part also can be of importa1t1ce:.6’8
Citrullinated vimentin is highly expressed on the surface on
myeloid cells and the expression further increases during os-
teoclast differentiation '° and the Fab part can mediate direct
effects on osteoclasts via recognition of citrullinated vimen-
tin on the osteoclast surface.*®

Recent studies have highlighted that IgG undergoes glyco-
sylation, a post-translational modification that strongly influ-
ences its stability, conformation and sizeof the protein. Certain
glycans attached to the conserved N-linked glycosylation site
(Asn-297) in the Fc part of IgGs affect the binding capability
to FcyRs and thereby the pathogenicity of IgGs.“'13 The gly-
can is a biantennary structure with one heptameric stem con-
sisting of mannose and N-acetylglucosamine residues, where
variable terminal sugar residues, such as galactose, fucose
and sialic acid, can attach.'* A high degree of sialic acid on
the IgG Fc part counteracts the binding potential to FcyRs,
which leads to less inflammation, and is thereby an anti-in-
flammatory property. Conversely, desialylated IgGs, where
terminal sialic acid is lacking, have enhanced affinity to FcyR,
and are thereby pro-inflammatory.15’16 Changes in glycosyla-
tion of antibodies have been linked to various autoimmune
diseases, and the degree of sialylation has been correlated to
the incidence RA,'"!® Sjogren's disease,"” lupus erythemato-
sus,” multiple sclerosis *land inflammatory bowel disease.”
Interestingly, it has been found that RA-specific autoantibod-
ies, ACPAs, have a lower level of sialic acids attached to their
Fc parts compared to other IgGs.23 It has been suggested that
changes in glycosylation grade of IgG occur shortly before the
onset of RA, and that this change could be involved in the
transitional phase of the induction of the disease.”*°

IgGs can mediate effects via FcyR, either after activa-
tion via antigen binding to the Fab parts of the protein, or
via complex formation. Complexes can be formed between
antibodies and soluble antigens, but activated complexes can
also be formed by heat-aggregation of purified IgGs with-
out the presence of antigens.9 Modulation of sugar moieties
on heat-aggregated human IgG complexes has been shown
to affect receptor activator of nuclear factor kappa-B ligand
(RANKL)-induced differentiation of human osteoclasts and
induce bone loss in vivo.” Bone homoeostasis is maintained

by a balanced action of bone-resorbing osteoclasts and bone
forming osteoblasts. Osteoclast formation is regulated by spe-
cific cytokines such as macrophage colony-stimulating factor
(M-CSF), which stimulates progenitor cell proliferation and
enhances their survival, and RANKL, which induces differ-
entiation along the osteoclastic lineage through activation
of its cognate receptor RANK. RANK stimulation as well
as activation of other co-stimulatory signals, like FcyR and
DAPI12, act in concert to activate several transcription factors
including the osteoclast master transcription factor nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1).

Antigen-induced arthritis (AIA), is a monoarthritis model
used to determine effects on local bone loss, including peri-
articular bone loss and bone erosions. The model is charac-
terized by this local bone loss, leucocyte infiltration, cytokine
production and synovitis.”’28 We injected polyclonal murine
IgG immune complexes, with or without sialic acids into both
arthritic and non-arthritic knees, to determine the role of IgG
complexes in both arthritic and non-arthritic conditions.

The present study aimed to evaluate the role of heat-ag-
gregated activated murine polyclonal IgG complexes in os-
teoclast differentiation and bone loss, and to determine if this
effect was affected by alteration of the sugar moieties on the
Fc part of the IgGs.

2 | METHODS
2.1 | Isolation of immunoglobulin G
complexes

Polyclonal immunoglobulin G (IgG) antibodies were iso-
lated from pooled serum of naive C57BL/6J mice (Taconic)
three times, generating three different batches using a pro-
tein G spin column (GE Healthcare, GE28-9031-34) accord-
ing to the manufacturer's instructions. 1 mg of murine IgG
was incubated with 5U of neuraminidase (Sigma-Aldrich,
N3001-10UN) and dissolved in 0.1 M acetate buffer for 24h
at 37°C for desialylation (de). Untreated (sialylated) IgG was
incubated with only acetate buffer for 24h at 37°C. The di-
gested de-IgG and untreated IgG was purified using a protein
G spin column (GE Healthcare, GE28-9031-34) according
to the manufacturer's instructions. Protein concentration
was determined using Mouse IgG ELISA Quantitation set
(Bethyl Laboratories, Inc, E90-131) and detergent compat-
ible (DC) protein assay (Bio-Rad, 5 000 112) according to
the manufacturer's instructions. For assessing IgG sialyla-
tion, a plate was coated with goat-anti-mouse IgG-F(ab’)2
fragment (Sigma-Aldrich, M0659-0.5ML) and blocked with
3% gelatine buffer (Carl Roth GmbH, 4308.4 ) followed by
wash with TBS and lectin buffer (TBS 1mM MgCl,, ImM
CaCl,, ImM MnCl,) before incubation with the purified IgG.
Sialic acids were captured by biotinylated Sambucus Nigra
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lectin (Vector Laboratories, B-1305-2) and displayed by
streptavidin-HRP (R&D Systems, DY998). The de-IgG had
lower levels of sialic acids compared to the untreated IgG in
all three batches (Supp Figure S1). Activated IgG complexes,
that have the possibility to interact with FcyR without bind-
ing to antigens, were obtained by heat-aggregation of the un-
treated and desialylated IgG at 63°C for 30 minutes.”

