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ABSTRACT (GERMAN)

Einleitung

Die Rolle endogener Glucocorticoide (GC) in der Modulierung von Immunprozessen
bei der rheumatoiden Arthritis (RA) ist noch unverstanden. Buttgereit et al. konnten
zeigten, dass die Unterbrechung des GC-Signalings in Osteoblasten zu einer
deutlichen Abschwéchung der Entzindungsaktivitdt und zur Erhaltung der
Knochenstruktur im Mausmodell der K/BxN Serum-induzierten Arthritis flhrt — ein RA-
Modell, das T-Zell-unabhéngig ist und vor allem durch das angeborene Immunsystem

gepragt wird.

Zielsetzung

Um zu bestimmen, ob die Modulation der inflammatorischen Antwort durch
Osteoblasten auch T-Zellen involviert, untersuchten wir die Effekte der Unterbrechung
des GC-Signalings in Osteoblasten in dem T-Zell-abhdngigen Modell der antigen-
induzierten Arthritis (AIA). Um langerfristige Effekte dieser Unterbrechung vor allem
auf Knochenerosionen und Knochenumsatz zu untersuchen, hielten wir eine
chronische Entzindung in Langzeitmodellen der AIA sowie der K/BxN-Arthritis

aufrecht.

Methodik

Die Wirkung endogener GC in Osteoblasten wurde durch die transgene
Uberexpression des GC-inaktivierenden Enzyms 11p-Hydroxysteroid-Dehydrogenase
Typ 2 (11B-HSD2) unter Kontrolle eines Osteoblasten-spezifischen 2.3-kb Kollagen-
Typ-I-Promotors gehemmt. Die AIA wurde bei transgenen (tg) und Wild-Typ (WT)
Mausen durch intra-artikulare Injektionen von methyliertem bovinen Serumalbumin
(mBSA) ausgeldst und in einem Langzeitmodell aufrechterhalten.

Flr das Langzeitmodell der K/BxN Serum-induzierten Arthritis erhielten tg und WT
Mause intraperitoneale Injektionen mit KRN-Serum, welche die Arthritis durch Booster-
Injektionen an Tag 14 und 28 aufrechterhielten.

Das AusmaB der Arthritis wurde mittels klinischem Score und Gelenksdurchmesser

gemessen bis zum Endpunkt an Tag 14 und 28 (AIA), bzw. Tag 42 (K/BxN).
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Die betroffenen Gelenke wurden histologisch und beim K/BxN Langzeitmodell
zusétzlich mit Micro-CT untersucht. Systemische Effekte der Entziindung auf den
Knochenstoffwechsel wurden mittels Histomorphometrie und Micro-CT der Tibia

bewertet.

Ergebnisse

Bei der AIA war, auch im Langzeitmodell, kein signifikanter Unterschied zwischen tg
und WT Mausen in Hinblick auf das Ausmaf der Arthritis zu erkennen.

Beim Langzeitmodell der K/BxN Serum-induzierten Arthritis zeigten tg Mause ebenfalls
keine statistisch signifikanten Unterschiede in der Auspragung der Arthritis verglichen
mit WT Mé&usen. Dies gilt auch fur Veradnderungen der Knochenstruktur in der Micro-
CT Analyse.

Trotz des langen Zeitraums zeigten sich in allen Langzeitmodellen keine eindeutigen

Einflusse der Entzindung auf den systemischen Knochenstoffwechsel.

Schlussfolgerung

Im Gegensatz zur K/BxN Serum-induzierten Arthritis wird das AlIA Modell nicht durch
die Unterbrechung des osteoblastdren GC-Signalings beeinflusst. Dies deutet darauf
hin, dass die GC-abhéangige Modulierung der inflammatorischen Prozesse durch
Osteoblasten T-Zell-unabhangig ist. Zudem scheint dieser modulierende Einfluss von
Osteoblasten in einem chronischen Umfeld weniger relevant zu werden. Dies grenzt
die Bedeutung von osteoblastarem GC-Signaling in entziindlichen Gelenkprozessen

auf (sub-) akute inflammatorische Phasen ein.
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ABSTRACT (ENGLISH)

Background

The role of endogenous glucocorticoids (GC) in the modulation of immune responses
in rheumatoid arthritis (RA) remains unclear. Previously, Buttgereit et al. showed that
disruption of GC signaling in osteoblasts results in a marked attenuation of arthritis and
the preservation of bone structure in the K/BxN serum-induced arthritis model — a

model driven decisively by players of the innate immune system.

Objectives

In order to determine whether GC-dependent modulation of the inflammatory response
by osteoblasts involves T cells, we studied the effects of disrupted osteoblastic GC
signaling in the T cell-dependent model of antigen-induced arthritis (AlA). To
investigate the impact on bone erosion and turnover in a chronic inflammatory setting,
we prolonged arthritis in long-term experiments using the AlA as well as the K/BxN

serum-transfer models.

Methods

Intracellular GC signaling in osteoblasts was disrupted by transgenic overexpression
of 11beta-hydroxysteroid dehydrogenase type 2 (11p3-HSD2) under the control of an
osteoblast-specific 2.3kb-type | collagen promoter. AIA was induced in transgenic mice
and their wild-type (WT) littermates by intra-articular injection of methylated BSA into
one knee joint and prolonged in a long-term model.

In the K/BxN serum-transfer model, arthritis was induced and prolonged by
subcutaneous injections of K/BxN serum on days 14 and 28.

The severity of arthritis was assessed by clinical scoring and joint size measurements
until the respective endpoints at days 14, 28 (AIA) and 42 (K/BxN). Joints were
assessed histologically, and for the K/BxN model additionally by micro-CT. Systemic
effects of inflammation on bone metabolism were quantified by histomorphometry and
micro-CT of the tibia.

12



Results

In the AIA model, no significant difference between tg and WT mice, even after
repeated flares, was observed for the clinical course and histological indices of
inflammation, cartilage damage and bone erosions.

In the long-term K/BxN serum-transfer model, arthritis severity was not significantly
different in tg compared to WT mice. This was also corroborated in histological indices
and erosions assessed by micro-CT.

In all experiments, inflammation did not show a net effect on systemic bone turnover.

Conclusions

In contrast to K/BxN serum-induced arthritis, murine AlA is not affected by a disruption
of GC signaling in osteoblasts. This suggests that the GC-dependent modulation of
immune-mediated inflammatory arthritis by osteoblasts in mice is T cell independent.
This modulating effect seems to abate in a chronic inflammatory setting of K/BxN
arthritis, narrowing the role of endogenous GC signaling by osteoblasts down to (sub-

) acute inflammatory processes.
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1 INTRODUCTION

1.1 Rheumatoid arthritis

1.1.1 Aetiopathogenesis — the role of the innate and adaptive immune system
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized
by synovial inflammation followed by cartilage degradation and bone destruction. It
affects approximately 1% of the worldwide population and is associated with a high
degree of disability, morbidity and increased mortality (1). The underlying mechanisms
of the disease comprise three main features: autoimmunity, chronic inflammation and
ultimately, joint destruction (2). The overarching principle of autoimmunity is
represented by the concept of immune dysregulation (3), with both the innate and
adaptive immune system being crucial players in RA pathogenesis.

The innate immune system comprises humoral as well as cellular immune responses
(4) and contributes, due to its inappropriate activation, to the autoreactive state in RA
and thereby to the onset and progression of chronic inflammation (5). Being part of the
humoral response, the activation of the complement system has been identified as an
important contributor to RA (6) — in both the initiation and persistence of the disease
involving pathologic citrullinated proteins (7-9), and also in the associated synovial
inflammation (10, 11) and cartilage damage (12, 13).

Cells of the innate immune system also contribute to the pathogenesis of RA (5):
Neutrophils, natural killer cells, monocytes/macrophages, innate lymphoid cells and
dendritic cells exert their function as phagocytes, pro-inflammatory cytokine producers
(14), and/or antigen-presenting cells (15). This not only causes tissue damage, but
additionally directs the activation of the adaptive immune system (4), thereby
contributing to the perpetuation of the disease (15).

The adaptive immune system is intrinsically tied to the concept of autoimmunity. In RA,
autoimmunity is evidenced by the presence of autoantibodies such as anti-citrullinated
protein antibodies (ACPAs) and IgG antibodies (rheumatoid factor, RF) (3, 16-19). B
and T cells, as key players of the adaptive immune system, are critical promotors of
autoimmunity by sustaining antibody production and perpetuating a complex cytokine

network that mediates chronic inflammation (20-23).
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Consequently, a synergistic interplay between the innate and adaptive immune system
via auto- and paracrine cytokine networks (1) evolves. This represents the
pathophysiological basis for the underlying chronic inflammation of the synovial milieu.
At an anatomical level of joint pathology, chronic inflammation leads to synovial
hyperplasia (with infiltration of both innate and adaptive immune cells) (24). This, in the
long run, results in pannus formation (25), which eventually cascades into the
destructive phase of the disease with cartilage degradation and bone destruction (26,
27) - with bone loss representing an epitome of the disease (28), associated with a
high disease burden (29).

1.1.2 The effect of inflammation on bone in RA — focal and systemic bone loss

The microenvironment with abounding chronic inflammation leads to structural bone
damage inside the joints in the form of bone erosions (30, 31), i.e., focal bone loss. In
addition, microarchitectural changes of trabecular and cortical bone occur, referred to
as ‘periarticular’ osteopenia (32). Apart from these pathognomonic features of RA at
the joint level, patients with RA are also at an increased risk for systemic bone loss,
leading to osteoporosis and subsequently, an increased risk for fragility fractures (33-
36). Both local bone erosions and systemic bone loss are attributed to chronic
inflammation and its underlying processes (37), where inflammation leads to an
imbalance of bone remodeling with increased bone resorption (enhanced osteoclast
differentiation) and impaired bone formation (inhibited osteoblast function). This tight
interplay between bone cells and immune cells has long been recognized, giving rise
to the field of osteoimmunology since the early 2000s.

To go into more detail, a plethora of pro-inflammatory cytokines exerts pro-
osteoclastogenic effects (38, 39). For example, macrophage colony-stimulating factor
1 (M-CSF), tumor necrosis factor (TNF)-a, Interleukin (IL)-6, IL-1, and leukemia
inhibitory factor (LIF) either directly or indirectly enhance osteoclast activity and
osteoclastogenesis (40) via the receptor activator of nuclear factor kB (NF- kB) ligand
(RANKL) (41-43). B and T cells, through secretion of cytokines as well as through direct
stimulatory effects on osteoclasts via RANKL (44), contribute to the process of bone
remodeling in RA; B cells, by producing ACPAs and RF, are considered a main driver

of bone loss. The presence of autoantibodies induces osteoclastogenesis (45, 46) and
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is associated with a more severe clinical course of arthritis in terms of bone erosions
as well as systemic bone loss (32). The important role of T cells in bone homeostasis
is exemplified by the fact that T cells (especially Th1, Th2, Th17 cells) are the main
secretors of cytokines such as IL-17 (47) and IL-15 (48) that drive osteoclastogenesis.
In addition, they also engage in direct crosstalk with osteoblasts: T cells amplify the
osteoblastic response to PTH via a pathway that critically depends on Wnt signaling
(49). In fact, Band T cell-deficient mice were shown to have an osteoporotic phenotype
(50). In contrast, however, mice deficient in T cells seem to be protected from
postmenopausal bone loss (re-administration of T cells from wild-type mice led to bone
loss) (51).

1.1.3 Osteoblasts as immunocompetent cells

Apart from the negative stimuli of inflammation on bone cells, bone cells themselves
share many common progenitors and receptors with cells of the immune system (52).
Osteoblasts and osteoclasts themselves are considered immunocompetent cells.
Osteoblasts directly regulate osteoclastogenesis via RANKL and osteoprotegerin
(OPG), where RANKL binds to the RANK receptor on the membrane of osteoclast-
precursors (monocytes from the mesenchymal progenitors), while OPG, a decoy
receptor of RANKL, prevents RANKL/RANK binding and thereby osteoclastogenesis
(53). Furthermore, osteoblasts have also been shown to express complement factor

C83 and C5 and secrete IL-6 (54) via a complement-dependent pathway (55).

