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General introduction

Introduction
Rheumatoid arthritis (RA) is considered to be a systemic autoimmune disease,
which affects about 1% of the population
worldwide. RA is characterized by chronic
inﬂammation of the synovial joints, which
often results in progressive destruction of
cartilage and bone. During arthritis, exacerbations and remissions occur, which lead
to recurring swelling, redness, and pain
in the affected joint. Histopathological
features include IgG-immune complexes
in synovium and articular cartilage layers
and variable amounts of macrophages and
T cells in the synovium, accompanied by
pannus formation. Although the antigenic
trigger is unknown, it is often thought
that components of the articular cartilage
are involved, as destructive forms of RA
tend to decline when the cartilage is fully
destroyed. Cartilage is a tissue with poor
regenerative capacity and destruction of
cartilage will eventually result in complete loss of the cartilage matrix. As the
function of cartilage is to facilitate movement of joints, erosion of cartilage and
bone destruction will ultimately lead to
invalidity of RA patients.
Therapeutic interventions developed
so far are promising, but still not able to
fully prevent cartilage destruction and
bone erosions. The next chapters will
focus on the development of severe cartilage destruction in experimental arthritis
models initiated by immune complexes
and the receptors involved in the cellular
interaction with IgG complexes (Fcγ receptors). Furthermore, attention is given
to regulation of Fcγ receptors and its
impact on the development and severity
of cartilage damage.

Joint inﬂammation and the
role of the macrophage
Diarthrodial joints are covered by synovium, which is subdivided in synovial
lining layer and sublining. The synovial
lining consists of macrophage-like type
A cells and ﬁbroblast-like type B cells [1].
In healthy joints, synovium has two main
functions. The ﬁrst is production of synovial ﬂuid, which is essential for smooth
movement of the joints [2]. The second
is phagocytosis of particles present in the
joint space by macrophages, hereby taking
care of the ﬁrst line of host defense [3,4].
The antigenic trigger in RA is not
identiﬁed yet, but a characteristic event
is activation of the synovial cells resulting
in inﬁltration of inﬂammatory cells. The
synovial lining becomes hyperplastic and
is predominantly inﬁltrated by macrophages and lymphocytes [5-8]. The synovial joint space is inﬁltrated by a broad
spectrum of inﬂammatory cells such as T
cells, macrophages, B cells, polymorphonuclear neutrophils (PMNs), and monocytes [9-11]. Accumulation and activation
of the inﬂammatory and resident cells releasing cytokines and enzymes determines
the severity and prolongation of inﬂammation and breakdown of cartilage and
bone [8,12]. It is shown that especially
the macrophage has a prominent role in
this process. Elegant studies have shown
that the number of macrophages in joints
of RA patients correlates well with joint
inﬂammation [13] and particularly with
ca rtilage damage [14,15]. Experimental
arthritis models in the mouse have been
used to extend the knowledge about the
role of synovial macrophages. Macrophages can be selectively depleted from
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the synovial lining and when in such a
joint arthritis was induced by intra-articular deposition of immune complexes,
both inﬂammation and cartilage damage
were almost fully prevented [16-18].

Destruction of articular
cartilage
Apart from the synovium, articular
cartilage is also a main target tissue for destruction in RA. Cartilage covers the end
of bones and is essential for smooth movement of the joints [19]. It is composed of
a relatively low number of chondrocytes
distributed throughout the cartilage
matrix. Chondrocytes produce and maintain the extracellular matrix composed of
a network of collagen ﬁbers in which proteoglycans (PG) are entrapped [20]. These
PGs are predominantly responsible for
hydration, as they are highly hydrophilic
by the presence of glycosaminoglycans
(GAGs) [21]. All constituents of the extracellular matrix together, account for
the strength and elasticity essential for
normal joint function. Destruction of the
cartilage matrix evolves in consecutive
processes. PG depletion is the ﬁrst step of
degradation, and is caused by a disbalance
in PG degradation by enzymes [22,23]
and PG synthesis by chondrocytes [24].
PG depletion is a reversible process, which
can be completely restored. When progression of cartilage destruction occurs,
this leads to degradation of collagen ﬁbers.
The collagen network is difﬁcult to repair,
as collagen turnover is slow in cartilage
[25] and therefore collagen damage is usually irreversible. Another characteristic of
cartilage damage is chondrocyte death
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[26,27]. Loss of chondrocytes in the cartilage matrix might be due to an overload of
destructive mediators like cytokines, oxidative metabolites, and enzymes. When
chondrocytes are absent, repair of the
cartilage matrix is impossible, eventually
leading to erosion of the cartilage layer.

Immune complexes in
rheumatoid arthritis
Activation of macrophages leading to
joint inﬂammation and cartilage destruction can be mediated by immune complexes present in synovium, synovial ﬂuid,
serum, and even in cartilage of most RA
patients [28-30]. Immune complexes are
formed, by binding of speciﬁc antibodies
to the antigen and the ratio of antibody
to antigen determines the size and the
action of the immune complex [31,32].
In RA, the most commonly used diagnostic factor is rheumatoid factor, which
consists of autoantibodies directed against
the Fc portion of IgG [33,34]. The antibodies themselves can consist of several
classes, like IgG, IgA, or IgM [35]. More
speciﬁc for RA are antibodies directed
against citrullinated proteins present in
RA synovium [36]. These antibodies can
be detected very early in the disease and
are therefore more valuable as a predictable diagnostic factor [37]. Besides RA, it
has been shown that immune complexes
are involved in several other diseases like
SLE, glomerulonephritis, and alveolitis
[38-40]. Activation of cells by immune
complexes can happen via various pathways. Immune complexes are able to
interact with components of the complement system, resulting in activation of the

classical [41] or alternative [42,43] complement pathway. Furthermore, immune
complexes can stimulate cells via speciﬁc
receptors binding immunoglobulins, resulting in release of a broad spectrum of
cytokines and enzymes [44].

Receptors for IgG-containing
immune complexes:
Fcγ receptors
In many RA patients, IgG-containing
immune complexes are abundantly present
in the joint [28,34,35]. These IgG containing immune complexes can activate
macrophages by binding to Fcγ receptors
(FcγRs) [45-48]. These receptors recognize the Fc region of IgG, and crosslinking
of these receptors results in intracellular
signaling hereby triggering a wide variety
of effector functions as phagocytosis, oxidative burst, and cytokine release [48,49].
Apart from the macrophage, FcγRs are
expressed on other haematopoetic cells,
like B cells, T cells, dendritic cells, and
PMNs [50], but also on endothelial cells

[51]. Three distinct classes of FcγRs have
been deﬁned: the high afﬁnity activating
FcγRI (CD64), the low afﬁnity inhibitory FcγRII (CD32), and the low afﬁnity
activating FcγRIII (CD16) (Figure 1).
In human a total of eight genes encoding FcγRs have been identiﬁed.
However, only 5 genes are functional
and transcription results in expression of
FcγRIA, FcγRIIA and B, and FcγRIIIA
and B [47] (Figure 1, Table 1). Activating
FcγRI and FcγRIIIA are associated with
the common γ-chain that contains an
immunoreceptor tyrosine-based activating motif (ITAM) [52-54], whereas FcγRIIA contains an ITAM motif within
its molecular structure [55]. In contrast,
FcγRIIB contains an immunoreceptor
tyrosine-based inhibiting motif (ITIM),
which inhibits ITAM-mediated cellular
activation upon coligation with activating receptors [56-59]. FcγRIIIB is exclusively expressed on PMNs [46] and
is not associated with either ITAM or
ITIM motifs. This receptor is linked to
the membrane by a glycosyl phosphatidylinositol anchor [46-48] and may func-

Figure 1

Schematic representation of the human leukocyte IgG Fc receptor family. Crosslinking of
FcγRI, IIA or IIIA by immune complexes leads
to activation of the cell. Binding of immune
complexes to FcγRIIB leads to inhibition of
signal transduction activated via FcγRI, IIA,
and IIIA.
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Table 1

General characteristics of IgG Fc receptors.

Receptor
class
subclass

Distribution

FcγRI
(CD64)

FcγRIA

monocyte,
macrophage,
DCa,
neutrophilb

3>1>4>>2d

2a=3>>1,2bd

FcγRII
(CD32)

FcγRIIA

monocyte,
macrophage,
DC,
neutrophil,
eosinophil
B cell

3>1>>2,4d

-

FcγRIIB

monocyte,
macrophage,
DC,
neutrophil,
eosinophil,
B cell

3>1>4>>2d

2a=2b>1d

IL-4
IL-13

FcγRIIIA

monocyte,
macrophage,
DC,
neutrophil,
eosinophil,
NK cellc,
mast cell

1=3>4>>2d

1,2a,2b>>3

IFN-γ
TGF-β

FcγRIIIB

eosinophil

1=3>>>2,4 d

FcγRIII
(CD16)

IgG speciﬁcity
Human
Mouse

Regulation
Up
Down

IFN-γ
G-CSF
IL-10

IL-4,
IL-13

G-CSF
TNF-α
IL-4
IL-13

DC = dendritic cell
FcγRI is not expressed on murine neutrophils
NK cell = natural killer cell
d
Ligand speciﬁcity as described in reference 48
a

b
c

tion to facilitate FcγR signal transduction
[60].
On the contrary, in the mouse, three
genes encoding FcγRI, FcγRIIB, and
FcγRIIIA are found, whereas FcγRIIA is
not expressed [48] (Table 1). Furthermore,
FcγR mediated activation of murine cells
is completely dependent on ITAM structures in the common γ-chain. All three
classes of FcγRs are expressed on the mac-
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rophage. Moreover, FcγRs differ in afﬁnity for the various isotypes of IgG, like
IgG1, IgG2a, IgG2b, and IgG3 [48,61]
(Table 1). In the mouse, the high afﬁnity
receptor FcγRI is able to bind monomeric
IgG2a, whereas IgG1 is preferentially
bound by FcγRIII [62,63].
In the past years, mice deﬁcient for
one or more FcγRs have been developed,
which has facilitated research regarding

the role of these receptors in immune
complex-dependent diseases. Using these
mice, it was shown that immune complexmediated inﬂammation is determined by
the coordinate expression of activating
and inhibiting FcγRs [64]. Induction of a
passive immune complex arthritis resulted
in a tremendous rise in chronicity and
joint destruction in mouse strains susceptible to collagen type II-induced arthritis
(CIA) as compared to other strains. This
was shown to relate to enhanced expression of activating FcγRs on their macrophages [65,66]. Furthermore, it was found
that deletion of the FcγRIIB gene rendered C57Bl/6 mice susceptible for CIA,
whereas normally it is difﬁcult to induce
CIA in C57Bl/6 mice [67]. Based on
these studies, it was suggested that susceptibility to autoimmune arthritis is linked
to disturbed FcγR expression. Recently,
it was demonstrated in our lab that both
FcγRII and III expression are enhanced
on monocyte-derived macrophages from
RA patients [68], which were hyperreactive to immune complexes as signiﬁcantly
increased levels of TNF-α and MMP
levels were found after stimulation [68].

Mediators involved in cartilage
destruction released after FcγR
activation
Severe cartilage damage is characterized by chondrocyte death, matrix metalloproteinase (MMP) aggrecan degradation, and erosion of the cartilage layer
(Figure 2). These parameters of irreversible cartilage damage are mainly found in
experimental models in which immune
complexes trigger onset of arthritis, indi-

Figure 2.

Parameters of severe cartilage destruction. Irreversible cartilage damage is
characterized by chondrocyte death, MMP-mediated degradation, and erosion of the cartilage surface.

cating that activation of FcγRs is a crucial
step in degradation of cartilage components. Moreover, we have demonstrated
that severe cartilage destruction is not
found when arthritis is induced in mice
lacking functional activating FcγRI and
III (FcR γ-chain-/-) [69], underlining the
importance of these receptors in irreversible cartilage damage.
Activation of macrophages via FcγRs
leads to production of proinﬂammatory
cytokines, enzymes, and oxygen radicals
mediating cartilage destruction (Figure 3).
Crosslinking of activating FcγRs results in
production of cytokines such as TNF-α
and IL-1, which are considered to be key
mediators in RA [70]. Both cytokines
stimulate cells to produce chemokines,
which recruit inﬂammatory cells. Besides
the prominent role in onset and continuation of inﬂammation, IL-1 can also generate cartilage destruction [71,72]. Intra-articular injection of IL-1 into knee joints
of rabbits or mice will cause inhibition
of proteoglycan synthesis in the cartilage
[73-75]. In addition, IL-1 and TNF-α can
stimulate chondrocytes to produce latent
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Figure 3.