2.2 | Generation and stimulation of
osteoclasts

Murine osteoclast differentiation was studied in vitro by
RANKL-induced differentiation of bone marrow mac-
rophages (BMM). Bone marrow cells were isolated from naive
C57BL/6J mice (Taconic) by flushing bone marrow from fem-
oral and tibial bones with a-MEM medium (Invitrogen) using
a syringe and 30G needle. BMMs were expanded in complete
a-MEM medium containing 10% foetal bovine serum (Sigma-
Aldrich, 12103C-500ML), 50 ug-ml'1 gentamicin (Gibco,
15 750 060), 1% penicillin/streptomycin (Gibco, 15 140 122),
2mM GlutaMAX (Gibco, 35 050 061) with 30 ng-ml™" M-CSF
(R&D, 416-ML-050) in suspension culture dishes (Corning
Costar Ins, 430 591), at 37°C.%° After 2 days, non-adherent
cells were washed away with PBS and 0.02% EDTA in PBS
was used to detach the adherent BMMs from the culture dish.
BMMs were spot seeded in the centre of the wells at a density
of 5000 cells per well in 96-well plates and incubated with
30 ng-ml"' M-CSF alone or in combination with 2 ng-ml
RANKL (R&D, 462-TEC) (MRL) to induce osteoclast dif-
ferentiation. After 3 days the media was changed, a time point
at which the cells were mono- or bi-nucleated preosteoclasts,
and after an additional 2-3 days of incubation, osteoclast for-
mation was evaluated by tartrate resistant acid phosphatase

MRL MRL + IgG complex

FIGURE 1

(TRAP) staining (Sigma-Aldrich, 386A-1KT) according to
the manufacturer's instructions. The RANKL was used at a
sub-maximally effective concentration in order to increase the
ability of the IgG complexes to enhance RANKL-induced os-
teoclast formation. Untreated IgG complexes or desialylated
IgG complexes (de-IgG complexes), were added in a concen-
tration of 0.1 mg-ml'1 during different parts of the cultures, I;
continuously throughout the entire culture period (Supp Figure
S2A), II; only during the 3 first days of cultures (Supp Figure
S2B) or 111; only during the last 2-3 days of culture (Figure 1).
As an additional control culture, /V; 0.1 mgomL_] monomeric
IgGs as well as desialylated monomeric IgGs were added the
2 last days (Supp Figure S3A). The monomeric IgGs were not
activated by heat-aggregation and therefore have to be acti-
vated via antigen interaction to be able to recognize FcyRs.
Numbers of osteoclasts per well were counted using a micro-
scope (Nikon) and an image analysis system (Osteomeasure;
OsteoMetrics). TRAP positive cells containing three or more
nuclei were counted as osteoclasts. Stimulation Z, /1, III and IV
were performed in cells from three different naive C57BL/6
mice stimulated with two different batches of IgG complexes
and all experiments displayed similar results. Stimulation /11
was performed four times, each time using cells from one or
two C57BL/6 mice and two different batches of IgG complex.

2.3 | RNA isolation and quantitative RT-
PCR analysis

Total RNA was isolated from cultured osteoclasts stimulated
with untreated or de-IgG complexes. The cultures were per-
formed as described above with 2-days for isolation of adhe-
sive BMMs, 3 days with only M-CSF or M-CSF + RANKL
(MRL) for the cells to become mono- or bi-nucleated
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A, Representative images of osteoclasts cultured in the presence or absence of heat-aggregated IgG complexes, untreated and

desialylated (de) during the last 24 hours of culture. Scale bar, 500 um. B, TRAP positive cells with > 3 nuclei were counted as osteoclasts. Results

are shown as mean + SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparison test.