In order to prevent bone loss and joint destruction mediated by autoimmune processes
in RA, many treatments have evolved over the past few decades and have been shown
to be efficacious by targeting cytokines and/or intracellular pathways (14).
Glucocorticoids (GCs) were one of the first potent anti-inflammatory and
immunosuppressive drugs, and even today they remain a central element in RA
treatment (56). GCs are, in fact, of special interest in terms of arthritis and bone. While
on the one hand, GCs are indispensable in the treatment of autoimmune diseases with
underlying bone destruction, on the other, GCs may themselves exert a negative

impact on bone.
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1.2 Glucocorticoids

1.2.1 Exogenous glucocorticoids and their effects on inflammation and bone

The first discovery of the potent anti-inflammatory and immunomodulatory (57)
properties of ‘compound E’ (later called ‘cortisone’) in 1948 by Hench and Kendall (58)
was a ground-breaking one, marking the beginning of physicians’ ability to treat
autoimmune diseases (59). Ever since, GCs continue to be a cornerstone in the
treatment of rheumatic diseases (60, 61).

In RA, GC treatment results (through pleiotropic effects on innate and adaptive immune
cells) (62) in a reduction of synovial inflammation and a slowing of radiographic

progression and joint damage (63-65) — just to name a few of its manifold effects.

However, prolonged and high dose GC treatment also results in adverse effects,
especially with regard to the bone: treatment with GCs is associated with significant
loss of bone density and structure, and thus an increased fracture risk (66, 67). High
levels of GCs are considered to have direct effects of bone cells such as osteoblasts,
osteocytes and osteoclasts, with the proposed mechanisms being impaired cellular
proliferation, increased apoptosis, and changes in RANKL/OPG, Wnt/sclerostin
expression (68).

High doses of GCs slow the proliferation of osteoblasts and seem to affect the
differentiation from progenitors to other lineages such as adipocytes, as is exemplified
by the observation that GC-treated RA patients show a higher rate of adipose tissue in
the femoral neck (69). GCs stimulate expression of RANKL by osteoblasts and
suppress their OPG expression. Also, GCs stimulate osteoblast apoptosis, suppress
insulin-like growth factor (IGF)-1 expression (70) and hinder transforming growth factor
(TGF)-B actions (71).

In addition, GCs also exert effects on osteocytes - they are known to induce osteocyte
apoptosis in vivo and in vitro (72-74). Osteocytes participate in bone remodeling by
secretion of RANKL and OPG and thus regulate osteoclastogenesis (75). GCs lead to
a reduced osteocytic OPG expression which increases the impact of RANKL (76). At
the same time they increase production of Dickkopf-related protein 1 (DKK1) (77) and
sclerostin (78), which are potent Wnt signaling-inhibitors (79). This, in turn, negatively
affects osteoblastogenesis.
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While exogenous (i.e. therapeutic) GCs and their effects on inflammatory processes
have been well characterized (as have their side-effects) (80), the contribution of
endogenous GCs in autoimmune processes is much less understood. This is
somewhat paradoxical, since endogenous GCs play an essential role in the
physiological homeostasis of many organs and functions, including the regulation of

physiologic immune responses (81).

1.2.2 Endogenous glucocorticoids

GCs are metabolic hormones endogenously produced in the zona fasciculata of the
adrenal cortex as part of the hypothalamic-pituitary-adrenal (HPA) axis where GC
production and levels are regulated by a negative feedback loop underlying a strict
circadian rhythm (82-84). This mechanism involves a hierarchical system with
adrenocorticotropic hormone (ACTH) from the pituitary gland as a stimulator of GC
production and corticotropin-releasing hormone (CRH) from the hypothalamus as a
stimulator of ACTH, while circulating GC levels affect secretion of both ACTH and
CRH.

GCs (both endogenous and exogenous) exert their effects via genomic and non-
genomic actions (85). For the genomic action, GCs pass through the lipophilic cell
membrane into the cell and bind to a cytosolic GC receptor (cGCR). This complex then
translocates into the cell nucleus and either directly binds via a GC response element
(GRE) on DNA, or indirectly via transcription factors, further affecting the synthesis of
cytokines by transactivation or transrepression (86), respectively. Transactivation
(through binding of a dimerized GRE on DNA) leads to the increase of anti-
inflammatory and anti-proliferative cytokines such as IL-10 or inhibitor of nuclear factor
kB (ikB) (87). Transrepression refers to the modulation of pro-inflammatory cytokines
through the binding of a monomeric GCR to transcription factors like NF-kB (88) or
activator protein-1 (AP-1), thereby leading to an inhibition of these factors and thus,
indirectly, to an inhibition of pro-inflammatory cytokine expression (89) such as nuclear
factor of activated T cells (NF-AT), IL-1, IL-2, TNF and interferon (IFN)-y (90, 91). The

genomic action is considered to occur within 30 minutes of GC exposure.
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For more rapid effects within seconds and minutes, non-genomic actions have been
proposed (92). The pathways that are involved in the non-genomic mechanisms are
multifold and are considered to be due to: a) non-specific interactions of GCs with
cellular membranes (especially at high concentrations); b) effects mediated by the
cGCR (inhibition of arachidonic acid); and c) due to effects that are exerted by

membrane-bound GC-receptors (mMGCRs) found on monocytes (93) and T cells (94).

Although the extent of GC effect is to a large degree related to its circulating levels, at
a tissue and cellular level, the effect of GCs is regulated by several mechanisms,
perhaps most relevantly by: a) the expression and sensitivity of GC-receptors (84); and
b) the metabolism of GCs at a pre-receptor level by enzymes. Concerning the first,
dimerization of the GR in T cells has been shown to be indispensable for anti-
inflammatory effects (95). Concerning the latter, pre-receptor metabolism is of

particular interest in the context of this study and shall be elucidated further.

1.3 11p-hydroxysteroid dehydrogenases (11p-HSDs)

At a pre-receptor level, 11p-HSD enzymes interconvert the active GCs cortisol and
corticosterone with their inactive counterparts cortisone and dehydrocorticosterone,
and thus retain the capacity to influence the differentiation and function of cells involved
in inflammatory processes. Cortisol and corticosterone exert similar actions on the
glucocorticoid receptor (GCR) as well as the mineralocorticoid receptor (MCR), with
both having a 10-fold higher affinity for the MCR (96). In mineralocorticoid target
tissues such as the kidney (97), and the salivary (98) and sweat glands (99), 11p-HSD
type 2 (11B-HSD2) inactivates cortisol to cortisone and corticosterone to
dehydrocorticosterone, which consequently lose their affinity to GCR and MCR. The
reactivation of cortisol from cortisone is brought about by 113-HSD1, which, in contrast

to 11B-HSD2, is expressed at many tissues such as liver and bone (100).

1.3.1 The role of endogenous glucocorticoid signaling in arthritis
In the past few years, the understanding of the role of endogenous GCs in autoimmune
arthritis has grown substantially. Starting with the observation that the HPA axis in

patients with rheumatoid arthritis is deranged (expressed by a lost circadian rhythm of
19



cortisol secretion which correlates with inflammatory activity (101) and an impaired
secretion upon CRH stimulation (102)), evidence has accumulated that endogenous
GCs contribute fundamentally to the regulation of inflammation at a local as well as
systemic level, essentially through GC metabolism at a pre-receptor level. Endogenous
GC signaling affects immune cells (103), chondrocytes (104), and osteoblasts as well
as osteocytes (105). Just recently, Fenton et al. demonstrated that global deletion of
11B-HSD1 in arthritic mice resulted in a resistance to GC treatment, while deletion of
mesenchymal 113-HSD1 did not (106). This suggests that systemically inactivated
GCs require peripheral reactivation by 11p3-HSD1 from sites of inflammation.
11B-HSD1 is known to be upregulated in the synovial tissue of fibroblasts and
macrophages in patients with RA (107, 108), and has been shown to regulate local
inflammation, synovitis and joint destruction (109, 110). Conversely, 113-HSD2, as a
counter-player, was expressed at a higher 113-HSD2/113-HSD1 ratio in the synovial
fibroblasts (111) of patients with RA compared to patients with osteoarthritis, hinting at
the possibility of an impaired capacity of synovial cells for local reactivation of cortisone
in RA. Gene expression of 113-HSD2 has been demonstrated to be overexpressed in
synovial macrophages in RA patients (112). In addition, 113-HSD2 expression has
also been found at low levels in human osteoblasts (113) and, most prominently, in
human osteosarcoma cell lines (114).

These findings herald a potential role of 11B-HSDs in the regulation of GC metabolism

in bone cells.

1.3.2 The role of endogenous glucocorticoid signaling in bone

While 113-HSD1 activity in osteoblasts increases with age and GC exposure (115),
11B-HSD2 expression in bone is only present during fetal development and declines
afterwards (116). Through transgenic expression of 113-HSD2 in osteoblasts and
osteocytes, however, our understanding of the effects of endogenous GCs on
osteoblasts has been tremendously enhanced. By targeting the 2.3Kb Collagen type |
promoter, which is only expressed in mature osteoblasts and osteocytes, 113-HSD2
can be exclusively overexpressed - thereby abrogating completely endogenous GC
signaling inside the osteoblast and osteocyte. This is reflected by the fact that

transgenic mice are protected from the above-mentioned negative GC effects on
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osteoblast-mediated bone metabolism (117, 118). Over-expression of 113-HSD2 leads
to a phenotype of slightly reduced bone density of the vertebrae, delayed ossification
and reduced periosteal apposition of new bone (118, 119).

Zhou et al. have shown that in vivo, the differentiation of osteoblasts critically depends
on endogenous glucocorticoids and their effects on Wnt signaling (120, 121). At first
glance, this appears in sharp contrast to the negative effects of GCs on bone,
especially considering that DKK-1, a Wnt-inhibitor expressed by osteoblasts, is
induced by GCs resulting in a suppressed expression of OPG and osteoblastogenesis
(122). Notably, the negative effects of GCs on osteoblasts seem to be related to the
expression of a monomeric form of the GC receptor, which is mainly involved in
transrepression mechanisms at a genomic level (123).

However, further research has prompted the hypothesis of a biphasic construct, with
high doses of GCs exerting an anti-proliferative and catabolic effect on osteoblasts,
while low GC doses yield a potential stimulatory and anabolic effect as a result of GC-
dependent regulation of Wnt signaling (124).

Nevertheless, the role of endogenous GCs and their involvement in inflammatory
diseases remains insufficiently understood. With endogenous GCs playing an
essential role in osteoblastic differentiation, and rheumatoid arthritis representing a
disease in which both endogenous GC signaling and osteoblasts are relevant players
in underlying pathology, the question arises as to how endogenous GCs in osteoblasts

contribute to the initiation and modulation of arthritis.

In order to study the pathways of inflammation that are involved in RA, several animal
models have proven useful in understanding the underlying immunologic mechanisms
that are not or cannot be readily studied in humans or patients. In recent times, many
different mouse models have evolved that reflect many parallels to human RA, but they
differ from each other by involving distinct immunological processes. This can be
regarded as an advantage in terms of scrutinizing and modelling distinct pathways

under defined research objectives.
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1.4 The antigen-induced arthritis model

In 1977, Brackertz et al. showed that autoimmune arthritis can be induced in various
strains of mice after immunization with methylated bovine serum albumin (mBSA) and
reexposure of mMBSA into the knee joint by intra-articular injection, inducing a chronic
and antigen-specific monoarticular arthritis that shares many common features with
human RA (125). Importantly, this model is dependent on T cells, since mice deficient
in T cells only develop arthritis after the transfer of syngeneic T cells. Specifically, CD4+
T cells recruit neutrophils and macrophages, which leads to a hyperplasia of synovium,
pannus formation, cartilage damage and bone erosions. CD8+ T cells are dispensable
(126). Reduced severity of the disease has also been shown to correlate with a
reduction of Th1 and Th17 responses (127). Baschant et al. found that the effect of
glucocorticoids to mitigate Antigen-induced arthritis is based on dimerization of the GC-
receptor in T cells (128). Cytokine analysis in this model revealed the involvement of
established pro-inflammatory cytokines in RA like IL-1p, IL-6, IL-17, in both the synovial
fluid as well as the serum at different time points (129). The role of complement is less
clear, with contradicting results, whereby in one study, inhibition of complement by
cobra venum factor (CVF) did not seem to alter the course of arthritis (130), while in
another, administration of CVF reduced severity of AIA at any time point (131). Also,
selective C5a receptor antagonists clearly reduce the severity of arthritis (132, 133),
which has also recently been achieved by the introduction of DNA vector with anti-C5
neutralizing recombinant antibody (134).