After FcγR-mediated activation of macrophages (MΦ) (1), IL-1 and TNF-α are produced (2). These cytokines stimulate chondrocytes (CH) (3) to produce and
release latent MMPs (pro-MMP), which accumulate in the cartilage matrix (4). The main factors responsible for activation of latent MMPs are still not identiﬁed
yet (5). Reactive oxygen species (ROS) may be important candidates, since they have been shown to activate latent MMPs (6). Once pro-MMPs are activated,
degradation of extracellular matrix proteins like collagen and proteoglycans occurs, eventually leading to severe cartilage destruction (7). When the macrophage is in close proximity with the cartilage surface, ROS might also induce chondrocyte death (Ch†) (8).

MMPs, which then accumulate in the
cartilage matrix [76-80] (Figure 3).
Binding of immune complexes to
FcγRs can also induce synthesis and
secretion of latent MMPs [81] (Figure
3). In the synovium, MMPs are produced by macrophages and ﬁbroblasts
[82]. The MMP-family can be divided
in four groups: stromelysins, collagenases, gelatinases, and membrane type
metalloproteinases [83]. Removal of a
propeptide activates the latent MMPs
[84,85]. These enzymes are then capable
to degrade a wide variety of substrates
as gelatin, collagen, or aggrecan, but are
also able to activate other MMPs [86,87].
Many MMPs have been found to cleave
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aggrecan at a speciﬁc site, resulting in
the neoepitope VDIPEN, which remains
in the cartilage. This neoepitope can be
detected by a monoclonal antibody and
ﬁngerprints of MMP activity in the cartilage can be visualized [88,89] (Figure
2). Presence of the VDIPEN neoepitopes
is detectable in experimental models in
which immune complexes trigger arthritis onset [90,91]. The latter suggests
that IC-binding to FcγRs is important
in activation of latent MMPs (Figure
2). Furthermore, presence of MMPs in
serum, synovial ﬂuid, and synovium of
RA patients implies involvement of these
enzymes in degradation of the cartilage
matrix in RA [92-94].

Additionally, binding of immune
complexes to FcγRs results in release
of reactive oxygen species (ROS) [95].
Oxygen radical production is mediated
through activation of nicotinamide adenine dinucleotide phosphate (NADPH)oxidase that is assembled at the plasma
membrane [96]. ROS are capable of
damaging articular cartilage either directly or indirectly [97]. Proteoglycans
can be degraded by oxygen radicals as
shown by in vitro studies in which the
release of 35S-labelled proteoglycan was
increased in presence of ROS [98,99].
Superoxide-dismut ase can convert ROS
into hydrogen peroxide, which has a relatively long life-time and can easily penetrate through cell membranes. Hydrogen
peroxide is able to inhibit proteoglycan
synthesis by chondrocytes directly by reduction of intracellular ATP levels [100102]. In addition, oxygen radicals can
induce irreversible cartilage destruction
by fragmentation of collagen ﬁbers [103].
Proline and 4-hydroxyproline residues
present in collagen are oxidized by ROS
and become target sites for cleavage [104].
MMP-mediated cartilage destruction
can also be stimulated by oxygen radicals,
as on one side the natural inhibitors of
MMPs are inactivated and on the other
side production and activation of latent
MMPs are increased [105-108] (Figure
2). Moreover, chondrocyte death can be
induced, as an overload of the oxidative
burst causes apoptosis of cells [109,110]
(Figure 2 and 3). In addition, ROS have
been demonstrated to induce increased
expression of inﬂammatory mediators
like IL-1 and TNF-α by activation of
the transcription factors AP-1 and NFκB
[111,112].

Modulation of FcγR expression
and cartilage destruction by
cytokines
Stimulation of macrophages after binding of immune complexes to FcγRs results
in various mediators involved in cartilage
destruction and may therefore determine
severity of cartilage destruction. FcγR
expression is under tight regulation of
cytokines (Table 1). Granulocyte-colony
stimulating factor (G-CSF) found in synovial ﬂuid of RA patients is able to trigger
a strongly increased FcγRI expression on
human neutrophils [113-115]. On the contrary, FcγRIII level is strongly reduced by
G-CSF [115,116], whereas no effects on
FcγRII are found [117]. TNF-α selectively downregulates FcγRIII on monocytes/
macrophages [118,119]. T helper 1 (Th1)
and T helper 2 (Th2) cytokines are able to
differentially modulate FcγR expression
on monocytes. Interferon (IFN)-γ, a prototypic Th1 cytokine, induces increased
expression of activating FcγRs by up-regulation of FcγRI [120-122] and FcγRIII
[123]. On the contrary, the Th2 cytokine
IL-4 decreases expression of FcγRI and
FcγRIII, whereas levels of the inhibiting
FcγRII are increased [59,124].
RA is classiﬁed as a Th1 condition since
T cell clones derived from synovium of
RA patients were found to produce IFN-γ
[125,126]. As IFN-γ favours expression of
activating FcγRI and III, stimulation with
ICs may elevate cartilage destruction. On
the other hand, shifting FcγR balance
towards the inhibiting FcγRII with Th2
cytokines might reduce cartilage destruction. Previous studies in which IL-4 was
overexpressed during CIA, demonstrated
that cartilage damage indeed was de-
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creased [127,128]. IL-4, however, is hardly
detectable in RA synovium and synovial
ﬂuid [129]. In contrast, IL-13, which has
many functions overlapping IL-4, is detected in synovial ﬂuid and synovium of
RA joints [130,131]. IL-13 is like IL-4
able to decrease expression of FcγRI and
FcγRIII on human monocytes [132] and
overexpression of IL-13 might therefore
protect against degradation of the cartilage matrix.

induction of arthritis. Inﬂammation is induced 21 days after immunization by local
injection of 60 µg mBSA into the knee
joint. The inﬂammatory response is characterized by an acute phase directly after
induction, followed by a chronic phase,
resulting in cartilage damage characterized by chondrocyte death and erosions of
the cartilage layer [133]. Joint inﬂammation is induced by immune complex deposition in the knee joint and propagated by
antigen speciﬁc T cells.

Experimental arthritis models

Immune complex-mediated arthritis

Since RA is a complex disease involving several mechanisms, animal models
are used to study the pathogenesis of
chronic arthritis and to identify mechanisms underlying cartilage destruction.
Furthermore, these models can be used
to develop therapeutic treatments that selectively inhibit progression of destructive
arthritis. Several experimental arthritis
models have been developed, based on
auto-antigens or foreign particles such as
bacterial or yeast components that are deposited in the murine knee joint. In this
thesis, the potential of, and mechanisms
by which immune complexes may directly contribute to arthritis and cartilage
destruction were studied using animal
models in which joint inﬂammation is
elicited by intra-articular immune complex deposition.

Antigen-induced arthritis
Antigen-induced arthritis, a T cell-dependent IC model, is based on an immune
response against the foreign antigen methylated bovine serum albumin (mBSA) to
which the mice are sensitized prior to
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Immune complex-mediated arthritis
(ICA) is passively induced by systemic administration of polyclonal anti-lysozyme
serum, one day before intra-articular injection of poly-L-lysine (PLL)-lysozyme.
Immune complexes are formed and deposited directly in the knee joint. PLL is
highly cationic and by coupling to the
antigen, the formed immune complexes
have an increased retention in the joint
[134]. An acute inﬂammation develops,
which reaches maximal inﬂammation at
day 3 and wanes thereafter. Irreversible
cartilage destruction can be detected 3
days after arthritis onset. In this arthritis
model, no B or T cells are involved.

Aim and structure of this thesis
The aim of this thesis was to investigate
the role of FcγRs in joint inﬂammation
and cartilage destruction in experimental
immune complex-mediated arthritides
and to study whether the severity of cartilage damage could be modulated by regulation of FcγR expression.
First, the individual role of FcγRs in

inﬂammation and cartilage destruction
was determined in a T cell dependent
IC-mediated arthritis model (chapter
2). Therefore, antigen-induced arthritis (AIA) was elicited in knee joints of
FcγRI-, FcγRII-, and FcγRIII-deﬁcient
mice and their wild-type controls. The
results indicated that both FcγRI and FcγRIII could mediate joint inﬂammation,
whereas irreversible cartilage damage was
speciﬁcally provoked by FcγRI. The inhibiting FcγRII negatively regulated both
the inﬂammatory response and severe cartilage destruction. In chapter 3, we further elucidated the mechanism by which
inhibitory FcγRII reduces the arthritic
response. Therefore, AIA was induced in
mice lacking both activating FcγRI and III
(FcγRI/III-/-) but not FcγRII and in mice
lacking all three FcγRs (FcγRI/II/III-/-).
In FcγRI/III-/- mice, arthritis could not
be elicited, whereas in mice lacking all
FcγRs, joint inﬂammation was tremendously increased and ICs accumulation
was found in the knee joint indicating impaired endocytosis. These results suggest
that FcγRII reduces joint inﬂammation
not only by inhibition of activating FcγRI
and III, but also by promoting endocytosis. Although joint inﬂammation was
much higher in arthritic FcγRI/II/III-/knee joints, severe cartilage destruction
was completely prevented.
The role of FcγRs was further determined in the passively induced immune
complex-mediated arthritis (ICA). In
chapter 4, we investigated the role of
FcγRs in joint inﬂammation, macrophage
activation, and car tilage destr uction
during arthritis solely provoked by ICs
using selective FcγR deﬁcient mice.
The studies showed that FcγRI was