MRL = macrophage colony-stimulating factor + receptor activator of nuclear kappa-B ligand (RANKL) stimulation
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preosteoclasts and then 2 days with only M-CSF or MRL.
Additional stimuli with untreated or de-IgG complexes was
added during the two final days. Total RNA was isolated
using RNeasy Micro Kit (Qiagen, 74 004) according to the
manufacturer's instructions and cDNA was synthesized using
a High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, 4 368 814). Quantitative real-time PCR
(qPCR) analyses were performed using predesigned Tagman
Assays and Tagqman Fast Advance Master Mix (Thermo
Fisher Scientific, 4 444 556). The following predesigned
real-time PCR assays were used for gene expression analysis:
Nuclear factor of activated T-cells (Nfatcl, Mm00479445_m),
Cathepsin K (Ctsk, Mm00484036_m), Receptor activator of
nuclear factor x B (Rank, Tnfrsila, Mm00437135_m1), Fcy
receptor 1 (FcyRI) (Fegrl, Mm00438874_m1), Fcy recep-
tor IIb (FcyRiib) (Fecgr2b, Mm00438875_m1), Fcy receptor
I (FcyRII) (Fcgr3, Mm00438882_m1), Fcy receptor IV
(FcyRIV) (Fcgr4, Mm00519988_m1). The house-keeping
gene 18S (Thermo Fisher Scientific, cat no 4310893E) was
used as endogenous control in all analyses. These experiments
were performed with cells from four naive C57BL/6 mice,
each mouse stimulated with two separate batches of untreated
and de-IgG complexes. Results are displayed as per cent
change from M-CSF stimulated cells from two mice, in Table
1. Data repeated with similar results from two additional mice.

2.4 | Animals and induction of antigen-
induced arthritis

Three-month-old female C57BL/6J mice (Taconic) were kept
5 animals per cage under standard environmental conditions
and fed a standard chow with tap water ad libitum. The mice
were subjected to antigen-induced arthritis (AIA) where a

M-CSF
RANKL
M-CSF untreated IgG
M-CSF RANKL complex
NFATcl 100 + 12 401 £ 95 424 £ 977
CTSK 100 + 57 238 + 105" 324+79"
RANK 100 + 12 141 +117 135 +157
Fegrl 100 + 22 799 + 350 1020 + 285 ™
Fegr3 100 + 23 230 + 73" 279 +1257

local mono-arthritis was induced in one knee joint by inject-
ing methylated murine bovine serum albumin (mBSA; Sigma-
Aldrich, A1009-1G) (arthritic knee), while the other knee
was injected with PBS (the non-arthritic knee) as previously
described ' (Figure 2A). Using this experimental design, we
could investigate the impact of untreated and de-IgG com-
plexes in both arthritic and non-arthritic conditions. Shortly,
0.1 mg~ml'1 mBSA was emulsified in an equal volume of
complete Freund's adjuvant (CFA) (Sigma-Aldrich, 344289-
1SET) containing 1 rng-mL_1 heat-inactivated Mycobacterium
tuberculosis. On day 0, the mice were immunized by injecting
0.1 ml of the emulsion intra-dermally at the base of the tail
(0.05 ml on each side). After 7 days, the mice were randomly
allocated into three groups (n;7-8), group I received an injec-
tion of 0.15 mg mBSA in one knee (arthritic control) and the
other knee was injected with PBS (non-arthritic control), group
Il received an injection of 0.15 mg mBSA + 0.15 mg untreated
IgG complexes in one knee (arthritic + untreated IgG com-
plexes) and the other knee received PBS + 0.15 mg of untreated
IgG complexes (non-arthritic + untreated IgG complexes),
group 111 received an injection of 0.15 mg mBSA + 0.15 mg
de-IgG complexes in one knee (arthritic + de-IgG complexes)
and the other knee received PBS + 0.15 mg de-IgG complexes
(non-arthritic + de-IgG complexes) (Figure 2A). Four naive
mice, injected with PBS both at the primary and the second-
ary (intra-articular) immunization, served as additional con-
trols (naive control). The joint swelling was determined using
a caliper where the knee diameter was measured for 7 days
until study termination. After termination, the bones were dis-
sected for radiological and histological analyses. Animal stud-
ies were performed at the Sahlgrenska Academy, Laboratory
of Experimental Biomedicine, Gothenburg, Sweden, and
approved by the animal ethics committee in Gothenburg
(Sweden).