AlA is considered to be a valid model for investigating synovitis and joint destruction,
well suited for elucidating the pathogenesis of arthritis-induced bone loss (135).
Interestingly, the AIA model was originally described as a chronic model, with synovitis
persisting for up to 24 weeks and even up to two years in rabbits (136). This was
considered to be due to antigen persistence inside the joint in the form of immune
complexes (137) which resemble human RA, where immune complexes have been
shown to persist inside the articular cartilage and synovium (138). In practice, however,
inflammation subsides rather quickly after administration, which led to the approach of
re-injecting mBSA intra-articularly, thus prolonging inflammation (139). The re-
exposure of the antigen intra-articularly induces flare-up reactions, but it also bears the
risk of iatrogenic damage of the joint by multiple knee joint puncture which could
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confound the assessment of chronic joint damage. Thus, van de Putte et al. proposed
a model in which the intravenous re-administration of the mBSA antigen after initial
intra-articular injection leads to an acute flare-up of arthritis, solely confined to the
affected joint without systemic effects on other joints (140), suggesting a preferential
deposition of immune complexes inside the chronically inflamed synovium (141).
Histologically, this flare-up involves predominantly granulocytes, while
immunochemistry and cytokine expression inside the synovial fluid has been shown to
involve IL-1 as a key cytokine during the flare-up reactions (142), as well as IL-6 which
drives inflammation-induced osteoclastogenesis (126).

In summary, the AIA model represents a convenient model to study interventional
effects where the adaptive immune system plays a key role. lts advantage also lies in
the possibility of inducing flare-up reactions that mimic active chronic disease, as is the

nature of RA.

Since no single mouse model exists that could fully reflect the entire extent and
pathology of human RA, a plethora of further animal models has been developed to
study different aspects of the disease. An important model, commonly used and

extensively described, is represented by the K/BxN serum-transfer model.

1.5 The K/BxN serum-transfer model
The K/BxN serum-transfer model is a model where arthritis is induced by passive
transfer of autoantibodies from K/BxN mice, in whom arthritis develops spontaneously.
K/BxN was originally described by Kouskoff et al. in 1996, when, by a sheer act of
serendipity, transgenic mice C57BL/6 coding for a rearranged T cell receptor was
crossed with a non-obese diabetic (NOD) mouse strain (143). These K/BxN mice all
developed severe and progressive arthritis with a phenotype closely resembling
human RA - i.e., involving all joints, with the characteristic symmetric inflammation
being based on an underlying autoreactivity as a hallmark of RA. Furthermore,
Korganow et al. developed a transfer model, the K/BxN serum-induced arthritis model,
which elicits a phenotypically similar form of symmetric arthritis in otherwise normal
mouse recipients. This serum-transfer model has been shown to be T cell- and B cell-
independent, as arthritis is induced by serum antibodies, even in recipients that are
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devoid of lymphocytes (144). In contrast, the innate immune system is critically
involved in the development of this form of antibody-induced arthritis. Immune
complexes of arthritogenic anti-glucose-6-phosphate isomerase (GPI) autoantibodies
attract and activate neutrophils and macrophages at the cartilage surface through Fc
receptor binding (particularly FcyRIIl) which is expressed on mast cells, neutrophils,
macrophages and NK cells (145). The inflammatory cascade is accompanied by the
release of IL-1 and TNF-a (146) and activation of complement factors from the initial
part of the alternative complement pathway (147-151). Importantly, the alternative
pathway of complement seems to be of particular importance. C5-deficient mice do not
develop arthritis, and correspondingly, arthritic mice treated with anti-C5 monoclonal
antibodies showed an effective mitigation of arthritis, while C4 deficiency does not alter
the course of arthritis (147).

Bone destruction in the K/BxN model is brought about by the inflammatory
mechanisms activating osteoclasts, with RANKL playing (as in human RA) a central
role. RANKL-deficient mice which are exposed to K/BxN serum developed unhindered
arthritis with severe paw swelling, yet had significantly reduced bone erosions in micro-
CT and histopathologic analysis (152). This is especially relevant in the context of
absent T cells.

The K/BxN serum transfer model stands out in regard to bone metabolism by featuring
the formation of new bone at cortical surfaces around the anterior tibia and calcaneus
as well as forefoot bones, a process that seems to be RANKL independent (144, 152).
Nevertheless, the K/BxN serum transfer model is a very suitable model with many
similarities to human RA (autoantibodies, symmetric arthritis, bone erosions) and
allows for the investigation of downstream processes of inflammation and bone
erosions. With regard to our aim to understand the role of endogenous GC signaling
in osteoblasts on inflammation and bone destruction, this model seems particularly

appropriate.
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1.6 Rationale of this study

Hypothesizing that osteoblastic GC signaling might influence the inflammatory
response in autoimmune arthritis, in 2009 Buttgereit et al. used the above-mentioned
transgenic mouse model of 11B3-HSD2 overexpression in osteoblasts and induced
arthritis in mice by the K/BxN serum-transfer model. Much to their surprise, they found
that specific disruption of GC signaling in osteoblasts significantly attenuated all
aspects of inflammation in the K/BxN serum transfer model. During a period of 14 days,
the clinical course as measured by ankle size and clinical score was significantly
mediated after approximately 10 days, as was corroborated by histological indices of
inflammation, cartilage degradation and bone erosion at day 14 (153). Also, tg mice
were protected from arthritis-induced systemic bone loss as measured by micro-CT
and histomorphometry. This pointed to the ability of osteoblasts to regulate
inflammatory processes via a GC-dependent mechanism and to a potential role as

potent mediators of inflammation.

The K/BxN serum-induced arthritis model is a T cell-independent model. However,
osteoblasts are known to interact with T cells through osteoblastic proinflammatory
cytokine secretion (which is GC-modulated), prompting us to now investigate the

effects of disrupted GC signaling in the T cell-dependent AIA model.

Also, with regard to the chronicity of human RA and the effects of arthritis on bone
being intricately related to disease duration, we also wanted to investigate the effects
of long-term arthritis on bone where GC signaling is disrupted in osteoblasts and
address the question of whether the modulatory effect of osteoblasts persists over a
longer period. This is especially relevant when considering that the degree of erosions
in the study by Buttgereit et al. was relatively low. Also, a duration of 14 days might not
involve remodeling processes which are described to have a delayed onset. Animal
models studying arthritis-induced osteoporosis often come short of evaluating the long-
term exposure to inflammatory diseases as compared to humans. Patients with RA
show systemic bone loss even before the clinical onset of arthritis, potentially mediated
by autoantibodies such as ACPA or RF (154).

To summarize, the aim of these studies was to investigate:
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Aim 1: whether the modulation of inflammatory responses by osteoblasts involves T
cells. For this purpose, we induced arthritis by the AIA model which is characterized
by the involvement of the adaptive immune response.

Aim 2: whether the modulating role of osteoblasts persists in a long-term setting and
whether long-term arthritis models reflect important aspects of arthritis-induced bone
loss. For this purpose we prolonged both the AIA and K/BxN serum-transfer models
by inducing flare-up reactions, i.e., re-exposure to antigen and autoantibodies,

respectively, in order to assess the effect on bone in a long-term setting.

26



2 METHODS

2.1 Transgenic mouse model

Col.2.3.-11B-HSD2 transgenic mice were generated as described originally by Sher
and Woitge et al. (118) and were kindly provided as a gift by Dr. Barbara Kream
(Department of Medicine, University Connecticut Health Center, Farmington, CT). In
accordance with institutional animal welfare guidelines and according to an approved
protocol by the Sydney Local Animal Welfare Committee, mice were maintained under
specific pathogen-free conditions at the animal facilities of the ANZAC Research
Institute. Mice had access to food and water ad libitum and were exposed to a 12-hour

light/dark cycle.

2.2 Arthritis models
2.2.1 The antigen-induced arthritis (AlA) model

%" 8-weekold

\ - male mice

d-21 id-14i [do | d14

Histology
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Histomorpho-
metry
Serum
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Figure 1: Experimental design of the acute AIA (above) and prolonged AIA study (below)

2.2.1.1 Immunization
Antigen-induced arthritis (AlA) in mice was induced according to established protocols
(155, 156). As a model involving primarily the adaptive immune system, arthritis
induction was based on an initial immunization. 100pg of methylated bovine serum
albumin (mBSA) (Sigma, Castle Hill, Australia) was dissolved in 50ul of phosphate-
buffered saline (PBS) and emulsified in 50ul of Freund’s complete adjuvant (CFA)
(Sigma, Castle Hill, Australia). On day -21, eight-week-old male Col2.3.-113-HSD2 tg
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mice and their WT littermates were immunized by subcutaneous injections of 50ug in
each flank. A second injection of the same dose was given seven days later on day -
14 by subcutaneous injection into the tail base (Figure 1). Control mice were also
immunized with mBSA. Mice were randomly assigned to their respective groups

matched for body weight and litter.

2.2.1.2 Induction of acute AIA

Induction of acute AIA was achieved by intra-articular injection of 10yg mBSA
dissolved in 5yl sterile PBS on day 0 in tg mice (n = 17) and their WT littermates (n =
17), following brief inhalation anesthesia with isoflurane. Using a Hamilton syringe
(Sigma, Castle Hill, Australia) and a 25'2 gauge needle, the patellar ligament of the
right knee was punctured until reaching intra-articular space, with the knee joint
positioned at an angle of least tension on the patellar ligament. Control tg and WT mice
received 5yl of sterile PBS. Body weight and joint swelling were assessed daily or
every other day, from induction on day O until day 14. Knee joint swelling was
measured using a Vernier caliper. Maximum medial-to-lateral diameter was defined at
the widest point of each knee joint. For control purposes, the contralateral knee joint
was also measured in order to monitor potential but unlikely symmetric effects after
induction of acute AIA. Knee joint swelling was expressed as the absolute difference
to baseline knee-joint diameter at day 0. On day 14, mice were euthanized for tissue
and blood collection. A limited number of samples (n = 5 for each group) of synovial
tissue from the affected knee joint, bone and bone marrow was preserved for future
gene- and protein expression analyses. Samples were sent after storage at -80°C to
our laboratory in Berlin, where RNA was extracted and recoded to cDNA.

For the remaining samples, histological, micro-CT, histomorphometric and serum

cytokine analyses were performed as described below.

2.2.1.3 Induction of prolonged arthritis

In order to investigate the long-term effects of arthritis on bone and the potential role

of endogenous glucocorticoids, arthritis was prolonged using an established model

(155, 156). In order to avoid potential mechanical damage by repeated intra-articular

injections of mMBSA, we induced flares of arthritis by intravenous re-injections of mBSA,
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as was described by Lens et al. (155). After induction of acute AlA in tg and their WT
littermates, arthritic mice received repeated intravenous injections of 300yg mBSA
dissolved in 200yl sterile PBS on days 7, 14 and 21, while tg and WT controls received
200u1 sterile PBS only (n = 10 per arthritic group, n = 9 per control group) at the same
time points. Body weight and clinical assessment were performed continuously, as
described above. On day 28 after initial arthritis induction, mice were euthanized by
cervical dislocation under anesthesia after blood collection. For the long-term
experiment, eight mice had to be excluded for following reasons: five AIA mice had
anaphylactic reactions, three had mechanical damages (two in arthritic mice, one in
CTR). The remaining arthritic tg (n = 6) and WT AIA mice (n = 7), and control tg (n =
9) and WT (n = 8) mice were assessed for histological, histomorphometric and micro-

CT analyses.