critically involved in severe cartilage destruction in both AIA and ICA, as absence
of FcγRI did not alter the inﬂammatory
response, whereas severe cartilage destruction was signiﬁcantly inhibited. Interestingly, in presence of T cells, irreversible
cartilage destruction was more severe and
completely dependent on FcγRI. This
led us to speculate that T cells present in
AIA might increase FcγRI expression by
production of Th1 cytokines. In chapter
5 and 6, we investigated whether local
overexpression of the Th1 cytokine IFN-γ
deteriorates cartilage damage, and to what
extent this process was mediated by activating FcγRs. An adenovirus encoding
IFN-γ was injected into knee joints before
ICA onset, and this resulted in increased
severity of cartilage degradation. This
effect of IFN-γ was only found in the
presence of ICs, as IFN-γ overexpression
during IC-independent zymosan arthritis
did not induce severe cartilage destruction.
These results implied a crucial role for ICs
and FcγRs and this was further studied
using FcγRI-/- and FcγRIII-/- mice (chapter 5 and 6 respectively). It was found
that in IFN-γ-stimulated ICA, chondrocyte death was speciﬁcally FcγRI-dependent, whereas both activating FcγRI and
III were able to induce MMP-mediated
VDIPEN expression indicating the presence of active MMPs.
As the Th1 cytokine IFN-γ aggravated
the arthritic response by up-regulation of
activating FcγRs, overexpression of a Th2
cytokine might negatively regulate arthritis as these cytokines are able to decrease
expression of activating FcγRs. Overexpression of the Th2 cytokine IL-13 has
protective actions regarding inﬂammation and bone destruction in experimen-
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tal arthritis. However, in these studies
cartilage destruction was not investigated in detail. In chapter 7, the effect
of IL-13 on severe cartilage damage was
investigated. Local IL-13 overexpression
during ICA enhanced joint inﬂammation. Nevertheless, chondrocyte death
and MMP-mediated cartilage destruction were signiﬁcantly reduced by IL-13,
and were accompanied by decreased
FcγRI mRNA levels in synovium.
These previous studies indicated that
FcγRs are of crucial importance in the
development of irreversible cartilage destruction. Moreover, a prominent role for
FcγRI was found mediating chondrocyte
death.
Stimulation of FcγRI leads to production
of oxygen radicals via the NADPH-oxidase complex, which may induce apoptosis of cells. Furthermore, oxygen radicals
have the potential to activate MMPs or
inhibit their natural inhibitors. In chapter 8, the contribution of NADPH-oxidase driven oxygen radical production to
cartilage destruction was investigated in
mice lacking P47 (P47phox-/-), which is
necessary for a functional NADPH-oxidase complex. When IFN-γ-stimulated
ICA was elicited in P47phox-/- mice,
chondrocyte death and MMP-mediated
proteoglycan damage were markedly diminished. Furthermore, it was found that
FcγRI mRNA level was downregulated,
whereas FcγRII and III were upregulated in synovium of P47phox-/- mice. This
study showed that oxygen radicals produced via the NADPH-oxidase-pathway
are critically involved in induction of irreversible cartilage damage.
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Role of activatory FcγRI and FcγRIII and inhibitory FcγRII in
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IgG-containing immune complexes, which are found in most RA joints, communicate with hematopoietic cells using three classes of Fc receptors (FcγRI,
-II, -III). In a previous study we found that if a chronic T cell-mediated antigeninduced arthritis (AIA) was elicited in knee joints of FcR γ-chain-deﬁcient mice
that lack functional FcγRI and FcγRIII, joint inﬂammation was comparable but
severe cartilage destruction was absent. We now examined the individual role
of the stimulatory FcγRI and FcγRIII and inhibitory FcγRII in inﬂammation
and functional cartilage damage in knee joints with AIA using FcγRI-, FcγRII-,
and FcγRIII-deﬁcient mice. Three weeks after immunization with the antigen
methylated bovine serum albumin (mBSA), cellular (T cell responses as measured by lymphocyte proliferation) immunity raised against mBSA was comparable in all groups examined. Humoral (total IgG, IgG1, IgG2a, and IgG2b levels)
immunity against mBSA was comparable in FcγRI-/- and FcγRIII-/- but higher
in FcγRII-/- if compared to controls. Joint swelling as measured by 99mTc uptake
at days 1, 3, and 7 was similar in FcγRI-/- and FcγRIII-/- mice and signiﬁcantly
higher in FcγRII-/-. Chronic inﬂammation and cartilage damage (depletion of
proteoglycans, metalloproteinase (MMP)-induced neoepitopes, and matrix erosion) was studied histologically in total knee joint sections stained with hematoxylin or safranin-O. Histologically, at day 7 after AIA induction, exudate and
inﬁltrate in the knee joint was similar in FcγRI-/- and FcγRIII-/- and signiﬁcantly higher (230% and 340%) in FcγRII-/- mice if compared to controls. Aggrecan
breakdown in cartilage caused by MMPs, which is related to severe irreversible
cartilage erosion, was further studied by immunolocalization of MMP-mediated
neoepitopes (VDIPEN) and image analysis. MMP-induced neoepitopes determined in various cartilage layers (tibia and femur) were primarily inhibited in
FcγRI-/- (79 to 87% and 87 to 88%, respectively) and comparable in FcγRIII-/-.
VDIPEN neoepitopes were much higher (82% to 122% and 200% to 250%,
respectively) in FcγRII-/- mice. Initial depletion of proteoglycans was similar
(60% to 100%) in all groups. In the chronic phase, cartilage matrix erosion in
the lateral and medial tibia was signiﬁcantly elevated in FcγRII-/- (222% and
186%, respectively) but not in FcγRI-/- or FcγRIII-/- mice. These results suggest
that during T cell-mediated AIA, FcγRI and FcγRIII act in concert in acute and
chronic inﬂammation whereas FcγRI is the dominant FcR involved in severe
cartilage destruction. FcγRII is a crucial inhibiting factor in acute and chronic
inﬂammation and cartilage erosion.

Chronic inﬂammation and destruction of cartilage and bone are main characteristics of rheumatoid arthritis (RA)
[1]. IgG-containing immune complexes
(ICs), present in large amounts in joints

of most RA patients have been suggested
to be major pathogenic factors in RA, responsible for initiation and persistence of
the inﬂammatory cascade and its resulting destruction of the cartilage [2]. Apart
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from ICs T cells have shown to be also
important in ampliﬁcation of arthritis
[3,4] and may enhance inﬂammatory reactions merely induced by ICs.
Immune complexes containing IgG,
the dominant immunoglobulin in the circulation, communicate with synovial cells
via cellular receptors for IgG that belong
to the IgG superfamily [5-7]. Murine
phagocytic effector cells express three different classes of IgG receptors (FcγRI, -II,
-III) [8,9]. FcγRI and FcγRIII are heterooligomeric complexes in which ligandbinding chains are associated with the
signal-transducing γ-chain. This γ-chain
is required for their assembly and triggering of various effector functions including phagocytosis [10], antigen-presenting
function [11], antibody-dependent cytotoxicity [12], and the release of inﬂammatory mediators [13]. These effector functions are regulated by an immunoreceptor
tyrosine-based activation motif within
the γ-chain [14].
The third receptor class for IgG,
FcγRII is a single γ-chain receptor and
contains an immunoreceptor tyrosinebased inhibitory motif-containing cytoplasmic domain that by co-ligation of
the immunoreceptor tyrosine-based activation motif receptor inhibits cellular
activation signals through the recruitment of the inositol phosphatase SHIP
[15]. FcγRII has been shown to be a
negative regulator of FcγRIII in IgGIC-triggered inﬂammation [16].
Recently we found that activating
FcγR (FcγRI and FcγRIII) were crucial
in severe cartilage destruction during
antigen-induced arthritis (AIA) [17]. Irreversible cartilage destruction within
this model occurs through enzymatic
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cleavage by metalloproteinases (MMPs)
of cartilage constituents. These Zn-dependent endopeptidases are capable of
cleaving aggrecan and collagen type
II, the main components of cartilage,
which leads to severe cartilage erosion
[18-20]. Various MMPs (MMP-1, -2, 3, -7, -8, -9, -13) have been found to
cleave aggrecan between amino residues Asn341-Phe342 resulting in the
neoepitope FVDIPEN that remains in
the cartilage [21].
AIA elicited in knee joints of FcR
γ-chain-/- lacking functional FcγRI
and FcγRIII showed similar synovial
inﬂammation if compared to controls
at day 7 after arthritis induction. Nevertheless, severe cartilage destruction as
MMP-mediated matrix destruction and
erosion was fully absent in arthritic FcR
γ-chain-/- knee joints. These results suggest that FcγRI and/or FcγRIII are of
crucial importance in severe cartilage
destruction within this model. FcγRIII
has been suggested as the most likely
candidate in IC-mediated joint inﬂammation [22].
We now investigated the involvement
of activating FcγRI and FcγRIII and the
inhibitory FcγRII in severe cartilage destruction seen during AIA. Expression
of MMP-induced aggrecan neoepitopes
and erosion of the cartilage matrix was
investigated in the knee joints of arthritic mice by histology and immunolocalization. Our ﬁndings indicate that FcγRI
and not FcγRIII is the dominant activatory Fc receptor involved in severe cartilage destruction in a model in which
T cells play a dominant role. In contrast,
FcγRII is involved in inhibition of severe
cartilage destruction within this model

and may be a new therapeutic target to
combat severe cartilage destruction.

Material and Methods
Animals
FcγRIII-/- mice were made deﬁcient for the ligand-binding α-chain of
FcγRIII (Dr. Verbeek) and were backcrossed to the C57BL/6 background
for 12 generations [23]. FcγRI-/- were
made deﬁcient for the ligand-binding α-chain of FcγRI (Dr. Verbeek)
and were backcrossed to BALB/c for 6
generations [24]. FcγRII-/- were developed by Dr. Takai (Sendai, Japan) [25]
in the 129 SV (H-2b) and C57BL6 (H2b) background. Control C57BL/6 and
129SV/C57BL/6 hybrids were derived
from Jackson Laboratories (Bar Harbor,
ME) and bred in our own facilities. Homozygous mutants and their wild-type
controls, 10 to 12 weeks old, were used
in the experiments.

Antibody determination in serum
Methylated BSA-speciﬁc antibodies of various isotypes (total IgG, IgG1,
IgG2a, IgG2b, IgG3) were measured in
sera of individual mice with an enzymelinked immunosorbent assay (ELISA).
Antigen was coated on microtiter plates
(Greiner, Alphen a/d Rijn, The Netherlands) at a concentration of 100 µg/ml.
Antibody titers were assessed by twofold
serial dilution of the sera followed by detection of bound mouse IgG with 1:500
diluted peroxidase-conjugated rabbit
anti-mouse IgG (Miles Laboratories
Inc., Elkhart, IN, USA). O-Phenylenediamine (1 mg/ml; Sigma, Zwijndrecht,

The Netherlands) was used as substrate
for peroxidase, and the antibody titer was
determined by using 50% of the maximal extinction as an end point. Sera of
FcγRI-/-, FcγRII-/-, and FcγRIII-/- mice
were compared to sera of their wild-type
controls. In each group at least 10 mice
were tested.

T cell proliferation
Mouse spleen cells were isolated and
washed in RPMI supplemented with
10% fetal calf serum, glutamine (2 mM),
and pyruvate (1 mM). Erythrocytes
were lysed by treatment of the cells with
a 0.16 M NH4CL solution in 0.17 M Tris,
pH 7.2, for 5 minutes. After two washes
in RPMI, the cells were plated on plastic
T ﬂasks (75 mm 2 ) from Falcon Plastics,
Oxnard, CA. After 60 minutes of incubation at 37°C, the nonadherent cells
were harvested by aspiration and two 4
to 5 ml RPMI washes of the adherent
cells. One hundred microliter of RPMI
containing 1 x 105 T cell-enriched spleen
cells were placed in each well of a sterile,
U-bottomed polystyrene microculture
plate (Costar, Cambridge, MA). Antigens or mitogens were added in another
100 µl to give a total volume of 200 µl,
and ﬁnal concentrations of antigen of
25, 12.5, and 6.25 µg/ml. Cultures were
maintained at 37°C in a humidiﬁed atmosphere of 2% CO2 for 4 days. Sixteen
hours before harvesting, 1 µCi of [3H]thymidine (6.7 µCi/mmol; New England Nuclear, Boston, MA) was added in
25 µl of RPMI. Cultures were harvested
with a cell harvester (Tomtec) and [3H]thymidine incorporation was quantiﬁed
using a Micro Beta-plate reader (PerkinElmer, The Netherlands).
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Induction of experimental antigeninduced arthritis
Mice were immunized with 100
µg of methylated BSA (mBSA, Sigma,
Zwijndrecht, The Netherlands) emulsiﬁed in 100 µl of Freund’s complete adjuvant (CFA). Injections were divided
over both ﬂanks and footpath of the
forelegs. Heat-killed Bordetella pertussis (RIVM, Bilthoven, The Netherlands)
was administered intraperitoneally as an
additional adjuvant. Two subcutaneous
booster injections with 50 µg of mBSA/
CFA were given in the neck region 1
week after the initial immunization [26].
Two weeks after these injections, arthritis was induced by intra-articular injection of either 15 µg (FcγRII-/-) or 60 µg
(FcγRII-/-, FcγRI-/-, and FcγRIII-/-) of
mBSA in 6 µl of saline into the right
knee joint, resulting in chronic arthritis.
The approval to induce arthritis in mice
was given by the local ethical committee.

Tc Uptake measurements

99m

Joint inﬂammation was measured by
99m
Tc pertechnetate uptake in the knee
joint. This method has earlier been
shown to correlate well with histological ﬁndings [27]. Brieﬂy, mice were
injected intraperitoneally with 12 µCi
of 99mTc and subsequently sedated with
chloralhydrate. Thirty minutes thereafter, γ-radiation was assessed by use of
a collimated Na-I-scintillation crystal
and the knee in a ﬁxed position. Arthritis was scored as the ratio of the 99mTc
uptake in the right (R) and the left (L)
knee joint. R:L ratios >1.1 were taken
to indicate inﬂammation of the right
knee joint.
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Histology
Total knee joints were dissected, ﬁxed
in phosphate-buffered formalin (pH 7.4),
decalciﬁed in 5% buffered formic acid,
and subsequently embedded in parafﬁn
wax. Semiserial frontal whole knee joint
sections (7 µm) were stained with hematoxylin and eosin (H&E) or safranin O
and fastgreen. Histological parameters
( joint inﬂammation, proteoglycan depletion, and erosion) were scored by two independent observers in a blinded manner.