TABLE 1
Associated Genes and FcyR-Associated

Expression Pattern of Bone-

M-CSF
RANKL
de-IgG complex

Genes

395 + 92"
427 +105 " #
131 4 13 %%
1048 +278 ™
355 +80 7"

Note: Stimulation is presented as per cent of expression in M-CSF stimulated cells, set to 100% +=SEM, n =4,

experiment repeated once with similar results.

M-CSF; macrophage colony-stimulating factor, RANKL; receptor activator of nuclear kappa-B ligand, I1gG;

immunoglobulin G, de-1gG; desialylated IgG
*P <.05,

**P < .01,

##kP < .001 vs M-CSF,

#P < .05 vs M-CSF + RANKL analysed using one-way ANOVA followed by Tukey's comparison with all

groups.
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FIGURE 2 A, Flow-chart of antigen-induced arthritis. Mice were systemically immunized with mBSA. After 7 days, intra-articular antigen
challenge was induced with mBSA alone or together with heat-aggregated IgG complexes, untreated and desialylated (de), or with PBS alone or
together with untreated IgG complexes or de-IgG complexes. Knee joint swelling was measured daily over 7 days. B) Differences in knee joint
swelling from baseline in micrometres (um) are displayed as Kaplan-Meier curves. Results are shown as mean + SEM, n = 7. For differences
analysed on respective day, the statistical comparison was done using ordinary one-way ANOVA followed by Tukey's multiple comparison post
hoc test, C) Histological scoring (0-3) of synovitis, bone erosions and cartilage destruction after 7 days. Results are shown as mean + SEM n = 7.
Statistical analysis was performed with Kruskal-Wallis test followed by Dunn's post hoc test. D) Representative images of haematoxylin-eosin
stained knee joints. E) Serum levels of anti-mBSA antibodies compared to naive mice. The results are shown as mean + SEM; naive; n = 4,
treatment groups; n = 7. Statistical comparison using ordinary one-way ANOVA followed by Tukey's multiple comparison post hoc test

2.5 | Dual-energy-x-ray absorptiometry 2.6 | Peripheral quantitative
computed tomography

At termination, mice were anaesthetized with a Ketador/

Dexdomitor (Salfarm Scandinavia AB/Orion Pharma AB
Animal Health) cocktail and scanned using Faxitron UltraFocus
dual-energy x-ray absorptiometry of 40 kV and 0.28 mA for
2.53 s with the spatial resolution of 24 um and 2X geomet-
ric magnification (Faxitron Bioptics). Bone mineral density
(BMD) in total body, lumbar spine, and the epiphyseal part of
the proximal tibia close to the injected joint were analysed.

To determine periarticular bone loss, skin was removed
from the hind limb with the knee intact, and the leg was
fixed in 4% formalin. Computed tomography analysis was
performed with the Stratec peripheral quantitative com-
puted tomography (pQCT) XCT Research M (software
version 5.4; Norland, Fort Atkinson, WI) at a resolution of
70 pm. Total and trabecular BMD was determined by scans
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of the metaphysis at a distance of 0.4 mm from the proxi-
mal growth plate in the distal direction in the tibia. The tra-
becular bone region was defined by setting an inner area to
45% of the total cross-sectional area. Cortical thickness was
determined by scans analysed in the mid-diaphyseal region
of the tibia.

2.7 | Histological examination

The formalin fixed knee joints were decalcified in
EDTA (Sigma-Aldrich, ED-1KG), embedded in paraf-
fin and sectioned (0.02 mm) (sectioning was performed
at Histocenter, Molndal Sweden). Sections were stained
with haematoxylin and eosin. Synovitis, bone erosion and
cartilage destruction were graded in a blinded manner by
two examiners (ES and CE) displaying similar results.
A 3-graded histological scoring system was used where
1 = mild, 2 = moderate, and 3 = severe. Bone erosions
were only evaluated on the bone surfaces in the knee joint
as described by Liphardt et al*® For quantification of osteo-
clast number and osteoclast surface attached to the bone,
the sections were stained and counted for TRAP posi-
tive osteoclasts using a Leukocyte Acid Phosphatase Kit
(Sigma-Aldrich, 387A-1KT). Osteoclasts were quantified
in the epiphyseal part of tibia, the area above the growth
plate near the affected knee joint. All analyses were per-
formed using a microscope (Nikon) and the image analysis
system Osteomeasure (OsteoMetrics).

2.8 | ELISA
Serum was prepared from blood taken at study termina-
tion and stored at - 20°C. For assessment of mBSA spe-
cific IgG, ELISA plates (Thermo scientific, 152 503) were
coated with 0.1 mg-ml'1 mBSA, washed and blocked with
2% milk powder (Merck, 70166-500G) in PBS, as previ-
ously described.?” Serum was analysed in triplicates and
horseradish peroxidase (HRP)-conjugated rabbit-anti
mouse IgG (Dako/Agilent Technologies, P0260) detected
bound anti-mBSA antibodies.