2.2.2 The K/BxN model

2.2.2.1 K/BxN mouse serum

K/BxN mouse serum was prepared as described by Kouskoff et al. (143). KRN-
C57BL/6 mice transgenic for a TCR that recognizes a bovine ribonuclease peptide
presented by a MHC class Il (as described in the introduction) were crossed with NOD
mice to create K/BxN mice which develop arthritis spontaneously. Serum was collected
from 60-day-old arthritic K/BxN mice through intracardiac puncture, pooled and stored
at -80°C.

As the amount of serum was not sufficient for the experimental set-up and the serum
is not commercially available, the group of Prof. Wim van den Berg, University
Nijmegen, Netherlands, kindly provided an additional amount of serum. After defrosting
sera at room temperature, both batches were mixed and administered in the

experimental animals.
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Figure 2: Experimental design for the long-term K/BxN serum-induced arthritis model

2.2.2.2 Initiation and prolongation of K/BxN serum-induced arthritis.

Transgenic mice and their wild-type (WT) littermates received intraperitoneal injections
of either 150ul of K/BxN mouse serum or phosphate buffered saline (PBS) on days 0
and 2. Injections of control serum were not performed on WT mice, since previous
experiments did not show a difference between injection of PBS and control serum
(153).

K/BxN serum transfer arthritis was induced in 5-week-old male Col.2.3.-11p3-HSD2
transgenic mice (n = 11) and their WT male littermates (n = 11). Four transgenic and
nine WT mice served as controls, receiving PBS intraperitoneally. In order to maintain
inflammation for a prolonged period, arthritic mice received repeated subcutaneous
boost-injections of 150ul K/BxN serum on day 14 and day 28 (Figure 2). In preliminary
studies, the dose of 150ul K/BxN serum was compared to 200ul and identified as
sufficient in order to maintain a chronically active arthritis (data not shown). Controls
received PBS at the same time points. Body weight and clinical parameters of arthritis
were assessed daily throughout the entire study. Mice were sacrificed on day 42 after
intraperitoneal anesthesia with 75mg/kg body weight ketamine (Cenvet Pty. Ltd., Kings
Park, Australia) and 10mg/kg body weight xylazine (Cenvet Pty. Ltd., Kings Park,
Australia) by cervical dislocation for histological, micro-CT and histomorphometric

analyses.
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2.2.2.3 Clinical assessment of arthritis

Daily assessments and measurements were performed at a constant time of day in
order to maintain a stable circadian rhythm. Mice were weighed daily. Clinical arthritis
was assessed daily by two observers who were blinded to the assigned group and
genotype. As previously performed by Buttgereit et al. (153) and described by Lee et
al. (157, 158), the severity of arthritis was assessed by applying a clinical score to each
paw, with score points assigned as follows: 0 = normal; 1 = mild to moderate swelling
and erythematic ankle and/or one swollen digit; 2 = moderate swelling and erythematic
ankle or swelling in two or more digits; 3 = marked swelling along all aspects of the
paw or all five digits swollen. The sum of scores was calculated with a maximum
possible score of 12.

Ankle size measurements were performed daily using a Vernier caliper. The maximum
medial-to-lateral diameter was defined at the widest point of each ankle. The average

of both ankles (rear paws) was determined and considered for analysis.

2.3 Tissue collection and specimen preparation
Under anesthesia, blood was collected by intracardiac puncture with a 27 gauge
needle and a 1ml syringe. After 1 hour, the collected blood was centrifuged for 15
minutes at 8,000 rounds per minute (rpm) and the supernatant stored at -80°C for
future serum measurements.
Spleens were carefully prepared from the abdomen and weighed immediately after
collection as a potential marker for systemic inflammation (data not shown).
In both AIA experiments (acute AIA and long-term AlA), the right knee joint was
dissected for histological analysis. In 5 animals of each arthritic group, knee joints with
adjacent synovial tissue and bone marrow were prepared for future RNA analysis and
stored at -80°C after immersion in liquid nitrogen. For all AIA mice, regional lymph
nodes were extracted from the knee joint and inguinal region. Microarray/PANTHER
classifications as well as Proteoanalysis have not yet been performed. The same
applies to the collected synovial fluid, which was recovered using a calcium sodium
alginate compound (CSAC) method, as described by Seifer et al. (159), where a 2mm
circular piece of CSAC, cut using a conventional hole punch, was swabbed into the
knee joint cavity, removed, placed in a NUNC tube, and digested with 35ul of sodium
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alginate in H20 (Sigma, Castle Hill, Australia) for 30min at 34°C, followed by the
addition of 15ul of 1M Sodium Citrate. The volume was determined by applying the
pipette-dialing method (data not shown). Samples were frozen at -80°C and have not
been analyzed yet, due to absent significant differences between tg and WT AIA mice
in the analysis done so far.

The left tibia was prepared for micro-CT and histomorphometry.

For the K/BxN serum-transfer model, the right hind paws and tibia of each mouse were
dissected for histological and histomorphometric analysis, while the left hind paw and
tibia were harvested for micro-CT analysis.

All samples for histological and micro-CT analysis were fixed and stored in 4%

paraformaldehyde/PBS.

2.4 Histology

2.4.1 Sample preparation

Samples were fixed in paraformaldehyde 4% (PFA extra pure, Merck KGaA,
Darmstadt, Germany) and buffered with 0.1 moL/L phosphate buffer (AMRESCO Inc.,
Solon, OH, USA; pH 7.4) for 48 hours at 4°C. For histological analysis, samples were
decalcified with 10% ethylenediaminetetraacetic acid (EDTA, Fronine Laboratory
Supplies, Taren Point, Australia, pH 7.0) for 21 days at 4°C on a rocking shaker. EDTA
was changed twice weekly.

Following decalcification, tissues were embedded in paraffin with an Automatic Tissue
Processor (Leica TP 1020, Leica Microsystems GmbH, Wetzlar, Germany) by
dehydration in rising ethanol concentration (50 v/v% for 4 hours, 70 v/v% for 4 hours,
95 vIiv% for 4 hours, 100% for 2 hours, 100% for another 2 hours, 100% vacuum for 2
hours) and xylene clearing (vacuum for 2 hours, no vacuum for 2 hours, another 2
hours vacuum). Embedding was performed with double filtered paraffin wax (Paraplast
Tissue Embedding Medium, Tyco Healthcare Group, Mansfield, MA, USA).

For the AIA experiments, the knee joint was positioned with slight flexion and sagittal

sections were collected at the menisci level.

32



For the K/BxN long-term experiment, ankle joints were analyzed in the transverse axis,
centering the lateral ankle joint at a mid-talar view.

Serial 4-um sections were obtained using a Leica microtome (Leica Microsystems
GmbH, Wetzlar, Germany). Sections were mounted onto microscope slides coated
with 3-aminopropyltriethoxysilane (AES, Sigma-Aldrich Inc., St. Louis, MO, USA) and
consecutively stained with hematoxylin and eosin (H&E) for general histologic
evaluation, with toluidine blue for assessment of cartilage degradation and
proteoglycan loss. To identify osteoclasts and bone erosions, sections were stained

for tartrate-resistant acid phosphatase (TRAP).

2.4.2 Slide Coating

Microscope slides were immersed in 60°C warm water and detergent seven times for
two hours. After rinsing with filtered cold tap water for five minutes, the slides were
again washed with distilled water twice for five minutes. After that, the microscope
slides were soaked in 80 v/% ethanol for two hours and dried overnight.
Subsequently, the slides were dipped briefly in AES solution (2%) for 30 seconds, and
afterwards briefly in acetone and distilled water, and then dried at room temperature
overnight.

The paraffin was melted on a hot plate at 60°C for 10 minutes, dewaxed with three
changes of xylene immersion for five minutes each, and rehydrated with three changes
of 80% ethanol for three minutes each. The slides were rinsed with tap water before

staining.

2.4.3 Histologic staining

2.4.3.1 Hematoxylin and Eosin (H&E)

H&E staining was performed for general histologic analysis of inflammation.
Hematoxylin (Lillie-Mayer’s hemalum solution, Fronine Laboratory Supplies, Taren
Point, Australia) and eosin (Eosin Y, Fronine Laboratory Supplies, Taren Point,
Australia) were used according to the following protocol. Slides were stained in
hematoxylin for 7 minutes, thoroughly rinsed with tap water, then stained with eosin for

ten minutes, followed by three changes of 100% ethanol for three minutes each, and
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two changes of xylene (two minutes each). The stained slides were mounted with a
coverslip with DEPEX (BDH Ltd., Poole, UK).

2.4.3.2 Toluidine blue

In order to assess the degree of cartilage degradation and proteoglycan loss, staining
with toluidine blue was performed. Slides were immersed into toluidine blue solution
(0.1%) for eight minutes, subsequently rinsed with tap water, dried overnight at 37°C

and mounted with a DEPEX coverslip (see above).

2.4.3.3 Tartrate-resistant acid phosphatase (TRAP)

For the assessment of focal bone resorption at the arthritic site, TRAP staining was
applied for identifying osteoclasts and bone erosions. TRAP buffer consisting of
sodium acetate anhydrous (50mM, Fluka Chemie AG, Basel Switzerland), along with
potassium sodium tartrate (40mM, Sigma-Aldrich Inc., St. Louis, MO, USA) was mixed
with Milli-Q water and titrated to an acidic pH of 5.0 with glacial acetic acid. Naphthol
AS-MX (Sigma-Aldrich Inc., St. Louis, MO, USA) was added as a substrate and Fast
Red Violet Luria Bertani salt (Sigma-Aldrich Inc., St. Louis, MO, USA) as a detection
agent for the reaction product. Prepared mounted microscope slides were covered in
TRAP stain in darkness for 0.5 — 1 hours, depending on the degree and rate of the
reaction as expressed by color intensity. Slides were then rinsed with tap water to halt
the reaction and counterstained with a 1:10 v/v solution of Harris No. 3 hematoxylin
(Fronine Laboratory Supplies, Taren Point, Australia) in Milli-Q water for 30 seconds.

Finally, slides were rinsed with tap water and dried overnight.

2.4.4 Histopathologic Scoring
2.4.4.1 Inflammation

For the AIA models, H&E staining was used to assess synovial inflammation by two
independent and blinded observers. Applying an established semi-quantitative scoring
system (160, 161), inflammation was graded for aspects of synovitis, joint space
exudate and soft tissue inflammation on a 0-3 scale, with O representing no change

and 1 through 3 indicating mild to severe changes.
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For the K/BxN model, histological assessment of H&E stained samples was performed
by two independent and blinded observers for inflammatory cell infiltration, synovial
lining cell hyperplasia and soft tissue edema according to an established semi-
quantitative scoring system (153, 157). Inflammatory activity was scored on a 0-5 point
scale as follows: 0 = normal; 1 = minimal inflammatory infiltration; 2 = mild infiltration
with no soft tissue edema or synovial lining cell hyperplasia; 3 = moderate infiltration
with surrounding soft tissue edema and some synovial lining cell hyperplasia; 4 =
marked infiltration, edema, and synovial lining cell hyperplasia; 5 = severe infiltration

with extended soft tissue edema and marked synovial lining cell hyperplasia.

2.4.4.2 Catrtilage degradation

For the AIA models, cartilage degradation was quantified using the above-mentioned
score on a 0-3 scale.

Similarly, for K/BxN, cartilage damage was scored on a 0-5 point scale as follows: 0 =
normal; 1 = loss of toluidine blue staining only; 2 = loss toluidine blue staining and
moderate multifocal cartilage loss; 3 = moderate loss of toluidine blue staining and
moderate multifocal cartilage loss; 4 = marked loss of toluidine blue staining with

marked multifocal cartilage loss; 5 = severe multifocal cartilage loss.

2.4.4.3 Bone erosions

For the AIA experiments, a scale of 0-3 was used as mentioned above to assess bone
erosion severity.

For the K/BxN experiment, assessment of bone erosions was according to a 0-5 point
scale: 0 = no erosions; 1 = minimal (not readily apparent on low magnification, rare
osteoclasts visible); 2 = mild (not readily apparent on low magnification, some
osteoclasts visible); 3 = moderate (obvious bone resorption with numerous osteoclasts
visible); 4 = marked (large erosion areas extending into the bone cortex with numerous
osteoclasts visible in all areas); 5 = severe erosions with full thickness defects in the

cortical bone.