Determination of proteoglycan
depletion
Total knee joint sections were stained
with safranin O and fastgreen. Loss of
red staining from various cartilage layers
(femur and tibia), which is related to loss
of proteoglycans, was determined using
an arbitrary scale ranging from 0 to 3.
Normal cartilage and cartilage fully depleted of proteoglycans was taken as a 0
and 3 value, respectively.

Immunolocalization of MMPinduced neoepitope
For immunohistochemical analysis,
sections were deparafﬁnized, rehydrated,
and digested with chondroitinase ABC
(0.25 U/ml, 0.1 M Tris-HCL, pH 8.0;
Sigma) for 1 hour at 37°C, to remove
chondroitin sulfate from the proteoglycans. Sections were then treated with 1%
H 2O2 in methanol for 20 minutes and subsequently 5 minutes with 0.1% (v/v) Triton
X-100 in phosphate-buffered saline (PBS).
After incubation with 1.5% (v/v) normal
goat serum for 20 minutes, sections were
incubated with afﬁnity-puriﬁed antiVDIPEN IgG overnight at 4°C. These
antibodies were kindly provided by Irwin

Singer and Ellen Bayne (Merck Research
Laboratories, Rahway, NJ) and have been
extensively characterized before [28,29].
In addition, sections were incubated with
biotinylated goat anti-rabbit IgG and
binding was detected using avidin-peroxidase staining (Elite kit; Vector Laboratories, Inc., Burlingame, CA). Induction
of the peroxidase product detected using
nickel enhancement and counterstaining
was performed with orange G (2%) for 5
minutes.

Immunolocalization of aggrecanaseinduced epitopes
Non-decalciﬁed cryosections were
digested with proteinase-free chondroitinase ABC (0.25 U/ml Tris-HCl, pH 8.0)
for 1 hour at 37°C to remove chondroitin
sulfate from the PGs. Subsequently, sections were ﬁxed with periodate-lysineparaformaldehyde ﬁxative for 20 minutes.
Sections were then treated with 1% H 2O2
for 20 minutes followed by 5 minutes incubation with 0.1% Triton X-100 in PBS.
After incubation with 1.5% normal goat
serum for 20 minutes, sections were incubated for 18 hours with the primary antibody recognizing the sequence NITEGE
[30]. Then sections were incubated with
biotinylated goat anti-rabbit IgG and
were detected using avidin-peroxidase
staining. Development of the peroxidase
product was done using nickel enhancement. Counterstaining was performed
with orange G.

Immunolocalization of IgG
Parafﬁn-embedded total knee joint
sections were pretreated with chondroitinase ABC and additionally stained with
goat anti-mouse IgG peroxidase overnight.

Development of the peroxidase product
was done using diaminobenzidine (0.5
mg/ml). Sections were counterstained
with H&E.

Measurement and characterization
of cartilage erosion
Erosion was determined in total knee
joint sections stained with H&E. Erosion
was detected as rufﬂing of the cartilage
surface and was only mild at day 7 after
AIA induction. Rufﬂing of the cartilage
surface was determined using an arbitrary
scale ranging from 0 to 3. Normal cartilage surface and maximal rufﬂing within
this experiment was taken as a 0 and 3
value, respectively.

Results
Role of the activatory FcγRIII and
inhibitory FcγRII in acute and
chronic joint inﬂammation during
AIA
As the absence of a particular FcγR
may alter the immunological response
against methylated BSA during immunization, thereby impairing the onset and
course of arthritis, we ﬁrst tested cellular
and humoral immunity to mBSA, 3 weeks
after immunization. Cellular immunity as
measured by spleen lymphocyte proliferation against mBSA showed no signiﬁcant
differences between knockouts and their
controls (Figure 1B, D, and F). In addition, humoral immunity was measured by
ELISA. Total IgG, IgG1, IgG2a, IgG2b,
and IgG3 anti-mBSA levels were high but
not signiﬁcantly different in immunized
FcγRI-/- and FcγRIII-/- if compared to
their controls (Figure 1, A and C). In sera
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Figure 1.

Humoral and cellular immunity in FcγRI-/-, FcγRIII-/-, and FcγRII-/- mice, and their wild-type controls was determined 7 days after induction of AIA. Humoral immunity was determined by measuring levels of various isotypes of antibodies (total IgG, IgG1, IgG2a, IgG2b) raised against mBSA using ELISA. Data of ELISA are
the mean of the determination in sera of 10 mice. Mean is expressed as two-log values using 50% of the maximal extinction as an endpoint (A, C, and E). Cellular
immunity was determined by measuring T cell proliferation in the presence of mBSA. 3H-Thymidine incorporation was measured in cpm of spleen T lymphocytes
derived from arthritic mice that were stimulated with various concentrations of mBSA (25, 12.5, 6.25, 3.1, and 0 µg/ml) (B, D, and F). The results were expressed
as stimulation indexes (ratio stimulation with and without antigen) and are the mean of 8 animals. Signiﬁcance was tested using the Wilcoxon rank test (*, P
< 0.05).

of FcγRII-/- immunized mice however,
total IgG, IgG2a, and IgG3 anti-mBSA
were fourfold higher and IgG1 was even
eightfold higher. IgG2b anti-mBSA was
not signiﬁcantly different (Figure 1E).
To investigate the role of a particular
FcγR in joint inﬂammation, AIA was
elicited by injection of 60 µg of mBSA
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directly into the knee joints of immunized FcγRI-, FcγRIII-, and FcγRII-deﬁcient mice and their wild-type controls.
Because FcγRIII-/- has been described as
a main regulator of IC diseases, we expected a down-regulation of swelling in
FcγRIII-/- mice but knee swelling was not
signiﬁcantly different from controls at all

time points measured (Figure 2B).
The course of knee joint swelling in
FcγRI-/- was also comparable (Figure
2A) suggesting that FcγRI and FcγIII are
redundant with respect to joint inﬂammation. Subsequently, we investigated
the role of FcγRII in joint inﬂammation. Because FcγRII-/- mice have been
shown to be highly vulnerable to ICs,
injection of 60 µg of mBSA into the knee
joint may be too high and for that reason
we also injected a lower (15 µg) mBSA
dose. Injection of 15 µg of mBSA into
knee joints of FcγRII-/- mice resulted in
a signiﬁcantly higher knee joint swelling if compared to controls (2.4 versus
1.7) at day 1 but no difference was found
anymore at day 4 or day 7 after AIA induction (Figure 2C). Injection of 60 µg
of mBSA led to a much higher swelling
at day 1 (3.0 versus 2.0) and compared
to controls was still signiﬁcantly higher
at day 7 after AIA induction (2.0 versus
1.1) (Figure 2D).
In addition, cellular inﬁltration and
exudate in the knee joint was studied by
histology. At day 7 after induction of AIA,
total knee joint sections were made and
stained with hematoxylin and eosin. In
FcγRI-/- and FcγRIII-/- arthritic knees,
similar exudate and inﬁltrate was measured in all animals studied (Figure 3, A
and B). In arthritic knees of FcγRII-deﬁcient mice, both exudate and inﬁltrate
were found to be signiﬁcantly elevated
(180% and 242% in the 60-µg group,
respectively) (Figure 3D). This reached
signiﬁcance only in mice injected with
the high dose of mBSA (Figure 3D, E,
and F). As the total number of inﬂammatory cells present in the synovium
at day 7 after AIA was not different in

Figure 2.

R:L ratios of 99mTc uptake at various days (1, 4, and 7) after intra-articular injection of mBSA in knee joints of mBSA-immunized FcγRI-/- (A), FcγRIII-/- (B),
and FcγRII-/- (C and D) mice, and their wild-type controls. In knees of FcγRI-/and FcγRIII-/- mice, 60 µg of mBSA was injected (A and B) and in knees of
FcγRII-/- mice, 15 or 60 µg of mBSA (C and D) was injected. Values represent
the mean ± SD of 10 mice. Data were evaluated using the Wilcoxon rank test
(*, P < 0.05). Note the signiﬁcantly higher joint swelling in FcγRII-/- mice,
after injection of 15 µg of mBSA at day 1(C) and after injection of 60 µg of
mBSA at days 1, 4, and 7 (D).

FcγRI-/- and FcγRIII-/- and higher in
FcγRII-/- mice, we further investigated
whether the absence of a particular Fc
receptor might inﬂuence the type of
inﬂammatory cell present in the joint.
The polymorphonuclear leukocyte/
macrophage ratio was determined by
immunolocalization using NIMP-R14
that stains polymorphonuclear leukocyte speciﬁcally. In arthritic knee joints
of FcγRI-/-, FcγRIII-/-, and FcγRII-/mice and their controls, no differences
were found in the polymorphonuclear
leukocyte/macrophage ratio that was
40:60 in the exudate and 25:75 in the
inﬁltrate (data not shown).
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Figure 3.

Frontal sections of whole knee joints 7 days after induction of AIA in FcγRI-/- (A), FcγRIII-/- (B), FcγRII-/- 15 µg (C), and FcγRII-/- 60 µg (D) mice, and their wild-type
controls. The amount of cells present in the synovium (inﬁltrate) and in the joint cavity (exudate) was determined using an arbitrary scale from 0 to 3. 0, No
cells; 1, minor; 2, moderate; 3, maximal. The amount of cells was determined by two blind observers. Data are the mean ± SD of 10 animals. Signiﬁcance was
tested using the Wilcoxon rank test (*, P < 0.05). Original magniﬁcations, x100. F, Femur; T, tibia. Note the signiﬁcantly higher inﬁltrate and exudate at day 7
after injection of 60 µg of mBSA in knee joints of FcγRII-/- (D and photographs F = FcγRII-/- versus E = wild-type control) and comparable cell mass in arthritic
FcγRI-/- (A) and FcγRIII-/- (B) mice.
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As Fc receptors have been shown to
be involved in removal of ICs from various body compartments, the presence of
IgG ICs localized in the arthritic joints
at day 7 AIA was determined using
rabbit anti-murine IgG antibodies. No
signiﬁcant differences in IC deposition
were found in the knee joints of FcγRI-/,
FcγRIII-/-, and FcγRII-/- mice and their
controls (data not shown).

Activatory FcγRI and FcγRIII and
inhibitory FcγRII are not involved
or redundant in loss of proteoglycans
from cartilage layers in knee joints
with AIA
Subsequently, we studied the role of
FcγRI, FcγRIII, and FcγRII in cartilage
damage. The earliest cartilage damage
seen during experimental arthritis is
loss of proteoglycans from the cartilage
matrix that is evident between 24 and
48 hours after AIA induction. Proteoglycan breakdown was measured by
determining the loss of red staining in
safranin O-stained knee joint sections
using an arbitrary scale from 0 to 3. At
day 7 after induction of AIA, loss of red
staining in the cartilage layers of femur
and tibia in control mice injected with
60 µg of mBSA reached almost maximal
values (Figure 4 A, B, and D). In arthritic knee joints of FcγRI-/-, FcγRIII-/-,
and FcγRII-/- mice (Figure 4A, B, and
D, respectively), proteoglycan depletion
was not signiﬁcantly different from their
arthritic control groups. Injection of
the 15 µg mBSA dose showed lower PG
depletion (Figure 4C). Although proteoglycan depletion was slightly higher in
the FcγRII-/- mice, this difference did
not reach signiﬁcance.

Figure 4.

Loss of red staining from cartilage layers of total knee joint sections 7 days
after induction of AIA in FcγRI-/- (A), FcγRIII-/- (B), FcγRII-/- 15 µg (C), and
FcγRII-/- 60 µg (D) mice. Loss of red staining was scored in tibia and femur
using an arbitrary scale from 0 to 3. Data are expressed as loss of red staining if compared to control cartilage layers and represent the mean ± SD of
10 mice and were tested on signiﬁcance using the Wilcoxon rank test (*, P
< 0.05). No signiﬁcant diﬀerence in PG loss was found between wild-type
controls and FcγRI-/- (A), FcγRIII-/- (B), and FcγRII-/- (C and D) mice. MT, Medial
tibia; MF, medial femur; LT, lateral tibia; LF, lateral femur; F, femur; T, tibia.
Original magniﬁcations, x100.