2.9 | Statistical analysis

All statistical analyses were performed with GraphPad Prism
software (Graph Pad Software inc., La Jolla, CA, USA). For
the in vitro data, one-way ANOVA was used for comparison
of; M-CSF, M-CSF + RANKL, M-CSF + RANKL+IgG com-
plexes and M-CSF + RANKL+de-IgG complexes, followed
by Tukey's post hoc analysis. For the in vivo data, when com-
paring the antibody levels and the BMD at lumbar spine, each

mouse was counted separately and one-way ANOVA was
performed followed by Tukey's post hoc analysis. When com-
paring the knees, each knee was counted separately. We first
determined that there was no difference between knees in the
naive mice and knees from the PBS side of mBSA immunized
mice, using a two-sided t test, except for parameters based
on ordinal scale data where the Mann-Whitney test was used.
Following this, the knees from all treatments were separately
compared; PBS, mBSA, PBS + untreated IgG complexes,
mBSA + untreated IgG complexes, PBS + de-IgG complexes
and mBSA + de-IgG complexes, using one-way ANOVA
followed of Tukey's post hoc analysis. The non-parametric
Kruskal-Wallis test was used for ordinal scale comparisons,
followed by Dunn's post hoc test where differences in rank
sum are displayed and y?2 tables. Data on knee swelling is pre-
sented as Kaplan-Meier curves as differences from baseline.
All statistical results are presented as means + standard error
of the mean (SEM), P_< .05 was considered significant.

3 | RESULTS
3.1 | Desialylated IgG complexes stimulate
osteoclastogenesis in vitro

Given the important role of sialic acid on activated IgG,
in regulating general pathogenicity and in the activation
of osteoclastogenesis, via binding to FcyRs in humans, we
aimed to investigate the importance of sialic acids on poly-
clonal murine IgG for osteoclastogenesis. Adherent mouse
BMMs were differentiated into osteoclasts in the presence
of M-CSF and RANKL and either de-IgG complexes or un-
treated IgG complexes was added to the cultures at differ-
ent stages. The addition of both untreated IgG and de-IgG
complexes during the entire 4-5 days of culture inhibited the
preosteoclast differentiation into multinucleated cells (Supp
Figure S2A). Inhibition of osteoclastogenesis was also seen
when untreated IgG and de-IgG complexes were added to
the cultures during the three first days together with M-CSF
and RANKL (Supp Figure S2B). In contrast, an increased
number of osteoclasts was seen when de-IgG complexes
were added to mono- or bi-nucleated osteoclast precursors
after three days of culture (Fig 1A-B). This stimulatory ef-
fect was not observed after adding untreated IgG complexes
(Fig 1A-B) or desialylated or untreated monomeric IgGs
(Supp Figure S3A-B).

To investigate how this potentiation of RANKL-
mediated osteoclastogenesis is mediated by the de-IgG
complexes, we isolated RNA from osteoclast cultures at
the end of the cultivation when mature osteoclasts are pres-
ent. NFATcl and RANK expression levels were elevated
following stimulation with RANKL, when compared to
only M-CSF stimulation, but this was not further affected
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by either untreated IgG or de-IgG complexes (Table 1).
Cathepsin K expression was also elevated following
RANKL stimulation compared to M-CSF alone, and addi-
tion of de-IgG complexes, but not untreated IgG complexes,
resulted in a significantly higher expression compared to
only M-CSF + RANKL stimulation (Table 1). Expression
of all four FcyR were investigated, but only FcyRI and
FcyRIII were expressed in the mature osteoclasts, and ex-
pression was increased by addition of RANKL compared to
stimulation with only M-CSF. Expression of FcyRIII was
significantly stimulated after addition of de-IgG complexes,
compared to M-CSF + RANKL stimulation. In addition,
there was a tendency for increased expression of FcyRI
after addition of both untreated IgG (P = .13) and de-IgG
complexes (P = .11) to the M-CSF + RANKL stimulation
compared to stimulation with only M-CSF + RANKL.