35



2.5 Micro-CT
2.5.1 Micro-CT scanning

In order to assess local structural damage of bone as well as systemic bone loss
induced by the inflammatory process, a micro-CT based analysis of the ankle joints (in
the K/BxN experiment) and tibia was performed, respectively. A Skyscan 1172 X-ray
microscope (Bruker microCT, Kontich, Belgium) was used for microtomography,
scanning the tibiotalar joint and tibia. Specimen were placed in a specimen holder and
a 1Tmm aluminium foil was attached as a correction filter to minimize the effect of beam
hardening and artefacts in the processed images. Scanning was done at 100kV and
100pA, and at an exposure time of 590 ms. For the tibia, 1,800 projections were
created at a resolution of 6.93 ym/pixel. For the reconstruction of sections, a modified
Feldkamp cone-beam algorithm was used, with beam hardening correction set to 50%.
In order to create 3D visualization from the reconstructed right ankles in the K/BxN
serum-transfer model, VGSTUDIO MAX 1.2 software (Volume Graphics GmbH,
Heidelberg, Germany) was used. All analyses were performed using CTAnalyser

software version 1.8 (Skyscan, Bruker microCT, Kontich, Belgium).

2.5.2 Micro-CT analysis

To quantify systemic bone loss, trabecular morphometry of the proximal tibia was
assessed, selecting a 1mm (= 132 slides) long region of interest (ROI) exactly 0.5 mm
(66 slides) below the growth plate and within the endosteal borders. The greyscale was
set from 75 to 255 percent. The selected ROI served for determining the volume of
interest and thus for the quantification of the following morphometric parameters: bone
volume fraction (BV/TV = bone volume / tissue volume, in %); trabecular number

(Tb.N., /mm), trabecular thickness (Tb.Th., um), trabecular separation (Tb.Sp., ym).

For assessment of the degree of local bone erosions at the direct arthritic sites of the
ankles, three-dimensional as well as two-dimensional micro-CT images were used
applying a semi-quantitative score, defining a region of interest encompassing tibia,
fibula, calcaneus and talus. For the two-dimensional images, a region 1 mm proximal
to the beginning of the tibiotalar joint was selected. Assessment was performed as
follows by two independent observers: 0 = no erosions or cortical damage; 1 = mild
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cortical bone transformation and erosive changes beginning; 2 = moderate bone
damage comprising erosions and vacuoles; 3 = severe damage with large erosions
and full-thickness defects of the corticalis.

A total score of the average of the two observers was used, comprising the assessment

of both two- and three-dimensional images.

2.6 Histomorphometric analysis

Bone histomorphometry was performed on the left proximal tibial metaphysis for
analysis of systemic bone changes. H&E staining was used to identify osteoblasts and
osteocytes as indicators of bone formation, while TRAP staining was used to identify
osteoclasts as a measure of bone resorption. Osteomeasure XP v. 3.2.1.5
(Osteometrics, Inc., Decatur, GA, USA) was used in conjunction with a light
microscope (Leica Microsystems GmbH, Wetzlar, Germany). A region of interest was
selected 0.3 mm below the growth plate of the tibia comprising an area of 1.5 x 1 mm.
The following measurements were performed at a 400-fold magnification:

BV/TV: bone volumef/tissue volume (%), indicating the percentage of bone at the
trabecular region of interest.

BS/BV: bone surface/bone volume (%), indicating the percentage of bone surface at
the recently formed bone.

Ob.S/BS: osteoblast surface/bone surface (%), indicating the percentage of bone
surface covered with osteoblasts.

N.Oc/BS: number of osteoclasts/bone surface (per mm), indicating the mean number
of osteoclasts per mm bone surface.

Oc.S/BS: osteoclast surface/bone surface (%), indicating the percentage of bone

surface covered with osteoclasts.

2.7 Measurements of serum cytokines

For the AIA model only, serum levels of inflammatory cytokines were analyzed with the
cytometric bead array technique at days 14 and 28. Pre-mixed cytokine assays (Bio-
Rad, Munich, Germany) were used according to the manufacturer, and data was
collected by applying the Bio-Plex suspension system (Bio-Rad, Munich, Germany).

Each sample was read in duplicate and measured against the mean of two dilution
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rows. When values were found to be below the detection limit, a value half of the
detection limit was assigned for analysis. The following inflammatory cytokines were
analyzed: TNF-a, IFN-y, murine IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,IL-
12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-18, monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein-1a (MIP-1a), 1 (MIP-1B) and 2 (MIP-2),
regulated upon activation normal T cell expressed and secreted (RANTES),
keratinocyte-derived cytokine (KC), monokine induced by interferon-gamma (MIG),
Eotaxin, leukemia inhibitory factor (LIF), basic fibroblast growth factor (basic-FGF),
platelet-derived growth factor homodimer (PDGF-BB), vascular endothelial growth
factor (VEGF), granulocyte colony-stimulating growth factor (G-CSF), granulocyte
macrophage colony-stimulating factor (GM-CSF), and macrophage colony-stimulating
factor (M-CSF).

2.8 Statistical analysis

For comparison of normally distributed data between two groups, the #-test was used.
For non-normally distributed data, comparison of two experimental groups was done
using the Mann-Whitney test. When multiple comparisons for the same parameter
were planned, multiple two-group comparisons were conducted only if the Kruskal-
Wallis test was significant over all 4 groups, and in these cases, the Bonferroni
correction was used to adjust the level of significance to a* = 0.0125 for four parallel
tests (WT-CTR vs tg-CTR, WT-arthritic vs tg-arthritic, WT-CTR vs WT-arthritic, tg-CTR
vs tg-arthritic). Values are stated as mean values and standard deviation, unless stated
otherwise.

Clinical data for body weight, clinical score, and joint diameter over the entire
experimental course was modelled by a generalized linear model with repeated-
measure analysis. In order to control for the growth processes, especially in the long-
term models, repeated-measures analyses were corrected for growth rate and tested
for confounders such as ankle size and body weight on day 0.

The growth rate was calculated from the linear correlation of a time dependent growth
of ankle size over body weight gain of the control animals. The calculated growth effect
was then subtracted from the ankle size (arthritis effect = overall effect as measured

by the ankle size / knee diameter minus growth effect). The Mauchly test was used to
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determine sphericity. If the latter was significant, sphericity was abandoned and the
Greenhouse-Geisser p-value was used. In case of non-significance of the Mauchly
test, sphericity was assumed and the respective p-value was used.

With the AIA model, body weight at day 0 and body weight gain during the experimental
course was similar between tg and WT arthritic mice. With the KRN long-term model,
body weight as well as ankle size on day 0 were significantly lower in tg KRN compared
to WT KRN, so that repeated-measures analysis was corrected for growth rate and
ankle size growth, using day 0 as the adjusting covariant. Pkrn and Paia represent
differences in the time course of transgenic and WT arthritic mice as calculated from
the repeated-measures analysis by interaction day x group of within-subject effects.
IBM SPSS Statistics version 19 (IB, Armonk, NY, USA) was used for statistical

analysis, with p-values less than 0.05 considered significant.
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3 RESULTS

3.1 Acute AIA
3.1.1 Body weight

At baseline, after immunization, the body weights of eight-week-old tg mice and their
WT littermates were similar (mean + SD: 36.9 + 3.1 g vs 37.6 + 3.6 g; P = 0.454). Over
the 14-day course of arthritis, the gain in body weight was also similar in arthritic vs
control mice [P = 0.077] as well as for tg AIA compared to WT AIA mice [Paia = 0.908].

3.1.2 Kbnee joint swelling

Prior to induction of arthritis, knee joint diameter did not differ between tg and WT mice
(mean = SD: 4.057 + 0.209 mm vs 4.058 +0.206; P = 0.979]. After intra-articular
injection of mBSA, acute arthritis developed in both tg and WT mice, with significant
knee joint swelling compared to control mice [P < 0.001]. Peak values were reached
on day 1 post injection, with a mean increase of joint diameter of 0.96 + 0.58 mm for
tg mice and 1.07 £ 0.53 mm for WT mice. After day 1, knee joint swelling gradually
resolved over the course of 14 days in both groups. No statistically significant
difference in knee joint swelling was observed between tg and WT mice [Paia = 0.468]
(Figure 3).
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Figure 3: Clinical assessment of inflammation in acute and long-term AIA
Arthritic mice received mBSA injections on day 0 (AlA), control mice (CTR) received phosphate buffered saline
(PBS). (A) Means and SEM for knee joint swelling from day 1 to day 14 post injection. Paia value indicates the
significance of the difference in variation of knee joint swelling over time between transgenic (tg) and wild-type (WT)
mice receiving mBSA. (B) Means and SEM for knee joint swelling from day 1 to day 28, after intra-articular injection

of mBSA on day 0 and subsequent flare-up reactions from intravenous mBSA injections on days 7, 14, 21 (arrows).
The Paia value represents the significance after repeated-measures analysis between tg and WT AIA mice.

3.1.3 Histopathological assessment of arthritis

The findings of clinical arthritis were also reflected in histopathological analyses of
inflammation, cartilage degradation and bone erosion. At day 14 post injection,
indicators of inflammatory activity were significantly higher in AIA mice compared to
control mice, with overall moderate to severe inflammation, as expressed by the total
histology score (Figure 4). However, inflammatory activity did not differ between tg AIA

mice compared to WT AIA mice, and also when looking at single parameters of

41



inflammation such as synovitis, joint space exudate and soft tissue inflammation
(Figure 4). Also, no statistically significant difference was observed in terms of cartilage
degradation and proteoglycan loss between both arthritic groups (Figure 4). For bone

erosions as a hallmark of profound arthritis, which were overall mild to moderate, again

no difference between tg AIA and WT AIA was found (Figure 4).
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Figure 4: Arthritis and cartilage damage in the knee joint 14 days post intra-articular injection

(A-F) Representative histologic sections of knee joints from transgenic (tg) and wild-type (WT) mice after intra-
articular injection with mBSA (AlA) and non-arthritic control mice (CTR). Inflammatory activity and cartilage damage
were similar in tg and WT arthritic mice. (A-C) Hematoxylin and eosin staining. Arrows indicate synovitis, joint
space exudate, and soft tissue inflammation. Bars = 100 ym. (D-F) Toluidine Blue staining. Arrows indicate
proteoglycan loss of articular cartilage. Bars = 100 ym. (G-H) Histopathologic score (G subscores, H total) in AIA
mice, 14 days post mBSA injection. Bars show mean + SEM or scatter dot plot, respectively. Findings in arthritic tg
and WT AIA mice for subscores were analyzed by Mann-Whitney test. Total scores were compared between the
four groups with adjustment for 4 parallel tests (a* = 0.0125). ns = not significant.
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3.1.4 Micro-CT

Although the AIA model represents an arthritis model in which only one single joint is
affected, potential systemic effects of inflammation on bone due to the involvement of
the adaptive immune system were analyzed and quantified by micro-CT of the
contralateral (=left) tibia — a region distant from the actual site of inflammation. There
was no statistically significant difference between either arthritic and control mice, or
between tg and WT mice, in terms of bone volume fraction expressed by (BV/TV),
trabecular number and separation, implying that AlA, by being restricted to the knee
joint, does not affect bone morphology systematically after 14 days. Trabecular
thickness (Tb.Th.) was significantly higher in tg control mice compared to their WT
littermates, although this finding remains somewhat inconclusive and unspecific with

regard to the other parameters of bone morphology (Figure 5).
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Figure 5: Micro-CT and histomorphometric analysis of the contralateral tibia 14 days post injections of
mBSA

Bone turnover was measured at a site remote from active arthritis to assess systemic effects of inflammation on
bone. (A) Micro-CT. The bone volume fraction (bone volume/tissue volume [BV/TV]), trabecular number (Tb.N),
trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) are shown for bones harvested. Bars show the
mean + SEM. Findings between the 4 groups were compared using Mann-Whitney test with adjustment for 4 parallel
tests (a*=0.0125). ns = not significant (B) Histomorphometric quantification. Bone resorption, shown as osteoclast
surface/bone surface (Oc.S/BS) and osteoclast number/bone surface (NOc/BS), respectively. Bone formation,
shown as osteoblast surface/bone surface (Ob.S/BS). Scatter dot plot with mean. Findings between the 4 groups
were compared by Mann-Whitney test with adjustment for 4 parallel tests (a*=0.0125). ns = not significant.
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3.1.5 Bone histomorphometry

Histomorphometric analysis of the contralateral (left) tibia corroborated the findings by
micro-CT, which showed no systemic effects of AIA on bone morphology. In terms of
bone resorption, mean osteoclast number and osteoclast surface per bone surface did
not differ between arthritic and control mice, or between tg and WT mice (Figure 5).
The same was observed for markers of bone formation as indicated by osteoblast
surface per bone surface (Ob.S/BS), where no difference was found between tg and
WT, or between AIA and control mice. Thus, systemic bone turnover does not seem to

be affected by monoarticular inflammation.