FcγRI activates, whereas FcγRII
inhibits the induction of MMP
cleavage site neoepitope VDIPEN
during AIA. No effect of FcγRIII
on VDIPEN expression
Within AIA, MMPs have been shown
to be involved in degradation of aggrecan [31,32] and collagen [33] leading to
irreversible cartilage destruction. MMPs
degrade aggrecan leaving the C-termi-
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Figure 5.

Expression of VDIPEN staining in knee joints of FcγRI-/- (A), FcγRIII-/- (B), FcγRII-/- 15 µg (C), and FcγRII-/- 60 µg (D) mice, and their wild-type controls 7 days after
AIA induction. Positive VDIPEN staining was determined in various cartilage layers at an original magniﬁcation of x100 (MT, medial tibia; MF, medial femur; LT,
lateral tibia; LF, lateral femur; F, femur; T, tibia) using automated image analysis and expressed in VDIPEN staining per µm2 cartilage. VDIPEN expression was
signiﬁcantly lower in cartilage layers of arthritic knee joints of FcγRI-/- (A and micrographs F = FcγRI-/- versus wild-type control = E) but not in FcγRIII-/- mice if
compared to wild-type controls (B). VDIPEN expression was elevated in arthritic knee joints of FcγRII-/- (C and D). Diﬀerence reached signiﬁcance in the lateral and
medial tibia after injection of 15 µg of mBSA (C) and in the lateral and medial tibia and medial femur after injection of 60 µg of mBSA (D and photographs H =
FcγRII-/- versus wild-type control = G). Data represent the mean ± SD of 10 mice. Original magniﬁcations, x250.

nal ending with the amino acid sequence
VDIPEN that can be detected by speciﬁc
antibodies around day 5 after induction
of AIA [32]. For this reason, AIA day 7
was taken to detect VDIPEN expression
in the cartilage matrix.
The amount of VDIPEN was measured
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by determining the area of cartilage expressing VDIPEN using automated image
analysis. In all investigated knee joints
of wild-type mice injected with 60 µg
of mBSA, prominent VDIPEN staining
was found in the cartilage layers of tibia
and femur (Figure 5 A to D). Strikingly,

Figure 6.

Erosion in cartilage layers (LF, lateral femur; LT, lateral tibia; MF, medial femur; MT, medial tibia) of arthritic knee joints at day 7 after AIA induction in FcγRI-/-,
FcγRIII-/-, and FcγRII-/- mice, and their wild-type controls. Erosion of the cartilage surface was deﬁned as ruﬄing of the cartilage surfaces using an arbitrary scale
from 0 to 3. In FcγRI-/- and FcγRIII-/- mice, erosion was mild and comparable to wild-type controls. Erosion was found in 8 of 10 animals in both groups (A and B).
Injecting 60 µg of mBSA in knees of FcγRII-/- resulted in elevated erosion in all cartilage layers that reached signiﬁcance in the lateral and medial tibia (D and F:
FcγRII-/- and their wild-type control, E). After injection of 15 µg of mBSA in knee joints of FcγRII-/-, erosion was higher but did not reach signiﬁcance (C). Original
magniﬁcations, x100.

in arthritic knees of FcγRI-/-, VDIPEN
expression was signiﬁcantly lower in
medial and lateral femur (88% and 87%,
respectively) and in medial and lateral
tibia (79% and 87%, respectively) (Figure
5A and micrographs in Figure 5, E and F).
In arthritic knees of FcγRIII-/-, VDIPEN
expression was comparable to controls
(Figure 5B). In contrast, in FcγRII-/- arthritic joints, VDIPEN was signiﬁcantly
higher in lateral and medial femur and lateral tibia (250%, 200%, and 122% higher,
respectively), indicating that FcγRII is
involved in MMP-mediated cartilage destruction (Figure 5, C and D and micrographs in Figure 5, G and H). VDIPEN

expression was much lower (between 56
to 76%) when 15 µg of mBSA was injected
if compared to the 60 µg group but still
signiﬁcantly higher in lateral and medial
tibia of FcγRII-/- if compared to their wildtype controls (Figure 5C).

FcγRII is involved in inhibition of
erosion of the cartilage matrix
To examine the role of FcγRI, FcγRIII,
and FcγRII in severe irreversible cartilage
destruction, we also analyzed erosion of
the cartilage matrix in parafﬁn sections.
Erosion of the cartilage matrix that is only
mild at day 7 after AIA was determined as
rufﬂing of the cartilage surface. No sig-
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nificant differences in matrix erosion were
found in knees of FcγRI-/- and FcγRIII-/mice if compared to their wild-type controls (Figure 6, A and B). In contrast, in
knee joints of FcγRII-/- mice, erosion was
enhanced in the 60 µg mBSA group and
this difference reached signiﬁcance in the
lateral and medial tibia (222% and 186%
higher, respectively) (Figure 6D and micrographs in Figure 6, E and F). In the
15 µg mBSA group, although erosion was
somewhat higher, differences did not reach
signiﬁcance (Figure 6C).

Discussion
In a previous study, we found that absence of functional FcγRI and FcγRIII is
related to acute and sustained inﬂammation and is also a major determinant of
severe destruction of cartilage in AIA. In
the present study we show that both FcγRI
and FcγRIII are important in synovial inﬂammation, whereas FcγRI is the dominant activatory receptor involved in severe
cartilage destruction within this model.
In contrast, FcγRII is crucial in negative
regulation of both acute and chronic inﬂammation and late severe cartilage destruction.
Because the absence of a particular FcγR
may impair the T and B cell-mediated immunological response against the arthritogen mBSA, cellular and humoral immunity against mBSA was determined. T cell
responses against mBSA were however not
different in immunized FcγRI-/-, FcγRIII-/,
and FcγRII-/- mice and their controls and is
in line with earlier studies showing that loss
of functional FcγRI and FcγRIII did not
perturb T-cell maturation [34]. FcγRIII is
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also expressed on mast cells, and FcγRIIIdeﬁcient mice lack IgG-mediated mast
cell degranulation [35]. However, earlier
studies by our laboratory showed that the
course of AIA elicited in knee joints of
mast cell-deﬁcient (WBB6F1-W/Wv)
mice was not signiﬁcantly different from
control littermates, suggesting that mast
cells do not play an important role in joint
inﬂammation within this model [36].
Measuring humoral immunity, isotype-speciﬁc antibody responses against
mBSA were not different in FcγRI-/- and
FcγRIII-/-, which is in line with earlier studies [37]. In immunized FcγRII-/however, all anti-mBSA isotype antibody
titers (with the exception of IgG2b) were
four-fold to eight-fold elevated if compared to controls. In the present study, we
investigated FcγRII-/- on a hybrid SV129/
C57BL6 background, because this background does not display abnormalities in
the immunological status. FcγRII-/- mice
on other backgrounds (eg, C57BL/6)
develop autoantibodies of multiple IgG
subclasses [38] that might enhance the
arthritis induced by mBSA immunization.
Differences in autoimmune development
however suggest that FcγRII in combination with genetic loci may be important
in breaking the tolerance not only against
an autoantigen such as collagen type IV
[39] but also against an exogenous antigen
such as mBSA. FcγRII may function to
maintain tolerance in the periphery and
together with genetic loci, gate B cell activation against various antigens.
As the adaptive immunity in FcγRI-/and FcγRIII-/- is not altered, local expression of both activating FcγR in the joint
may drive synovial inﬂammation and
cartilage destruction. Immune complex-

mediated activation is predominantly regulated by synovial macrophages that have
been shown to drive onset [40,41], elongation [42], and ﬂare-up [43] during AIA. In
a previous study we found that mice that
express nonfunctional FcγRI and FcγRIII
and developing comparable adaptive immunity with controls showed a signiﬁcantly lower knee joint swelling. In this study,
both FcγRI-/- and FcγRIII-/- mice showed
however comparable swelling with controls. These results suggest that FcγRI and
FcγRIII present on macrophages act in concert with respect to swelling. In the absence
of one receptor its function may be fully
compensated by the other FcγR. These receptors that are expressed on mononuclear
cells [44] are involved in the respiratory
burst on cross-linking by IgG-ICs. As a
result these cells release vasoactive products such as oxygen and nitrogen radicals
and histamine that are highly involved in
vascular leakage leading to enhanced 99mTc
uptake in the joint.
In humans, FcγRIIIA has been suggested to play a role in the pathogenesis
of RA and a close correlation was found
between FcγRIIIA expression and the
location of both synovitis and extracellular features [45]. A recent study suggests
a dominant role for FcγRIIIA in the induction of both TNF-α and IL-1α production by human macrophages in RA
after receptor ligation by small ICs [46].
Furthermore many animal studies have
shown that FcγRIII is crucial in IC-dependent diseases raised in skin [47], kidney
[48], or lung [49]. A reverse passive arthus
reaction is inhibited within FcγRIII-/mice [23]. Recently, we also found that
arthritis elicited by ICs only is also very
strongly FcγRIII-dependent (Nabbe K,

Van Lent P, Blom AB, Holthuysen A,
Verbeek S, Van den Berg W, manuscript
in preparation). The reason why FcγRIII
does not play an important role within
AIA may be that apart from ICs T cells
also play an important role in chronicity
within this model. During AIA, mBSAspeciﬁc Th1 cells accumulate in the arthritic joint thereby releasing interferon
(IFN)-γ. IFN-γ is one of the most potent
cytokines involved in up-regulation
of FcγRI on macrophages [50]. Local
IFN-γ production may cause a shift in
FcγR expression from FcγRIII to FcγRI
and may explain the redundancy found
within this study.
The inhibiting FcγRII seems to be of
utmost importance in both the acute and
chronic phase of synovial inﬂammation
and absence leads to signiﬁcantly higher
inﬂammation. FcγRII is expressed on
various hematopoietic cells and is a negative regulator of FcγRIII receptor on B
cells and macrophages [51] and probably
also of FcγRI [52]. FcγRII may act as
a negative regulator of antibody production and/or local IC-triggered activation.
As most of the anti-mBSA isotype titers
were elevated, this may be responsible for
a higher IC load within the knee joint.
Although we did not ﬁnd differences in the IC load in the knee joints of
FcγRII-/- and controls at day 7 after AIA
using immunolocalization, differences
may have been present at earlier time
points of this arthritis. Local IC-triggered activation in the joint may further
be different. Absence of the FcγRII on
macrophages has been shown to enhance
the release of inﬂammatory mediators
such as IL-1 and TNF-α [53] that are
highly involved in synovial inﬂamma-
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tion. Comparing two doses of mBSA we
found that only the high dose (60 µg)
of mBSA was FcγRII-dependent during
the complete 7-day course of arthritis.
Immune complexes drive inﬂammation
by both activating Fc receptors and complement and the two systems seemed to
be co-dominant in the early arthus reaction [54]. Our results suggest that after the
arthus, in the developing phase of chronicity of experimental arthritis, higher
IC doses may be more FcγR-dependent if
compared with lower IC doses.
Previous studies have shown that macrophages are crucial in cartilage destruction seen during AIA [38-41]. Macrophages may function either indirectly by
attracting inﬂammatory cells or directly
as important producers of cytokines [55]
and enzymes [56], and in RA activation
of macrophages may be T cell-dependent [57,58]. During AIA, two phases of
cartilage destruction are observed. The
ﬁrst early phase, which is characterized by
proteoglycan loss, is mediated by aggrecanase, a member of the ADAMS (a desintegrin and metalloproteinase) family. The
second phase that starts at approximately
day 5 after AIA induction, is characterized
by MMP-mediated matrix destruction
resulting in irreversible cartilage erosion
[32]. Because no difference was found in
PG breakdown nor NITEGE staining in
cartilage surfaces of arthritic knee joints
of FcγR-, FcγRIII-, or FcγRII-deﬁcient
mice and their wild-type controls (data
not shown), this suggests that these receptors are not important or redundant in aggrecanase-induced cartilage damage.
In contrast, MMP-mediated cartilage
destruction as measured by VDIPEN
staining was signiﬁcantly lower in FcγRI-/-
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but not in FcγRIII-/- arthritic knee joints.
The latter indicates that FcγRI rather than
FcγRIII is involved in late severe cartilage
destruction. This type of cartilage destruction only occurs in experimental models,
containing an IC component [32]. Other
arthritis models induced by bacterial or
yeast cell walls never resulted in severe
cartilage destruction and also expression
of VDIPEN neoepitopes was fully absent
[32]. As we showed earlier, the activatory
FcγR are probably involved in activation
of latent MMPs present in the cartilage
matrix of arthritic knees, binding of
FcγRI may lead to activation of synovial
macrophages leading to selective production of pro-MMP-activating factors.
Although erosion was still mild at day 7
after AIA induction, there was a tendency
that erosion was lower in cartilage layers
of arthritic knees of FcγRI-/- mice. Differences may diverge more at later time
points when erosion becomes more severe
within this model.
In contrast, in the absence of FcγRII
signiﬁcantly higher MMP-mediated destruction was found within the cartilage
layers of the arthritic joints. First, this
may be because of an elevated load of
IC within the joint as a result of higher
anti-mBSA titers and may explain the
higher VDIPEN expression in the 60 µg
mBSA group. Furthermore, macrophages
deﬁcient for FcγRII produce higher IL-1
concentrations on activation with ICs [39].
As interleukin-1 is the dominant cytokine
involved in VDIPEN expression during
AIA [59] this also may contribute to the
higher VDIPEN expression in the cartilage. Moreover, the absence of FcγRII
may elevate mechanisms involved in activation of pro-MMPs into their active