3.2 | IgG complexes induce local
bone erosion but do not affect antigen-
induced arthritis

Next, we aimed to investigate whether murine IgG complexes
can influence local bone loss and arthritis using a standard in
vivo mouse model of local monoarthritic antigen-induced ar-
thritis (AIA) 2 (outline displayed in Figure 2A). Induction of
arthritis after mBSA injection compared to the non-arthritic,
PBS-injected knee, was macroscopically confirmed by swell-
ing over the arthritic knee between day 1 and termination
of the mice at day 7 (Figure 2B). The swelling mediated by
mBSA was elevated after co-injection with de-IgG complexes
at day 4 compared to mBSA injection alone, but after 7 days
all arthritic knees were at the same level. There was no swell-
ing in the non-arthritic, PBS-injected knees, and addition of
untreated or de-IgG complexes did not affect the swelling
(Figure 2B). As expected, neither non-arthritic knees with an
intra-articular PBS injection in mice primary immunized with
mBSA, nor naive controls, showed any signs of synovitis,
bone erosions or cartilage destruction (data not shown). In
contrast, arthritic knees injected with mBSA, showed signs of
synovitis, bone erosions and cartilage destruction compared
to the non-arthritic control side (Figure 2C-D). This is in line
with previous studies using this model of AIA.?730 The pres-
ence of untreated or de-IgG complexes together with mBSA
did not affect arthritis induction (Figure 2C-D). However,
bone erosions were detected in non-arthritic knees after in-
jection of de-IgG complexes compared to only PBS injected
non-arthritic control knees and non-arthritic knees injected
with untreated IgG complexes, while synovitis and carti-
lage destruction was absent. Interestingly, a similar degree
of bone erosions was seen in the non-arthritic and arthritic
knees treated with de-IgG complexes (Figure 2C). Immune
activation against mBSA, investigated by the presence of

anti-mBSA antibodies, was seen in all mBSA injected mice
compared to the naive controls (Figure 2E).

3.3 | IgG complexes do not change
arthritis-mediated bone loss in AIA but
increase the number of osteoclasts in close
proximity to the injection in the non-
arthritic condition

Considering that de-IgG complexes promoted osteoclas-
togenesis in vitro (Figure 1) and bone erosions on the bone
surface in the joint in the non-arthritic condition (Figure 2),
we wanted to investigate whether de-IgG complexes also
affect periarticular bone loss in the model of AIA. As ex-
pected, arthritis induction with or without untreated or de-
IgG complexes, did not affect total body BMD (data not
shown) or lumbar spine BMD compared to the naive con-
trols (Figure 3A). To investigate periarticular bone loss,
we analysed the areal BMD in the epiphyseal part of the
tibia which is close to the affected joint using dual-energy-
x-ray absorptiometry (DXA). We found that induction of
arthritis reduced the tibial epiphyseal BMD, demonstrated
by a decrease in BMD in arthritic knees compared to non-
arthritic knees (Figure 3A-B). This effect was not altered
by the presence of untreated IgG or de-IgG complexes
(Figure 3A-B). To further verify these results, the proximal
metaphyseal part of the tibial bone was investigated by pe-
ripheral quantitative computed tomography (pQCT), which
measures volumetric bone density. Arthritis-mediated peri-
articular bone loss was found in the metaphyseal part of
the tibia in all arthritic knees, compared to the non-arthritic
knees, while no effect was seen on tibial cortical thickness
(Figure 3C-D). However, similar as seen on areal BMD in
the tibia epiphysis, no effect on volumetric BMD in the
tibia metaphysis was seen after injection of de-IgG com-
plexes in non-arthritic knees compared to non-arthritic con-
trols (Figure 3A-D). In line with the reduction of trabecular
BMD following mBSA injection, an induction of osteoclast
parameters was histologically visible in the epiphyseal part
of the tibia. Arthritis induction with mBSA increased both
the osteoclast surface and osteoclast number compared to
the PBS-injected control side (Figure 3E-F). In line with
the finding that de-IgG complexes result in bone erosions
on the bone surfaces of the tibia and femur in non-arthritic
joints, injection of de-IgG complexes in the non-arthritic
joint resulted in increased number of osteoclasts and a
strong tendency in increased osteoclast surface compared
to the non-arthritic PBS control (Figure 3E-F). Comparing
the non-arthritic knees injected with de-IgG with non-ar-
thritic knees injected with untreated IgG complexes, there
was also a significant difference for osteoclast number and
a tendency for osteoclast surface (Figure 3E-F).



8of 11 Wl LEY— I-rc_-h«m JouRNAL oF

Nnoloo

SEHIC ET AL.

140 Zkx

120

100

Epiphyseal Tibia BMD (mg/cm?)

&
5
k)
£
[=]
=
1]
©
5
a
@
8
2
5
5
3

CFELEE
FTEHEEESS
o° 0° o° o°
O O O O

9" ?3‘ b@ (4

Q@ 0"9 o o
& P &
&

(9]
*
*
*

dekk Sk ke

)

Trab BMD (mg/cm?