3.1.6 Serum levels of cytokines
With the AIA model involving the adaptive immune system, serum levels of cytokines

as specified above were measured (a total of 32). While there was a statistically
significant difference between tg AIA and WT AIA mice for IL-1a, IL-12 (p70), and IL-
13 on day 14, no statistical difference between AIA and control mice could be
observed. For the remaining cytokines (TNF-a, IL-1(3, IL-9, IL-10 (p40), IL-15, IL-18,
MCP-1a, MIP-1B3, RANTES, KC, MIG, Eotaxin, LIF, basic-FGF, PDGF-BB, VEGF, M-
CSF or G-CSF) there were also no differences detected between arthritic vs control
and tg vs WT mice, respectively. Serum concentrations of IFN- vy, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-17A, MIP-2, and GM-CSF were mostly below the detection limit (Table 1).

44



Table 1: Serum cytokine levels in control mice and arthritic AIA mice

control mice, day 14

AlA mice, day 14

wild-type (n=15)

transgenic (n=14)

wild-type (n=17)

transgenic (n=17)

TNF-a (pg/ml)
IL-1a (pg/ml)
IL-1B (pg/ml)

IL-6 (pg/ml)

IL-10 (pg/ml)

IL-12 (p40) (pg/ml)
IL-12 (p70) (pg/ml)
IL-13 (pg/ml)
M-CSF (pg/ml)

G-CSF (pg/ml)

36

67

558

50

175

149

45

204

121

(36-408)
(58-71)
(46-1050)
(6-6)
(5-111)
(114-222)
(13-202)
(45-964)
(119-593)

(13-257)

36

5

46

131

108

45

548

59

(36-36)
(5-64)
(46-1097)
(6-6)
(5-61)
(114-183)
(13-149)
(45-523)
(158-612)

(13-140)

409

89

574

72

193

162

852

295

165

(36-476) 36
(54-97) 44
(46-1397) 46
(6-6) 6
(46-107) 50
(147-272) 152
(123-236) 108
(361-1470) 45
(115-481) 488
(13-216) 105

(36-341)
(5-66) #
(46-431)
(6-6)
(5-64)
(130-224)
(13-130) #
(45-45) #
(146-608)

(13-189)

control mice, day 28

AlA mice, day 28

wild-type (n=8)

transgenic (n=9)

wild-type (n=7)

transgenic (n=6)

TNF-a (pg/ml)
IL-1a (pg/ml)
IL-1B (pg/ml)

IL-6 (pg/ml)

IL-10 (pg/ml)

IL-12 (p40) (pg/ml)
IL-12 (p70) (pg/ml)
IL-13 (pg/ml)
M-CSF (pg/ml)

G-CSF (pg/ml)

1361

9

14

6

56

98

8

101

95

12

(903-2310)
(9-9)
(14-144)
(6-6)
(49-68)
(90-136)
(8-8)
(8-253)
(85-103)

(12-12)

1255

9

14

6

44

70

106

12

(655-1468)
(9-9)
(14-14)
(6-6)
(44-54)
(56-103)
(8-8)

(8-8)
(81-112)

(12-12)

1255

9

14

6

49

110

8

160

86

12

(655-1468) 1577
(9-9) 9
(14-979) 517
(6-6) 6
(40-54) 68
(81-147) 83
(8-8) 86
(113-254) 254
(79-120) 88
(12-12) 12

(848-1685)
(9-9)
(14-1073)
(6-6)
(35-130)
(72-90)
(8-105) §, #
(66-1374) §
(77-470)

(12-12)

Values indicated are the median values (interquartile range). Findings between groups were compared using the
Kruskal-Wallis test, followed by multiple two-group comparisons. The Bonferroni correction was used to adjust the
significance level for 4 parallel comparisons (a* = 0.0125). TNF-a = tumor necrosis factor a; IL-1a = interleukin-1a;
M-CSF = macrophage colony-stimulating factor; G-CSF = granulocyte colony-stimulating factor.
Wild-type versus transgenic CTR: none
# wild-type versus transgenic AlA mice: IL-1a p14= 0.008; IL-12 (p70) p14= 0.010 and p2s = 0.009; IL-13 p1a=

0.001

CTR versus AlA wild-type: none

§ CTR versus AlA transgenic: IL-12 (p70) p2s = 0.001; IL-13 p2s = 0.008
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3.2 Prolonged arthritis model

In acute AlA, the course of arthritis naturally and gradually resolves after reaching a
peak at day 1. Bearing in mind that in humans rheumatoid arthritis is a chronically
active disease with frequent flares, we tried to simulate a prolonged course of
monoarthritis resembling the natural course of RA by repeating antigen exposure
weekly through intravenous mBSA injections, thus maintaining inflammation for a

period of 28 days.

3.2.1 Body weight

Unlike in acute AIA, body weights at baseline were significantly lower in tg mice
compared to WT mice (mean + SD: 36.1 + 1.4 gvs 38.6 + 3.4 g; P =0.016). With each
flare-up reaction, a minor weight loss of <10% was observed in both arthritic and
control mice [P = 0.314], implying the effect as being possibly due to a stress reaction.

Comparing arthritic tg to WT mice, the degree of weight loss was similar [P = 0.553].

3.2.2 Kbnee joint swelling

At baseline, knee joint swelling did not differ between tg and WT mice (mean + SD:
3.85 +£0.08 mm versus 3.88 + 0.07 mm; P = 0.203). Upon induction of arthritis by intra-
articular injection of mBSA, significant arthritis developed in both tg and WT mice [P <
0.001], as was observed in acute AIA with a maximum peak at day 1 followed by a
gradual subsiding of swelling until flare-up reactions were induced on days 7, 14 and
21, resulting in corresponding peaks of knee joint swelling the following day. Despite
the flare reactions, no statistically significant difference in knee joint swelling was
observed between tg and WT AIA mice. [Paia = 0.456], (Figure 3). Clinically, the effect
of boost injections seemed to become less pronounced with each flare, hinting at

mechanisms of desensitization for the systemic induction of flare injections.

3.2.3 Histopathological assessment of inflamed joints

Similar to acute AlA, no differences were observed with regard to histologic indices of

inflammatory activity, cartilage degradation and bone erosions at day 28 between tg

and WT arthritic mice (Figure 6). Overall, maximum scores in the prolonged AlA model

reached a comparatively lower degree for all individual indices of histologic
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assessment compared to the acute AIA model, and especially concerning bone
erosions. As the prolonged AIA model was conducted in an independent set of
experiments, no direct comparisons and statistical assumptions can be made between
the prolonged AIA and acute AIA models. Yet it would seem that, in line with the

subsiding effect of repeated boost injections on knee joint swelling, inflammatory

processes were maintained at a mild level only, inducing rather mild flares.

WT AlIA
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Figure 6: Arthritis and cartilage damage in the knee joint on day 28 of long-term AIA

Mice received intra-articular injection on day 0 and three intravenous injections with mBSA on days 7, 14, and 21
to induce flares. (A-F) Representative histologic sections of knee joints from tg and WT arthritic mice (AIA) and
controls (CTR). Inflammation and cartilage degradation did not differ between tg and WT AIA mice. (A-C) H&E
staining. Arrows indicate synovitis and soft tissue inflammation. Bars = 100um. (D-F) Toluidine blue staining.
Arrows indicate proteoglycan loss of articular cartilage. Bars = 100 ym. (G-H) Histopathological assessment (G
subscores, H total) in AIA mice 28 days post initial intra-articular injection and three flare-up injections. Bars show
the mean + SEM or scatter dot plot, respectively. Findings in tg and WT AIA for subscores were compared by Mann-
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Whitney test. Total scores were compared between the 4 groups with adjustment for 4 parallel tests (o* = 0.0125).
ns = not significant.

3.2.4 Micro-CT

In line with acute AIA, no statistically significant differences between arthritic and
control mice were found, regardless of genotype (Figure 7), except for trabecular
thickness, which was significantly greater in tg AIA mice compared to WT AIA mice,
indicating that systemic effects on bone morphology also did not occur in the prolonged

model.
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Figure 7: Micro-CT and histomorphometric analysis of the contralateral tibia in the long-term AIA experiment
Bone turnover was measured at a site remote from active arthritis to assess systemic effects of inflammation on
bone. (A) Micro-CT. The bone volume fraction (bone volume/tissue volume [BV/TV]), trabecular number (Tb.N),
trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) are shown for bones harvested. Bars show the
mean + SEM. Findings between the 4 groups were compared using Mann-Whitney test with adjustment for 4 parallel
tests (a*=0.0125). ns = not significant. (B) Histomorphometric quantification. Bone resorption, shown as osteoclast
surface/bone surface (Oc.S/BS) and osteoclast number/bone surface (NOc/BS), respectively. Bone formation,
shown as osteoblast surface/bone surface (Ob.S/BS). Bars show the mean + SEM. Findings between the 4 groups
were compared by Mann-Whitney test with adjustment for 4 parallel tests (a*=0.0125). ns = not significant

3.2.5 Bone histomorphometry
Concerning bone turnover, as measured by histomorphometry, no statistically

significant differences were observed between arthritic and control mice. Within the
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control group, tg mice had significantly higher mean osteoclast surface per bone
surface without higher mean osteoclast numbers. Tg AIA mice did not differ in that

regard from WT AIA mice in the prolonged AIA model.

3.2.6 Serum levels of cytokines

By systemically inducing a local flare-up reaction in contrast to the acute AIA model, a
systemic response was assumed to be reflected by cytokine levels in the serum.
Although there was a statistically significant difference between tg AIA and WT AIA
mice for IL-12 (p70) on day 28 (Table 1), a significant arthritis effect was only observed
for IL-12 and IL-13 between tg AIA compared to tg control mice, while the
corresponding WT mice did not show a difference in cytokine levels. No differences
were observed for the other cytokines when above the detection limit. The following
cytokines were below the expression limit: IFN-y, IL-2, IL-3, IL-4, IL-5, IL-6, IL-17A,
MIP-2, GM-CSF, MCP-1, LIF and G-CSF.

49



3.3 K/BxN Long-term model

3.3.1 Body weight

Prior to induction of arthritis, body weight was significantly lower in tg mice (mean +
SD: 24.6 +2.3 g) compared to WT mice (mean + SD: 28.0 +2.5 g; p <0.001). Following
induction of arthritis, weight gain was similar in transgenic and WT mice, regardless of

arthritis phenotype.

3.3.2 Ankle size

Related to the lower body weight of tg mice at day 0, differences were also seen in
ankle size prior to induction of arthritis, with significantly lower ankle sizes in tg than
WT mice (mean + SD: 3.08 + 0.08 g and 3.14 + 0.09 g, respectively; p = 0.03), but
without a significant independent effect on the overall course of ankle size. Correcting
for the growth rate, no significant difference was detected in ankle size between tg and
WT mice over the entire course of 42 days with repeated boost injections [Pkrn = 0.697]
(Figure 8A). In contrast to the acute AIA model, arthritis increased gradually and
peaked approximately around day 8, as seen in previous studies. Boost injections
maintained arthritis at a stable level, however, similarly to the prolonged AlA model, it
appeared that the effect of an additional boost at day 28 seemed to be somewhat

ameliorated in terms of maintaining only a mild degree of inflammation.