form. A higher concentration of enzymes
released by macrophages and/or polymorphonuclear leukocytes such as elastase may
be responsible for more efﬁcient activation of pro-MMPs [60]. Whether FcγRII
contributes to higher joint inﬂammation
and severe cartilage destruction either by
elevation of anti-mBSA antibodies and
subsequent raise of ICs and/or by elevation of local hypersensitivity of macrophages to ICs is momentarily under investigation by blocking FcγRII at the onset
of AIA using anti-FcγRII antibodies.
The above results suggest that expression
of the activatory FcγRI on the surface of
local cells present in the knee joint during
T cell-dependent AIA is the dominant
activatory Fc receptor involved in cartilage destruction, whereas the inhibiting
FcγRII-/- may be an important regulating
receptor of severe cartilage destruction.
During late phases of human arthritis,
monocytes/macrophages are the dominant hematopoietic cells present in the RA
joint and a strong correlation between the
number of macrophages and erosion of
the cartilage matrix was found during RA
[61]. Disturbance in the balance between
activating FcγRI and FcγRIII receptors
and the inhibiting FcγRII receptor on
synovial macrophages may have important implications for cartilage destruction
during arthritis and the inhibiting FcγRII
may form a new target for therapeutic intervention of cartilage destruction within
this destructive disease.

References
1.

Klippel JH (Ed): Primer on the Rheumatic Diseases.

2.

Cooke TDV: Mechanism of cartilage destruction:

Atlanta, Georgia, Arthritis Foundation, 1997

relation to choice of therapeutic agent. Semin Arthritis Rheum 1985, 51:S16–S23
3.

Panayi GS, Lanchbury JS, Kingsley GH: The importance of the T cell in initiating and maintaining
the chronic synovitis of rheumatoid arthritis. Arthritis Rheum 1992, 35:729-735

4.

Zvaiﬂer NJ: Rheumatoid arthritis—the multiple pathways to chronic synovitis. Lab Invest 1995,
73:307-310

5.

Ravetch JV, Kinet JP: Fc receptors. Annu Rev Im-

6.

Fridman WH, Bonnerot C, Daeron M, Amigorena

munol 1991, 9:457-492

S, Teillaud JL, Sautes C: Structural bases of Fcγ receptor functions. Immunol Rev 1992, 125:49-76
7.

Van de Winkel JGJ, Capel PJA: Human IgG Fc receptor heterogeneity: molecular aspects and clinical
implications. Immunol Today 1993, 14:215-221

8.

Ravetch JV: Fc receptors: rubor redux. Cell 1994,

9.

Takai T, Ravetch JV: Fc receptor genetics and the

78:553-560

manipulation of genes in the study of FcR biology.
Immunoglobulin Receptors and Their Physiological and Pathological Roles in Immunity. Edited by
JGJ Van de Winkel, PM Hogarth. Dordrecht, The
Netherlands, Kluwer Academic Publishers Group
10.

Simms HH, Gaither TA, Fries LF, Frank MM:
Monokines released during short-term Fc gamma
receptor phagocytosis up-regulate polymorphonuclear leucocytes and monocyte-phagocytic function.
J Immunol 1991, 147:265-272

11.

Heijnen IAFM, van Vugt MJ, Fanger NA, Graziano
RF, de Wit TPM, Hof huis FMA, et al.: Antigen
targeting to myeloid-speciﬁc FcγRI/CD64 triggers
enhanced antibody responses in transgenic mice.
J Clin Invest 1996, 97:331-338

12.

Huizinga TWJ, Dolman KM, van der Linden NJM,
Kleijer M, Nuijens JH, von dem Borne AEGKR, et

Role of Fcγ receptors in AIA

45

al.: Phosphatidylinositol-linked FcγRIII mediates

properties and implications for the rheumatic diseases. Mol Med Today 1998, 4:130-137

exocytosis of neutrophil granule proteins, but does
not mediate initiation of the respiratory burst. J Im-

13.

21.

munol 1990, 144:1432-1437

a stromelysin cleavage site within the interglobular

Huizinga TWJ, van Kemenade F, Koenderman

domain of human aggrecan: evidence for proteolysis

L, Dolman KM, von dem Borne AEGKR, Tet-

at this site in-vivo in human cartilage. J Biol Chem

teroo PAT, et al.: The 40 kDa Fc gamma receptor

1992, 267:1008-1014

(FcγRII) on human neutrophils is essential for the

22.

IgG-induced respiratory burst and IgG-induced

14.

and suppression of collagen-induced arthritis is de-

phagocytosis. J Immunol 1989, 142:2365-2369

pendent on distinct Fcγ receptors. J Exp Med 2000,
191:1611-1616
23.

sine-based activation motif (ITAM). J Immunol 1995,

H, Meyer D, Heijnen IA, et al.: Impaired IgG-de-

155:3281-3285

pendent anaphylaxis and arthus reaction in FcγRIII
(CD16)-deﬁcient mice. Immunity 1996, 5:181-188
24.

the immune system by the receptor FcγRIIB. Nature
1996, 383:263-266

Markedly different pathogenicity of four immu-

Schiller C, Janssen-Graals I, Baumann U, Schwert-

noglobulin G isotype-switch variants of an an-

er-Strumpf K, Izui S, Takai T, et al.: Mouse FcγRII

tierythrocyte autoantibody is based on their capacity

is a negative regulator of Fc RIII in IgG immune

to interact in vivo with the low afﬁnity Fcgamma

toantibody-induced hemolysis. Eur J Immunol 2000,

receptor III. J Exp Med 2000, 191:1293-1302
25.

30:481-490

JV: Augmented humoral and anaphylactic responses in Fc gamma RII-deﬁcient mice. Nature 1996,

Holthuysen AEM, van de Putte LBA, van de

from animal models. Curr Opin Rheumatol 1997,
9:221-228
27.

Lens JW, van den Berg WB, van de Putte LBA:
Tc-uptake measure-

Hasty KA, Reife RA, Kang AH, Stuart JM: The

Quantitation of arthritis by

role of stromelysin in the cartilage destruction that

ments in the mouse knee joint in inﬂammation

accompanies inﬂammatory arthritis. Arthritis Rheum

scores. Agents Actions 1984, 14:723-728
28.

99m

Singer II, Kawka DW, Bayne EK, Donatelli SA,

Murphy G, Cockett MI, Ward RV, Docherty AJ:

Weidner JR, Williams HR, et al.: VDIPEN, a met-

Matrix metalloproteinase degradation of elastin,

alloproteinase-generated neoepitope, is induced

type IV collagen and proteoglycan. A quantita-

and immunolocalised in articular cartilage during

tive comparison of the activities of 95 kDa and 72

inﬂammatory arthritis. J Clin Invest 1995, 95:2178-

kDa gelatinases, stromelysins-1 and -2 and punc-

2186

tuated metalloproteinase (PUMP). Biochem J 1991,

46

Van den Berg WB: Lessons from joint destruction

inﬂammation and cartilage damage during experi-

1990, 33:388-397

20.

379:346-349
26.

mental antigen-induced arthritis. Arthritis Rheum
2000, 43:740-752

19.

Takai T, Ono M, Hikida M, Ohmori H, Ravetch

Van Lent PLEM, van Vuuren AJ, Blom AB,
Winkel JGJ, et al.: Role of Fc receptor γ−chain in

18.

Fossati-Jimack L, Ioan-Facsinay A, Reininger L,
Chicheportiche Y, Watanabe N, Saito T, et al.:

complex-triggered inﬂammation but not in au-

17.

Hazenbos WL, Gessner JE, Hof huis FM, Kuipers

Ono M, Bolland S, Tempst P, Ravetch JV: Role of
the inositol phosphatase in negative regulation of

16.

Kleinau S, Martinsson P, Heyman B: Induction

Cambier JC: Antigen and Fc receptor signaling.
The awesome power of the immunoreceptor tyro-

15.

Flannery CR, Lark MW, Sandy JD: Identiﬁcation of

29.

Mudget JS, Hutchinson NI, Chartrain NA, Forsyth

277:277-279

AJ, McDonnell J, Singer II, et al.: Susceptibility of

Cawston T: Matrix metalloproteinases and TIMPS:

stromelysin-1 deﬁcient mice to collagen-induced

Chapter 2

arthritis and cartilage destruction. Arthritis Rheum

sults from strain-speciﬁc epistasis. Immunity 2000,

1998, 41:110-121
30.

31.

Arner EC, Pratta MA, Trzaskos JM, Dedicco CP,
Tortorella MD: Generation and characterization

Ravetch JV, Takai T: Fcgamma receptor IIB-deﬁcient mice develop Goodpasture syndrome upon im-

can-degrading activity. J Biol Chem 1999, 274:6594-

munization with type IV collagen: a novel murine

6601

model for autoimmune glomerular basement membrane disease. J Exp Med 2000, 191:899-906

Van Meurs J, van Lent PLEM, Holthuysen AEM,
40.

selaar LAM, van Rooijen N, van de Putte LBA, van

immune complex-mediated arthritis: a pivotal role

den Berg WB: Role of macrophage-like synovial

for stromelysin-1 in cartilage destruction. J Immunol

lining cells in localisation and expression of experi-

1999, 163:5633-5639

mental arthritis. Scand J Rheumatol 1995, 24:S83-

Van Meurs JBJ, van Lent PLEM, Holthuysen AEM,

S89
41.

ics of aggrecanase and metalloproteinase induced

laar LAM, van Rooijen N, Joosten LAB, van de Loo
FAJ, et al.: Phagocytic lining cells determine local

in murine arthritis. Arthritis Rheum 1999, 42:1128-

expression of inﬂammation in type II collagen-in-

Van Meurs JBJ, van Lent PLEM, Stoop R,

duced arthritis. Arthritis Rheum 1996, 39:1545-1555
42.

Cleavage of aggrecan at Asn 341-Phe 342 site co-

LBA, van den Berg WB: Phagocytic lining cells in

incides with the initiation of collagen damage in

experimentally arthritis: downregulation of syno-

murine antigen-induced arthritis: a pivotal role for

vitis by CL2MDP-liposomes. Rheumatol Int 1994,

stromelysin-1 in MMP activity during antigen-in-

13:221-228

duced arthritis. Arthritis Rheum 1999, 42:2074-2084

43.

van de Loo FAJ, van de Putte LBA, van den Berg

FcR 75 chain deletion results in pleiotrophic effec-

WB: Phagocytic synovial lining cells regulate acute

tor cell defects. Cell 1994, 76:519-529

and chronic joint inﬂammation after antigenic ex-

Watanabe N, Akikusa B, Park SY, Ohno H, Fos-

acerbation of smouldering experimental murine ar-

toantibody-mediated vasculitis syndrome through

thritis. J Rheumatol 1998, 25:1135-1145
44.

signal transduction. Immunology 1997, 92:544-552

Fc gamma receptors. Blood 1999, 94:3855-3863
Van den Broek MF, van den Berg WB, van de Putte

45.