Cort. thickness (mm)

e e

$

N.Oc/B.Pm (1/mm)
Oc.S/BS (%)

o v o G o ot 5 & o o o o
Q7 D' AP AP N @ X AU AR AN
TESS S S TESLS S

o° o° o° o° of of of of

) vzt\Q&,\Q’&,\‘b ‘_’x\‘) v?\fbbz,\gb%,\fb

CEFF oty
g L

mBSA mBSA + IgG complex mBSA + de- IgG complex

e

PBS PBS + IgG complex

PBS + de- IgG complex

/ N R Bty

mBSA mBSA +IgG complex  mBSA + de- IgG complex

FIGURE 3 Bone was investigated in primary immunized mice followed by an intra-articular antigen (mBSA) challenge alone or together
with untreated and de-IgG complexes, or with PBS alone or together with untreated or de-IgG complexes. A, Areal bone mineral density (BMD)
was determined by DXA measurements. Proximal epiphyseal part of tibia and lumbar spine is shown. B, Representative image of the proximal
epiphyseal part of tibia. C, Periarticular tibial bone composition was determined by pQCT. Trabecular bone mineral density and cortical thickness
are displayed. D, Representative images of the trabecular bone in the tibia. E, Number of osteoclasts/bone perimeter (N.Oc/B.pm), osteoclast
surface/bone surface (Oc.S/BS) in the epiphyseal part of tibia. F, Representative micro images of TRAP-stained osteoclasts in tibial sections.
Results are shown as mean + SEM; n = 7. Statistical comparison using one-way ANOVA followed of Tukey's multiple comparison post hoc test

4 | DISCUSSION

Bone loss and osteoclast formation are regulated by activated
polyclonal IgG complexes 139 and RA-specific autoantibod-
jes.” Changes in glycosylation of the Fc part of IgG alter
the binding capability to FcyRs and desialylated IgG com-
plexes have been shown to display a higher binding affinity

to FcyRs. Desialylated human polyclonal heat-aggregated
IgG complexes, which completely lose their antigen-binding
capacity, affect in vitro human osteoclastogenesis as well
as induce bone loss in vivo in mice.’ Furthermore, a strong
correlation has been established in RA patients between re-
duced trabecular bone volume and the glycosylation grade
of general IgGs, the binding of the Fc part to FcyRs is highly
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involved in mediating the effects of IgGs. In this study, we
show for the first time that desialylated murine polyclonal
IgG complexes, which can activate FcyRs, affect osteoclas-
togenesis of adherent murine bone marrow macrophages,
while they have no effect on arthritis or arthritis-mediated
bone loss in a mouse mono-arthritis model.

In the present study, we hypothesize that activated murine
IgG complexes may play an important role in murine in vivo
potentiation of RANKL-mediated osteoclastogenesis. We
further hypothesize that this effect could be dependent on the
glycosylation level, especially on sialic acid, which alters the
binding capability to FcyRs. We show that treatment with mu-
rine IgG complexes, lacking terminal sialic acid, results in an
accelerated osteoclastogenesis with an increase in osteoclast
numbers in vitro, while no effect is displayed after treatment
with untreated, normally sialylated, IgG complexes. In line
with human in vitro studies performed by Harre et al, mo-
nomeric IgGs, with or without sialic acids, did not affect the
murine osteoclastogenesis. Monomeric IgGs can only interact
with FcyRs after antigen activation, and the lack of effect in
the cultivation experiments indicates the importance of FcyR
activation. However, in line with human osteoclastogenesis
stimulation, as demonstrated by Harre et al, we only observed
an increasing effect when desialylated IgG complexes were
added to the cultures at the stage of committed mono- and
bi-nucleated preosteoclasts, and we found an inhibitory effect
when added to un-committed progenitors. This bi-functional
effect on osteoclastogenesis have also been reported after ac-
tivation of Toll-like Receptor (TLR) 2 and 4, where an inhib-
itory role is seen in cultures of un-committed progenitors but
an accelerating effect is seen on committed osteoclast progen-
itors as well as on osteoclasts in vivo.’' This may be depen-
dent on regulation of cytokine production by the osteoclasts.
TLR stimulation of BMMs induces not only pro-osteoclasto-
genic cytokines, like TNF and IL-6, but also IL-12 and type
1 interferon, which inhibit osteoclast formation.>**? Whether
the inhibitory effect overwhelms the later stimulatory effect
in un-committed osteoclast progenitors needs to be further
verified both regarding TLR as well as IgG complex modula-
tion of RANKL-mediated osteoclastogenesis.