3.3.3 Clinical arthritis score

Since in K/BxN serum-induced arthritis (unlike in AIA), multiple joints are affected by
arthritis, a clinical score was applied to also consider inflammatory activity of joints not
measured by a caliper. There was no statistically significant difference between tg and
WT KRN mice [Pxrn = 0.150] for the clinical score involving all four paws (Figure 8B).
Since a level of significance could not be reached, a statistical analysis of single time
points was not permitted, although it seems that after a boost injection on day 14,
arthritis continued to be less pronounced in tg KRN mice compared to their WT

littermates.
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Figure 8: Clinical course of arthritis over 42 days in the long-term K/BxN serum-transfer arthritis model
After initial induction of arthritis on day 0 and 2, mice received repeated boost injections of arthritogenic KRN-serum
(KRN) on days 14 and 28 (arrows), and controls received PBS. (A) Ankle size diameter with means + SEM indicated
for each day. (B) Clinical score with means and SEM. Pxgrn value represents the significance after repeated-
measures analysis between tg and WT KRN mice.
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3.3.4 Histopathologic assessment of inflamed joints

Consistently with clinical findings, histopathologic indices for inflammatory activity were
significantly higher in arthritic compared to control mice at day 42 after repeated boost
injections (Figure 9). Overall inflammation as quantified by histology was moderate.
Applying the Bonferroni correction for multiple comparisons, the difference between tg
and WT arthritic did not reach statistical significance.

In terms of cartilage degradation, a similar pattern was observed, with significant
differences between arthritic and control mice, but no statistically significant difference
between tg KRN and WT KRN mice was detected (Figure 9). Overall, cartilage
degradation was rather mild to moderate, despite the prolonged course of arthritis of
42 days, but nevertheless consistent with previously published results.

At day 42, bone erosions were assessed at the arthritic site of the tibio-talar joint. The
same pattern was observed, with erosions found mostly in arthritic mice, yet the
difference between tg KRN and WT KRN did not reach statistical significance after

applying the Bonferroni correction (Figure 9).
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Figure 9: Histopathologic analysis of ankles after 42 days in the long-term K/BxN serum-transfer arthritis
model

KRN mice received subcutaneous injections of arthritogenic K/BxN serum on days 0 and 2, and further boost
injections on days 14 and 28. (A) Inflammation Score, (B) Cartilage Degradation Score, (C) Bone Erosion Score.
Scatter dot plot with bars representing mean. ns = not significant. Histological images are not shown.
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3.3.5 Micro-CT

Micro-CT analyses were performed to quantify a) the systemic effects of inflammation
on bone morphology in a long-term setting and b) to assess local bone morphological
changes at the site of arthritis.

In regard to the systemic effects of inflammation on bone, no significant difference was
observed for trabecular number, thickness and separation, nor for bone volume over
total volume between arthritic and non-arthritic, as well as between tg and WT mice
(Figure 11 A, p. 44).

For the analysis of bone erosions, three-dimensional reconstructions of scans were
used at the ankle site. A semi-quantitative score was applied in order to measure
morphologic changes. Although the overall degree of erosions at the local site was
rather mild, WT arthritic mice had significantly more erosive changes than WT controls.
This was not observed for transgenic mice, where the degree of erosions at the ankle
site did not differ significantly between transgenic arthritic and control mice, possibly
suggesting that tg arthritic mice were somewhat protected from the erosions, although

the difference between tg KRN and WT KRN was not significant (Figure 10).

A B WT KRN tg KRN WT CTR
x ;‘ y

2 [eele] (e]e)
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Figure 10: Assessment of local bone erosions in the long-term K/BxN serum-transfer arthritis experiment
by micro-CT at day 42

KRN mice received arthritogenic K/BxN serum subcutaneously on days 0 and 2, and subsequent boost injections
at days 14 and 28 to prolong the course of arthritis. (A) Micro-CT based semi-quantitative score for bone erosions:
0=no erosions or cortical damage; 1=mild cortical bone transformation and some erosive changes; 2=moderate
bone damage comprising erosions and vacuoles; 3=severe damage with extensive erosions and full-thickness
defects of the corticalis. Scatter dot plot with bars representing mean. (B) Representative 3D reconstructions of
affected ankles. Arrows indicate erosions. ns = not significant.
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3.3.6 Bone histomorphometry

In contrast to the acute AIA model, the K/BxN serum-induced arthritis model is
characterized by symmetric joint inflammation, driven by a systemic inflammatory
process. In order to characterize the long-term systemic effects of inflammation on
bone, histomorphometric analysis was performed at the proximal tibia. Despite long-
term inflammatory activity, no statistically significant effect of arthritis was detected in
bone turnover as measured by mean osteoclast number per bone surface, mean
osteoclast surface per bone surface and mean osteoblast surface per bone surface
(Figure 11), although WT arthritic mice tended to have slightly higher osteoclast
surface and osteoclast number per bone surface compared to controls, consistent with
the effects of systemic inflammation on osteoclasts. Numerically higher osteoblast
numbers in WT KRN mice in comparison to controls was observed at day 42 — possibly
indicating the reactivation of bone formation in response to higher bone turnover.
Notably, bone metabolism seemed to be higher overall in transgenic mice compared
to WT mice as indicated by numerically higher osteoclast and osteoblast numbers (as
was previously described) (162). Inflammatory arthritis did not seem to increase bone
turnover in transgenic mice, unlike in WT mice. In fact, there seems to be an arguably
reduced bone turnover between tg CTR and tg KRN mice, although tests did not reach
statistical significance.

Although serum was collected from all experimental groups, measurements of cytokine

levels and bone turnover markers were not performed.
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Bone Resorption Bone Formation

Figure 11: Bone turnover after 42 days in the long-term K/BxN serum transfer arthritis model

Bone turnover was measured at the left tibia to assess systemic effects of inflammation on bone. (A) Micro-CT. The
bone volume fraction (bone volumeftissue volume (BV/TV), trabecular number (Tb.N), trabecular separation
(Tb.Sp), and trabecular thickness (Tb.Th) are shown for bones harvested. Bars show the mean + SEM. Findings
between the 4 groups were compared using Mann-Whitney test with adjustment for 4 parallel tests (a*=0.0125). ns
= not significant. (B) Histomorphometric quantification. Bone resorption, shown as osteoclast surface/bone surface
(Oc.S/BS) and osteoclast number/bone surface (NOc/BS), respectively. Bone formation, shown as osteoblast
surface/bone surface (Ob.S/BS). Scatter dot plot with median. Findings between the 4 groups were compared by

Mann-Whitney h adjustment for 4 parallel tests (a*=0.0125). ns = not significant.
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4 DISCUSSION

4.1 AIA - a different model to the K/BxN reveals mechanistic properties
of immunological features in osteoblasts
Comparing the results from the AIA model with the experiments performed by
Buttgereit et al. in 2009, where the disruption of GC signaling in osteoblasts
significantly attenuated the course of arthritis in the K/BxN serum-transfer model over
a period of 14 days, the current findings clearly stand in stark contrast. Using a
relatively large cohort of mice and reaching a degree of arthritis that is comparable to
other experiments (128), we have been able to demonstrate that the clinical course is
unaffected in terms of knee joint swelling and histology — both being parameters that
are well suited for quantification. The same observation can be made for the long-term
AlIA model, suggesting that the flares, which are caused by re-exposure to the antigen

and trigger a T cell driven response, are not mediated by osteoblasts (160).

With the K/BxN arthritis (as published in 2009) clearly being affected by disrupted
osteoblastic GC signaling, and the AIA model being virtually not affected, the
underlying immunological and inflammatory profiles of both models need to be
scrutinized in order to understand the implications of this finding. The juxtaposition of
those inflammatory profiles in Table 2 clearly points out essential differences: the AIA
model is a T cell-dependent model which involves immunological pathways that are
complement-independent. Immunization leads to an adaptive immune response
against a non-self antigen that is later introduced into the knee joints, attracting
neutrophils and macrophages. On the other hand, K/BxN serum-induced arthritis is a
T cell-independent model where arthritogenic autoantibodies are transferred —
resulting in an inflammatory cascade through Fc receptors that requires the innate
immune system and relies in particular on the alternative complement pathway.
Although the cytokines involved in both models show similarities, the difference lies in
particular in the immunological compartments which are mandatory to exert an

immunological response.
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Table 2: Immunological and inflammatory profile of AIA and K/BxN serum-transfer arthritis models
Summarized by Spies, Wiebe et al. (160)

Antigen-induced Arthritis (AlA)

K/BxN serum-induced arthritis (KRN)

T cells

B cells

Antibodies

Complement

Fc receptors

Neutrophils,

macrophages

Cytokines

T cell-dependent

B cell-independent

Antibodies not necessary/sufficient

to induce arthritis in full extent

Complement-independent

FcyR important

Neutrophils important but

complement-independent

IL-1, TNF-q, IL-6, IL-17, RANKL

important

T cell-independent

B cell-independent

Antibodies necessary/sufficient

to induce arthritis in full extent

Complement-dependent

FcyR-dependent

Neutrophil-dependent,

macrophage-dependent

IL-1-, TNF-a-dependent

IL-6-, osteopontin-independent

These findings thus lead to the interpretation that osteoblasts modulate inflammatory

responses by a GC-dependent pathway that is T cell-independent. From the

characteristics of the K/BxN serum-transfer model, it seems plausible that osteoblasts

exert their

immunomodulatory effects on complement-mediated

inflammatory

responses in a GC-dependent fashion. This has more recently been corroborated by

demonstrating that transgenic disruption of GC signaling in osteoblasts attenuates joint

inflammation in yet another model — collagen antibody-induced arthritis (CAIA) — a

model similar to the K//BxN serum-transfer model in terms of pathogenesis and

underlying inflammatory pathways (163).
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Figure 12: Hypothesis of a GC-dependent modulation of complement factors by osteoblasts

Adapted from Leech et al. (164), proposed by Dr. Cornelia Spies. Regulatory factors contribute to local complement
activation and its modulation, promoting activation of pro-inflammatory immune cells and leading to local cartilage
and bone destruction.

As described in the introduction, the alternative complement pathway seems to stand
out. In fact, osteoblasts have been shown to express complement factors like C3, factor
B, factor H (165) — and, at least in endothelial cells, their expression has been found
to be GC-dependent (166). This aligns with the concept that reduction of complement
factors secreted by osteoblasts due to transgenic disruption of GC signaling leads to
less severe local inflammation and bone destruction. A schematic model is depicted in
Figure 12. It strengthens the case for the immunomodulatory role of osteoblasts in a
setting where bone cells and immune cells are tightly interlinked, many facets of which
have been proposed and shown since the foundation of the field of osteoimmunology.
However, other potential inflammatory factors could also be of possible importance in
GC-dependent osteoblast signaling. In the K/BxN serum-transfer model, as well as the
CAIA model, i.e., in inflammatory pathways involving immune complex formation and
complement activation (167), urokinase-type plasminogen activator (u-PA) has been
described as a relevant factor for arthritis progression due to the effects on matrix
metalloproteinase (MMP) activation (168, 169). Interestingly, u-PA has also been
shown to be upregulated by osteoblasts (170). In contrast, in AlA, u-PA has even been
shown to be protective (171, 172). Macrophage migration inhibitory factor (MIF) is also
known to be involved in arthritic processes by regulating chemotactic responses of
neutrophils (173) in a GC-dependent manner (174) — where low dose GCs
paradoxically seem to induce this pro-inflammatory cytokine. Since osteoblasts also

express MIF (175), this could be a potential factor by which osteoblasts modulate
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inflammation at a local level. However, it has to be acknowledged that MIF is also a
relevant factor in AlA arthritis (164), so that its role in the context of the different effects
of osteoblastic GC signaling in different arthritis models, needs to be relativized.
Although osteoblasts have been described to secrete IL-6 (176), it is less likely to be
relevant for the overall modulation of inflammatory processes since in the K/BxN
model, IL-6 is of minor importance. The same is likely to apply for IL-13, which is also
expressed by osteoblasts, yet involved in both arthritis models.