Bhatia A, Blades S, Cambridge G, Edwards JCW:

LBA: The role of mast cells in antigen-induced ar-

Differential distribution of FcγRIIIA in normal

thritis in mice. J Rheumatol 1988, 15:544-551

human tissues and colocalisation with DAF and ﬁbrillin-1. Immunology 1998, 94:56-63

Verbeek JS, Hazenbos WL, Capel PJ, van de Winkel
JG: The role of FcR in immunity: lessons from gene

38.

Hoffmeyer F, Witte K, Schmidt RE: The high-afﬁnity FcγRI on PMN: regulation of expression and

tumor necrosis factor production upon triggering

37.

Van Lent PLEM, Holthuysen AEM, van Rooijen N,

Takai T, Li M, Sylvestre DL, Clynes R, Ravetch JV:

sati L, Vecchietti G, et al.: Mast cells induce au-

36.

Van Lent PLEM, van den Bersselaar LAM,
Holthuysen AEM, van Rooijen N, van de Putte

Holthuysen AEM, Singer II, Bayne EK, et al.:

35.

Van Lent PLEM, Holthuysen AEM, van den Bersse-

neoepitopes in various stages of cartilage destruction

1139

34.

Van Lent PLEM, Holthuysen AEM, van den Bers-

metalloproteinases are present in cartilage during

Singer II, Bayne EK, van den Berg WB: Kinet-

33.

Nakamura A, Yuasa T, Ujike A, Ono M, Nukiwa T,

of aggrecanase. A soluble, cartilage-derived aggre-

Lambrou D, Bayne E, Singer I, et al.: Active matrix

32.

13:277-285
39.

46.

Abrahams VM, Cambridge G, Lydyard PM, Ed-

targeting in mice. Res Immunol 1997, 148:466-474

wards JCW: Induction of tumor necrosis factor pro-

Bolland S, Ravetch JV: Spontaneous autoimmune

duction by adhered human monocytes. A key role

disease in Fcgamma RIIB-deﬁcient mice re-

for Fcγ receptor type IIIA in rheumatoid arthritis.

Role of Fcγ receptors in AIA

47

Arthritis Rheum 2000, 43:608-616
47.

54.

Sylvestre DL, Ravetch JV: A dominant role for mast

K, Verbeek JS, Schmidt RE, et al.: A codominant

cells Fc receptors in the arthus reaction. Immunity

role of FcγRI/III and C5aR in the reverse arthus
reaction. J Immunol 2000, 164:1065-1070

1996, 5:387-390
48.

Clynes R, Dumitru C, Ravetch JV: Uncoupling of

55.

immune complex formation and kidney damage

49.

monocytes by stimulated cells: a major pathways
for cytokine induction. Eur Cytokine Netw 2000,

279:1052-1054

11:346-353

Clynes R, Maizes JS, Guinamard R, Ono M, Takai

56.

metalloproteinases in tissue destruction and tumor

induced inﬂammation in vivo by the coordinate

growth. Thromb Haemost 1999, 82:846-849
57.

Van Schie RC, Verstraten RG, Van de Winkel JG,

rheumatoid synovitis is T cell dependent. Clin Im-

Tax WJ, de Mulder PH: Effect of recombinant IFN-

munol 1999, 90:65-78

macrophage

IgG

FcRI-mediated

McInnes IB, Leung BP, Liew FY: Cell-cell interactions in synovitis: interactions between T lym-

RIFN-gamma decreases inhibition by cytophilic

phocytes and synovial cells. Arthritis Res 2000,

human IgG and changes the cytolytic mechanism. J

2:374-378
59.

Van Meurs JBJ, van Lent PLEM, Singer II, Bayne

Cambier JC, Fong D, Tamir I: The unexpected

EK, van de Loo FAJ, van den Berg WB: IL-1ra pre-

complexity of Fc RIIB signal transduction. Curr

vents expression of the metalloproteinase-generated

Topics Microbiol Immunol 1999, 244:43-55

neoepitope VDIPEN in antigen-induced arthritis.

Sutterwala FS, Noel GJ, Salgame P, Mosser DM:

Arthritis Rheum 1998, 41:667-656

Reversal of proinﬂammatory responses by ligating

60.

Ferry G, Longchampt M, Pennel L, de-Nanteuil

the macrophage Fcgamma receptor I. J Exp Med

G, Canet E, Tucker GC: Activation of MMP-9 by

1998, 188:217-222

neutrophil elastase in an in vivo model of acute lung
injury. FEBS Lett 1997, 3:111-115

Yuasa T, Kubo S, Yoshino T, Ujike A, Matsumura K,
Ono M, et al.: Deletion of Fcγ receptor IIB renders

48

58.

cytotoxicity.

Immunol 1992, 148:169-176

53.

Klimiuk PA, Yang H, Goronzy JJ, Weyand CM:
Production of cytokines and metalloproteinases in

gamma (rIFN-gamma) on the mechanism of human

52.

Shapiro SD: Diverse roles of macrophage matrix

T, Ravetch JV: Modulation of immune complex-

J Exp Med 1999, 189:179-185

51.

Burger D: Cell contact-mediated signaling of

in autoimmune glomerulonephritis. Science 1998,

expression of activation and inhibitory Fc receptors.

50.

Baumann U, Köhl J, Tschernig T, Schweter-Strumpf

61.

Yanni G, Whelan A, Feigheri C, Bresnihan B: Syn-

H-2b mice susceptible to collagen-induced arthritis.

ovial tissue macrophages and joint erosion in rheu-

J Exp Med 1999, 189:187-194

matoid arthritis. Ann Rheum Dis 1994, 53:39-44

Chapter 2

Chapter 3

The inhibitory receptor FcγRII reduces joint inﬂammation
and destruction in experimental immune complex-mediated
arthritides not only by inhibition of FcγRI/III but also by
eﬃcient clearance and endocytosis of immune complexes
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Studies in FcγRII-/- mice identiﬁed the inhibitory function of this receptor in joint
inﬂammation and cartilage destruction induced with immune complexes (ICs).
To extend our insight in the role of FcγRII in arthritis, we explored the role of
FcγRII in the absence of activating receptors I and III using FcγRI/III-/- as well as
FcγRI/II/III-/- mice. When antigen-induced arthritis (AIA) was elicited , which is
a mixture of T cell and IC-driven inﬂammation, arthritis was almost absent at day
7 in FcγRI/III-/- mice. Remarkably, in FcγRI/II/III-/- mice, this model induced a
tremendously increased arthritis as compared to wild-type controls. This implies
that FcγRII regulates joint inﬂammation also in the abscence of activating FcγRI
and III. To conﬁrm the IC speciﬁcity of this ﬁnding, similar studies were done with
ICs or zymosan as arthritogenic stimuli. Strongly elevated inﬂammation was found
in FcγRI/II/III-/- mice with IC but not with zymosan. Clearance studies identiﬁed
accumulation of IgG in the knee joint in the absence of FcγRII. Moreover, macrophages expressing only FcγRII showed prominent endocytosis of preformed soluble
ICs not different from controls. In total absence of FcγR (FcγRI/II/III-/-), macrophages completely failed to endocytose ICs. Although joint inﬂammation was much
higher in AIA arthritic knee joints of FcγRI/II/III-/- and the inﬂammatory cells still
expressed an inﬂammatory phenotype, severe cartilage destruction (MMP-mediated neoepitopes in the matrix and chondrocyte death) was completely prevented in
contrast to the marked destruction which was observed in the wild-type. Our study
indicates that FcγRII reduces joint inﬂammation in the absence of activating FcγR
by promoting endocytosis and clearance of ICs from the joint. Inﬁltrating cells,
which fail to express activating FcγR although they still become stimulated are no
longer capable of inducing severe cartilage destruction.

Rheumatoid arthritis (RA) is a heterogenous chronic joint disease characterised by invasion of leucocytes and local
synovium activation, which leads to severe
destruction of cartilage and bone [1]. The
most prominent leucocyte present within
the inﬂamed synovium is the macrophage.
A strong correlation was found between
the number of activated macrophages
and severe cartilage destruction [2]. In a
normal joint, macrophages are comprised
within the intima layer which covers
the surface of the synovium [3]. In RA,
synovial macrophages become activated,
resulting in the release of chemokines,
cytokines, and enzymes involved in regu-

lation of joint inﬂammation and cartilage/
bone destruction [4, 5].
The mechanism by which synovial
intima macrophages become activated
during RA is not known. One of the
potential candidates are IgG-containing
immune complexes (ICs). They are abundantly found in RA synovial ﬂuid, synovium, and surface layers of the cartilage
[6]. In previous studies we have found that
lining macrophages are of utmost importance in both onset and prolongation of
experimental murine arthritis. When synovial intima macrophages were selectively
depleted from the knee joint either before
induction or during immune complex
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(IC)-mediated arthritides like collagen
type II (CIA) or antigen-induced arthritis
(AIA), onset and course of arthritis was
largely reduced [7-9].
IgG-containing ICs communicate with
lining macrophages using Fcγ receptors
(FcγRs) [10]. In the mouse, three classes
of FcγR have been described. FcγRI and
III are activating receptors and lead to
elevation of intracellular signaling after
binding of ICs [11-12]. The third class is
FcγRII, which can co-ligate with either
FcγRI or FcγRIII, resulting in inhibition
of intracellular signaling [13]. Coordinate
expression of activating and inhibiting
FcγR on synovial lining cells has been
shown to regulate both joint inﬂammation and severe cartilage destruction [10].
The inhibiting FcγRII exists as two isoforms, FcγRIIb1 and FcγRIIb2, differing
by a 47-amino acid insertion in the intracytoplasmatic domain of FcγRII encoded
by the ﬁrst exon of the FcγRII gene [14].
The in vivo role of FcγRII was extensively studied using FcγRII-deﬁcient mice
and it is generally agreed that inhibition
occurs only when FcγRII is co-clustered
with ITAM-bearing receptors [15,16].
The inhibitory function is mediated by
the inositol phosphatase SHIP which associates with the phosphorylated ITIM of
FcγRII via the SHIP SH2 domain [17].
However, in vitro studies also suggested
other biological functions for FcγRII. By
transferring cDNA of both FcγRII isoforms into ﬁbroblastic cell lines which
do not express FcγR, it was found that
FcγRIIb2 is involved in endocytosis and
enhancement of antigen presentation [1820]. FcγRIIb1, which is preferentially expressed in B lymphocytes, lacks immune
internalization properties, yet it inhibits
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B-cell activation and subsequent antibody
production when cross-linked to membrane Ig. This suggests that FcγRII, apart
from inhibiting activating FcγR, may also
have other important functions in vivo.
In the present study, we investigated
the in vivo role of FcγRII, uncoupled
from its function as inhibitor of activating FcγR, in regulating joint inﬂammation and severe cartilage destruction in
models of IC-mediated arthritis using
mice which were made deﬁcient for either
both activating FcγR (FcγRI/III-/-) or all
three FcγR (FcγRI/II/III-/-). We found
that FcγRII is a major regulator of joint
inﬂammation by promoting clearance of
ICs by synovial lining cells. Furthermore
activating FcγR on inﬂammatory cells
appeared to be prerequisites for severe irreversible cartilage destruction.

Material and Methods
Animals
FcγRI and FcγRIII-/- were made deﬁcient for the ligand-binding α-chain of
FcγRI [21] and FcγRIII [22], respectively. FcγRIII-/- were back-crossed to
the C57BL/6 background for 12 generations. FcγRIIb-/- were developed by
Dr.Takai [15] in the 129Ola (H-2b) and
C57BL6 (H-2b) background. FcγRI-/was made in the 129Ola/C57Bl/6 background. FcγRII/III-/- and their controls
(control 1) were developed in the 129Ola/
C57Bl/6 background. Intercrossing led to
FcγRI/II/III-/- in the 129Ola/C57Bl/6/
balb/c (enriched for C57Bl/6), as were
their triple controls (control 2). Control
C57Bl/6 and 129Ola/C57Bl/6 were
derived from Jackson laboratories (Bar

Harbor, ME) and bred in our own facilities. Homozygous mutants and their wildtype (WT) controls, aged 10 to 12 weeks,
were used in the experiments.