Murine FcyRI, FcyRIII as well as FcyRIV have previ-
ously been demonstrated to influence osteoclast development
in mice.”® We detected a significant induction of FcyRIII
mRNA expression following stimulation with desialylated IgG
complexes and a strong tendency to increased expression of
FcyRI, after stimulation with both untreated as well as desi-
alylated IgG complexes. This may, at least partly, explain the
increased number of osteoclasts in the cultures. We did not see
any effects after stimulation with desialylated IgG complexes
on the expression of the master transcription factor NFATc1
or RANK, but the mRNA levels have only been investigated
at a late stage of osteoclastogenesis and these factors might
be altered at earlier time points. However, desialylated IgG

complexes increased the expression of Cathepsin K, which
is primarily stimulated by NFATc1 and the NF-kB pathways.
This induction could be dependent on the induced number of
osteoclasts after stimulation with desialylated IgG complexes.

To investigate if the observed stimulatory effect on osteo-
clastogenesis in vitro, could be observed in vivo and if IgG
complexes may affect arthritis or arthritis-mediated bone loss,
we used the AIA model. Addition of desialylated IgG com-
plexes to the arthritic knee only resulted in a limited transient
increase in swelling over the knee, and no difference could be
observed between the groups at termination. There were no dif-
ferences in synovitis or joint destruction in our in vivo model
of arthritis in the presence of neither untreated nor desialylated
IgG complexes, indicating that IgG complexes do not have any
additive effect on arthritis induction. Addition of IgG com-
plexes did not influence the arthritis-mediated bone loss and
a similar bone loss was seen in all arthritic knees compared
to their non-arthritic control, irrespective of additional treat-
ment. The reason that IgG complexes did not lead to increased
arthritis or arthritis-mediated bone loss might be that the in-
flammation itself in this model gives such a massive induction
of osteoclasts and that this cannot be further enhanced by the
addition of IgG complexes. Intriguingly, we have previously
shown in Engdahl et al 2017, that addition of murine ACPAs
in the AIA model results in more severe bone loss as well as a
limited, but still significant, increase in arthritis induction and
synovitis.9 This distinction compared to the current study could
be caused by different actions of ACPAs and IgG complexes.
ACPAs can cause effects, both via interaction between their Fab
parts towards citrullinated vimentin placed on the surface on
preosteoclast,”® and via interaction of their Fc part with FcyRs.
How the stimulatory effect of the ACPAs was mediated in
Engdahl et al 2017 was not investigated, but it has been shown
that the stimulatory effect of ACPAs might not only be medi-
ated via stimulation through FcyR and the binding ability of the
Fab parts of the ACPAs to citrullinated proteins could be of im-
portamce.ﬁ’8 In the current study, we found a stimulatory effect
on bone erosions of desialylated IgG complexes in the non-ar-
thritic joints as well as an increased number of osteoclasts in
the tibial epiphysis.” However, no periarticular trabecular bone
loss, as seen after the addition of ACPAs to the non-arthritic
joint in Engdahl et al 2017, was detected after injection with
desialylated IgG complexes. This difference may alternatively
also depend on the concentration of antibodies in the knee. It
is difficult to estimate how much of the antibodies that remain
in the knee joint. Three times more antibodies were injected in
the present study compared to Engdahl et al 2017, however, the
ACPAs could find their antigen of interest in the knee area, and
thereby stay within the area and continuously activate FcyRs. In
addition, the IgG complexes might evaporate easier and thereby
mainly mediate the effect during a short period of time and re-
peated injections of IgG complexes might result in a more ro-
bust effect and cause metaphyseal trabecular bone loss.
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Different specific IgGs, targeting either inflammatory cy-
tokines or cancer cells, are a new breakthrough in modern
medicine. The possibility that these activated antibodies may
play a role in the regulation of bone is neglected and needs
further investigation. Furthermore, by altering the glycosyla-
tion of the antibodies, the bone effects may be affected and
therefore, it is important to further investigate the glycosyla-
tion of the therapeutic antibodies.

In summary, desialylated IgG complexes potentiate mu-
rine osteoclastogenesis in vitro but do not affect arthritis-me-
diated bone loss in vivo. The lack of additive or synergistic
effects in the presence of arthritis is possibly due to the strong
local inflammation seen in this model. The observed stimula-
tory effect on local bone erosions and induction of osteoclasts
by the desialylated IgG complexes in the non-arthritic condi-
tion in our murine setting further confirms the link between
the adaptive immune system and bone.
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