The evidence and relevance for the human biological system and in RA in particular
still needs to be strengthened. 11B3-HSD1 is also expressed in human osteoblasts
(105). There is conflicting evidence on the role of GCs when used therapeutically in
chronic rheumatic diseases in regard to bone (177) — on the one hand, low-dose GC
treatment in RA patients can prevent bone erosions (178), while at the same time,
evidence exists that even low doses can have detrimental effects on bone in terms of
bone loss (178). Intracellular GC metabolism of osteoblasts and their dependent
secretion of pro-inflammatory complement factor might play a significant role in this. It
is, however, important to recognize that in arthritis many factors and players are
interrelated - for example, synovitis leading to local activation of bone cells and vice

versa.

In the multiplex analysis of serum cytokine levels between arthritic and control WT mice
no difference was observed at day 14, which is in line with previous studies analyzing
24 cytokines in synovial fluid and sera of rats with AlA at different time points, showing
only minor variation in serum, even at inflammation peaks (179). For the local
expression of cytokines in the synovial fluid, some differences were observed which
correlated to inflammation (129). Since the AIA model is a monoarticular model,
cytokine expression is also confined mostly to the inflammation in a single joint, with
no measurable increases in the systemic blood stream due to dilution or degradation
by the lymphatic system. With that in mind, the difference between tg and WT mice for
IL-1a, IL-12, 1I-13 after 14 days and its relevance is not quite clear, especially since for
the long-term AIA experiment the results were in direct opposition. Although GCs do
modulate IL-1a (180, 181), IL-12 (182), and IL-13 (183), the modulation by osteoblasts

of these cytokines does not seem to play a crucial role for the course of AlA, as
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indicated by the lack of differences between arthritic and control mice. Although we
collected synovial fluid and tissues for RNA analysis, both in acute and long-term AlA,
we did not analyze the expression of cytokines and genes due to the absent differences

between tg and WT mice.

Consistent with serum cytokine expression, and with existing literature, the AIA model
does not have systemic effects on bone, as indicated by unchanged bone turnover
parameters at the contralateral tibia by micro-CT and histomorphometry. This is not
surprising considering the monoarticular nature of the arthritis model, which also
remains a local inflammatory reaction after induction of flares by repeated intravenous
mBSA injections. With regard to bone erosions at a local level, the degree was rather
mild, also for WT mice, and even more so in the long-term model, suggesting that the
long-term AIA model, at least when induced by intravenous boosts, would probably not
be the preferred model to assess bone changes. This may be different for intra-articular
injections, which we did not apply out of concern for local iatrogenic damage which
could have confounded the results. However, studies have shown that even after intra-
articular re-injections of the antigen, the degree of bone erosions is rather mild, with
no difference between acute and long-term experiments, even though the degree of
flares was increasing with each set of injections (127, 184). Still, it has to be mentioned
that the rate of anaphylactic reactions after intravenous re-injections was relatively
high, which was unexpected and not previously described as clearly in literature
(severe anaphylactic reactions have only been reported for higher doses of 1000 ug
mBSA) (156), so that we emphatically advise against the use of this model for

modelling chronic, flaring arthritis.

4.2 The K/BxN long-term model — investigating the impact of endogenous
GC signaling in chronic inflammatory processes

In the originally described study by Buttgereit et al., arthritis and joint destruction by

transgenic disruption of GC signaling in osteoblasts was significantly attenuated in the

K/BxN serum-transfer model (153). While the findings were highly significant in the

subscores of total inflammation for synovitis and cartilage, they were less evident for

indices of bone erosion. Since the original experiments were conducted over a period
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of up to 14 days only, and bone erosions, at least in theory, might take longer to evolve,
we decided to prolong the course of arthritis using a long-term model with repeated
boost-injections of autoantibodies. This chronic inflammatory setting was also

designed to assess the effects of the transgene construct on systemic bone loss.

Arthritis was effectively prolonged over a period of 42 days. However, unlike the
previous findings from 2009, the effect of transgenic disruption was less clear for
inflammation and bone destruction in the clinical course, as well as in the histological
and micro-CT analysis. Applying a conservative statistical analysis of repeated-
measures analysis, in which the significant differences in body weight and ankle size
at baseline between transgenic and WT mice were controlled for, no statistically
significant difference was observed over the entire time course. This suggests that the
modulating effect of disrupted GC signaling in osteoblasts in serum-induced
autoimmune arthritis seems to abate in a chronic inflammatory setting with prolonged
arthritis in contrast to the acute phase, i.e., that the effect of abrogated GC signaling
osteoblasts on overall inflammation has less impact over time. Histological assessment

and semi-quantification of bone erosions by micro-CT corroborated these findings.

The possible reasons for the findings in this study are multifold and a selection of them

will now be discussed briefly.

The K/BxN serum-transfer model elicits arthritis through the transfer of arthritogenic
autoantibodies (anti-GPl) contained in the serum of K/BxN mice, which develop
arthritis spontaneously. In our experiments, we combined serum of own production
with serum that we received from the group of Prof. Wim van den Berg. Although K/BxN
serum is considered to be reliably arthritogenic, the titer of anti-GPI antibodies
contained in our serum could have possibly been low, which we did not investigate
(K/BxN serum producing mice colonies may over time produce less arthritogenic
serum) (185, 186). In fact, the K/BxN serum-transfer model has been described as
highly sensitive to a threshold concentration of pathogenic antibodies (187).
Interestingly, when observing single mice and their course of arthritis, we saw that in

WT mice there was a high degree of variability with regard to reactions upon serum
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administration (unlike in a retrospective analysis of the data from 2009) — those that
reacted upon antibody exposure had severe inflammation in almost all cases, while
the others did not show any signs of arthritis, possibly suggesting that a threshold
concentration of anti-GPI antibodies in these mice was not reached.

Another aspect is that in the original work by Buttgereit et al., the total number of mice
was much higher (28 tg vs 27 WT arthritic mice). In this experiment, we had only 9 tg
and 11 WT arthritic mice from many different litters, possibly not statistically powered
to show a significant difference between both groups, especially with regard to
inflammation until day 14. This is especially relevant when expecting the effect of tg
disruption on the course of arthritis by osteoblasts to be mild overall, since many other
factors and potent drivers of inflammation, such as the synovium, are also likely to fulfil
their role and influence arthritis. Bearing in mind the plethora of cytokines and primary
inflammatory cells that are involved in orchestrating autoimmune processes,

osteoblasts are unlikely to call the tune.

Looking at the clinical course of arthritis over 42 days as expressed by ankle joint
diameter and clinical score, it appears that the effect of transgenic disruption of
osteoblastic GC signaling becomes less pronounced over time. Since we did not have
the means to measure histological and micro-CT at different time points, to get a more
dynamic understanding of the processes involved, the explanation for this can only be
speculative. However, understanding that chronic inflammatory processes involve a
plethora of physiological mechanisms that drive and halt inflammation, it is plausible
that over time physiological anti-inflammatory factors, also present in bone cells,
prevail. Another explanation could be that the overall degree of arthritis, although
sustained, seems to abate with each re-exposure to autoantibodies (although not
described in literature), potentially due to de-sensitization or secretion of neutralizing

factors (which we did not investigate).

We used the long-term model of K/BxN serum-induced arthritis in order to focus on
bone erosions and systemic bone loss due to chronic inflammation and the effect of
transgenic disruption of endogenous GC signaling in osteoblasts. Interestingly, the

degree of erosions was rather mild in WT arthritic mice, even after 42 days of persistent
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inflammation, and although not directly comparable, overall, it was not more severe
than the published experiments from 2009. This might be due to an overall moderate
severity of arthritis over the period of 42 days. However, other possible explanations
need to be taken into account. Unlike ACPAs, anti-GPI antibodies have not been
described to be able to directly induce bone erosions (45).

Systemic bone loss in arthritis was previously observed in the K/BxN model after 14
days, with tg mice being protected against the adverse effect of systemic inflammation
on bone metabolism (153). In this set of experiments, tg arthritic mice did not have
more increased bone turnover than tg control mice, however, in addition, no systemic
effect of inflammation was seen in WT arthritic mice compared to controls. Few studies
have analyzed arthritis-induced bone loss over a longer period of time.

Both the relatively mild to moderate degree of erosions and the preserved bone
structure could relate to the same mechanisms. It is known that in human RA, repair
mechanisms for bone erosions occur after a longer period of time (188, 189) and are
usually related to sufficient disease control (190, 191). In RA, the existing disbalance
in bone homeostasis is not only a result of inflammation-induced osteoclastogenesis,
but also a result of the impaired capacity of osteoblast-lineage cells to form bone (192),
resulting in a net bone loss. This is likely to be due to inhibition of Wnt signaling by
DKK-1 and secreted Frizzled-related protein (sFRP) families of Wnt signaling
antagonists (193). Matzelle et al. showed that in the K/BxN model, when arthritis is
allowed to resolve over a long period, significant increase in bone formation is detected
due to changes in Wnt signaling (121), which is known to be GC-dependent in
osteoblast precursors. Thus, it could well be that in our long-term K/BxN model, repair
mechanisms had already set in alongside mild inflammatory conditions,
counterbalancing the negative effects on systemic bone and bone erosions, resulting
in a net balanced bone turnover, more so in WT mice than in tg mice due to inhibited
Wnt signaling by disruption of osteoblastic GC signaling. In fact, the K/BxN serum-
transfer model has also shown signs of bone accrual, reminiscent of
spondyloarthropathies (144). We did not have the means to apply dynamic
histomorphometry to analyze the amount of new bone formation, which would have

been helpful to address this important question.
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Bearing in mind that GC signaling is also disrupted in osteocytes which have distinct
features in the role of bone homeostasis, the relative contribution of osteoblasts and
osteocytes cannot be clearly distinguished, yet this might be crucial for understanding
the results that have been presented here. Considering the importance of osteocytes
in RANKL expression and cell-to-cell communication with osteoclasts, the abating
long-term effects and changes could be due to an effect of endogenous GC signaling
in osteocytes and their expression of cytokines and other factors (such as sclerostin
and DKK-1) in comparison to the effects of GC signaling on osteoblasts, which we did

not analyze.

4.3 Future directions
Overall, it seems that it is difficult to model arthritis-induced bone loss over a long
period of time by prolonging arthritis in either the AIA model or the K/BxN serum-
induced arthritis model. This observation warrants the development of new models to
reflect systemic inflammatory bone loss over time, which will be of importance in
analyzing the interplay between bone cells and the immune cells in a chronic setting
mirroring the chronic inflammatory processes in human affected by rheumatic
diseases. For the long-term experiments, different approaches to investigating the
effect on bone could be useful for better characterizing the role of chronic inflammation
in prolonged animal models, as well as the effect of GC signaling disruption in
osteoblasts in these settings. For instance, we did not quantify ‘periarticular’ bone loss,
which could have been achieved by pQCT, allowing us to differentiate between cortical
and trabecular bone loss. Equally, immunohistochemistry would be of use in order to
analyze the different subsets of inflammatory cells, and potential differences between
transgenic and WT mice. Furthermore, we did not quantify the number of osteoclasts
in the epiphyseal part of tibia and femur at the arthritic sites, which could have provided
further insights. The same is true for characterizing the role of bone marrow cells.
To date, we have not performed RNA analyses of the collected tissues, which may
provide insights into gene expression and potential alterations by transgenic disruption
of GC signaling.
Future investigations should also be directed at characterizing the role of osteoblasts
in driving complement production and how intracellular glucocorticoids affect secretion
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of pro-inflammatory cytokines / complement in the osteoblast. New therapies targeted
at complement could provide new insights on how this affects bone loss/damage and
osteoblasts/osteoclast crosstalk. In vitro studies with osteoblast-osteoclast co-cultures,
comparing transgenic to WT osteoblasts, could also be useful to study the gene and
cytokine expression, how it affects the complex crosstalk between the both cell types,

and how it is affected by other modulation factors.

In conclusion, murine AlA is not affected by disruption of GC signaling in osteoblasts,
suggesting that osteoblasts do not modulate T cell-mediated inflammatory responses
but rather may impact the alternative complement pathway via a GC-dependent
pathway.

This study also advances our knowledge on the GC-dependent role of osteoblasts in
the modulation of chronic inflammatory arthritis. In the chronically persistent
inflammatory setting of K/BxN serum transfer arthritis, disrupted GC-signaling seems
to have a minor impact on inflammation and reparatory processes. These results
narrow the role of endogenous GC signaling by osteoblasts down to early inflammatory

processes.
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