Humoral immunity against mBSA
Antibodies of various isotypes (IgG,
IgG1, IgG2a, IgG2b, IgG3) directed
against methylated bovine serum albumin (mBSA) were measured in sera of
individual mice with an enzyme-linked
immunosorbent assay (ELISA). Antigen
was coated on microtiter plates (Greiner,
Alphen a/d Rijn, The Netherlands) at a
concentration of 100 µg/ml. Antibody
titers were assessed by two-fold serial dilution of the sera followed by detection
of bound mouse Ig with 1:500 diluted
peroxidase-conjugated rabbit anti-mouse
Ig (Miles Laboratories Inc., Elkhart, IN).
O-Phenylenediamine (1 mg/ml; Sigma,
St. Louis, MO) was used as substrate for
peroxidase, and the antibody titer was determined by using 50% of the maximal
extinction as an end-point.

Cellular immunity against mBSA
Mouse spleen cells were isolated and
washed in RPMI supplemented with 10%
fetal calf serum, glutamin (2 mM) and
pyruvate (1 mM). Erythrocytes were
lysed by treatment of the cells with an
0.16 M NH4CL solution in 0.17 M Tris,
pH 7.2, for 5 minutes. After two washes
in RPMI, the cells were plated on plastic
T ﬂasks (75 mm 2 ) from Falcon Plastics
(Oxnard, CA). After 60 minutes of incubation at 37oC, the nonadherent cells,
were harvested by aspiration and two 4- to
5-ml RPMI washes of the adherent cells.
Hundred microliter of RPMI containing
1 x 105 T-cell-enriched spleen cells were

placed in each well of a sterile, U-bottomed polystyrene microculture plate
(Costar, Cambridge, MA). Antigens or
mitogens were added in another 100 µl
to give a total volume of 200 µl, and
ﬁnal concentrations of antigen of 50,
25, 12, 6, and 3 µg/ml. Cultures were
maintained at 37 °C in a humiﬁed atmosphere of 2% CO2 for 4 days. Sixteen
hours before harvesting, 1 µCi of [3H]thymidine (6.7 µCi/mmole from New
England Nuclear, Boston, MA) was
added in 25 µl of RPMI. Cultures were
harvested with a cell harvester and [3H]thymidine incorporation was quantiﬁed
using a Micro Beta-plate reader (Perkin,
The Netherlands).

Induction of experimental arthritis
AIA was induced by injecting 60 µg
of mBSA in 6 µl PBS directly into the
knee joints of mice that were previously
immunized with that antigen. Mice
were immunized with 100 µg of mBSA
(Sigma, Zwijndrecht, The Netherlands),
emulsiﬁed in 100 µl Freunds complete adjuvant (CFA). Injections were
divided over both ﬂanks and footpath
of the forelegs. Heat-killed Bordetella
pertussis was administered intraperitoneally as an additional adjuvant. Two
subcutaneous booster injections with
50 µg mBSA/CFA were given in the
neck region one week after the initial
immunization. Two weeks after these
injections, arthritis was induced into
the right knee joint, resulting in chronic
arthritis.
Immune complex arthritis (ICA) was
passively induced in knee joints of mice
[23]. Three microgram of lysozyme in
6 µl were injected directly into the knee
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joint of mice that previously were given
anti-lysosyme antibodies intravenously.
An acute arthritis develops, which became
maximal at day 3 and waned thereafter.
A non-IC-mediated zymosan-induced
arthritis (ZIA) was induced by injecting
180 µg sterilized zymosan in 6 µl PBS
into the knee joint.

Tc Uptake measurements

99m

Joint inﬂammation was measured by
Tc pertechnetate uptake in the knee
joint. This method was shown earlier to
correlate well with histological ﬁndings
[24]. Brieﬂy, mice were injected intraperitoneally with 12 µCi 99mTc and subsequently sedated with chloralhydrate.
Thirty minutes thereafter, gamma radiation was assessed by use of a collimated
Na-I-scintillation crystal with the knee
in a ﬁxed position. Arthritis was scored as
the ratio of the 99mTc uptake in the right
(R) and the left (L) knee joint. R:L ratios
> 1.1 were taken to indicate inﬂammation of the right knee joint.
99m
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Endocytosis and clearance of IgG
immune complexes
Endocytosis and clearance of IgG ICs
were studied both in vivo and in vitro. The
clearance of IgG-containing ICs from arthritic knee joints of FcγRI/II/III-/- and
FcγRI/III-/- mice was studied using antiIgG immunolocalization. In one group,
AIA was induced whereas in a second group
knee joints were injected with 6 µg of
heat-aggregated IgG. The latter was made
by heating rabbit-IgG during 30 minutes
at 61oC. Knee joints were isolated 7 days
after AIA induction or 8 hours after injection of aggregated IgG. Parafﬁn-embedded
total knee joint sections were pretreated
with hyaluronidase ABC and additionally
stained with either goat anti-mouse peroxidase or goat anti-rabbit peroxidase overnight. Induction of the peroxidase product
was detected using diaminobenzidine (0.5
mg/ml). Sections were counterstained with
H&E.

Histology

Isolation of peritoneal macrophages
from mice previously injected with
thioglycolate

Total knee joints were dissected, ﬁxed
in phosphate buffered formalin (pH 7.4),
decalciﬁed in 5% buffered formic acid,
and subsequently embedded in parafﬁn
wax. Semiserial frontal whole knee joint
sections (7 µm) were stained with hematoxylin and eosin (H&E) or safranin
O and fast green. The severity of joint
inﬂammation was determined using an
arbitrary score (0 to 3). Inﬁltrate and
exudate were scored separately. Scoring
was performed in a blinded manner by
two independent observers: 0, no cells; 1,
mild cellularity; 2, moderate cellularity;
3, maximal cellularity.

ICs were preformed by incubating
soluble ﬂuorescein isothiocyanate (FITC)labeled OVA (Molecular Probes, Leiden,
The Netherlands) with 25 µg/ml polyclonal OVA-speciﬁc rabbit IgG (rIgG OVA;
Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 minutes at 37ºC in propylene
tubes. Fifty thousand peritoneal macrophages were added to FACS tubes containing OVA-ICs or soluble OVA and incubated for 15 minutes at 37ºC. Cells were
washed twice and resuspended in presence
of 0.4% (w/v) trypan blue (Sigma-Aldrich),
which quenches extracellular, but not intracellular, ﬂuorescence. Flow cytometry
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was performed with FACScan. The mean
ﬂuorescence value of six measurements is
shown.

Immunohistochemical staining of
myeloid related proteins (MRP)8
and 14
Rabbit anti-sera against recombinant
murine MRP8 (α-MRP8) and MRP14
(α-MRP14) were produced as described
earlier [25]. Monospeciﬁcity of antibodies was analyzed by immunoreactivity
against recombinant MRP8 and MRP14
and Western blot analysis of lysates of
granulocytes [25]. Formalin-ﬁxed sections of knee joints were stained using a
ﬁnal antibody concentration of 1 µg/ml.
Primary antibodies were detected using
peroxidase-conjugated second-stage antibodies against rabbit IgG (Dianova, Hamburg, Germany). Finally, sections were
counterstained with Mayer’s hematoxylin
(Merck, Darmstadt, Germany). MRP8and MRP14-positive cells present in the
joint cavity and synovial lining were
determined and expressed as percentage
of the total cell population, using an arbitrary score (0:0%, 1:1 to 30%, 2:31 to
70%, 3:71 to 100%).

Immunolocalization of MMPinduced neoepitope (VDIPEN)
For immunohistochemical analysis,
sections were deparafﬁnized, rehydrated
and digested with chondroitinase ABC
(Sigma, 0.25 U/ml, 0.1 M Tris-HCL,
pH 8.0) for 1 hour at 37ºC, to remove
chondroitine sulphate from the proteoglycans. Sections were then treated with
1% H 2O2 in methanol for 20 minutes and
subsequently for 5 minutes with 0.1%
(v/v) triton X-100 in PBS. After incuba-

tion with 1.5% (v/v) normal goat serum
for 20 minutes, sections were incubated
with aff init y-purif ied anti-V DIPEN
IgG overnight at 4oC. These antibodies
were kindly provided by Irwin Singer
and Ellen Bayne (Merck Research
Laboratories,Rahway,NJ) and have been
extensively characterized before [26,27].
In addition, sections were incubated with
biotinylated goat anti-rabbit IgG and
binding was detected using avidin-peroxidase staining (Elite kit, Vector Laboratories, Inc., Burlingham, CA). Induction of
the peroxidase product was detected using
nickel enhancement and counterstaining
was performed with orange G (2%) for 5
minutes.

Measurement and characterization
of chondrocyte death
Chondrocyte death was determined
at day 7 after AIA induction in total
knee joint sections stained with H&E.
Chondrocyte death was determined as
percentage of the area of the cartilage
containing empty lacunae in relation to
the total area.

Results
Role of the inhibitory FcγRII in the
absence of activating FcγR during
antigen-induced arthritis
To investigate the role of FcγRII in the
absence of activating FcγR, we induced
AIA in knee joints of FcγRI/III-/- and
FcγRI/II/III-/- mice. As the absence of
FcγR may alter the immunological response against methylated BSA during
immunization of these mice, thereby
impairing the onset and course of arthri-
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Table 1

Cellular and humoral immunity four weeks after immunization with mBSA/CFA

50

WT control
FcγRI/III-/WT control
FcγRI/II/III-/-

Cellular Immunity (SI)
25
12
6

3(1)
5(2)
1(1)
1(0)

5(1)
7(1)
2(1)
4(2)

6(2)
8(1)
5(0)
6(1)

3

7(1) 5(1)
8(0) 5(0)
6(1) 4(1)
7(1) 5(0)

IgG

Humoral Immunity (titer)
IgG1 IgG2a IgG2b IgG3

13(2)
14(2)
17(1)
18(1)

11(1)
13(1)
14(2)
16(2)

12(2)
13(1)
13(1)
15(1)

11(1)
11(1)
14(0)
14(1)

10(1)
11(0)
10(1)
11(2)

Cellular immunity was measured by spleen lymphocyte proliferation and expressed as stimulation index (ratio of T cells stimulated with various concentrations
of mBSA (50, 25, 12, 6, 3 µg/ml) and T cells not stimulated). Values represent the mean ± SD of three groups of 2 mice each. Humoral immunity was measured as
antibody production against mBSA and various isotypes were determined using ELISA. Note that IgG1, IgG2a and IgG3 levels were elevated (2-4 times), whereas
IgG2b was not elevated in both FcγRI/III-/- and FcγRI/II/III-/- when compared to controls.

tis, we ﬁrst tested cellular and humoral
immunity to mBSA, 3 weeks after immunization. Cellular immunity as measured by spleen lymphocyte stimulation
(LST) against various concentrations of
mBSA showed no signiﬁcant differences
between the knockout (KO) and their
controls (Table 1). In addition, humoral
immunity was measured by ELISA. Total
IgG, IgG1, IgG2a, and IgG3 anti-mBSA
levels were two to four times higher,
whereas IgG2b levels were not different
in sera of both immunized FcγRI/III-/and FcγRI/II/III-/- when compared to
their WT controls (Table 1).
Subsequently, AIA was induced and
knee joint swelling was determined at
various time-points after induction. We
found that inﬂammation in arthritic
knee joints of FcγRI/III-/- was signiﬁcantly lower both at day 3 and day
7 when compared to arthritic controls
(Figure 1A). Interestingly, inﬂammation
in arthritic knee joints of FcγRI/II/III-/was not different from that seen in control knee joints both at day 3 and 7 after
AIA induction (Figure 1B).
To further verify these observations,
histology of total arthritic knee joints
was investigated. At day 7 after AIA
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induction, FcγRI/III-/- mice showed
that although IgG2a antibody titers
were much higher, exudate and inﬁltrate was signiﬁcantly lower (90% and
87%, respectively) when compared to
WT controls (Figure 2, A and D, versus
WT control, Figure 2E). In contrast,
at day 7 after AIA induction in knees

Figure 1

Inﬂammation of the knee joint, expressing cellular activation, was determined as R:L ratios of 99mTc uptake at various days (3 and 7) after injection
of 60µg mBSA in the right knee joints of mBSA-immunized FcγRI/III-/- (A)
and FcγRI/II/III-/- mice(B). In the left knee joints PBS was injected. Values
represent the mean ± SD of 7 mice. Data were evaluated using the Wilcoxon
rank test (*, P< 0.05). Note that swelling was almost absent in knee joints of
arthritic FcγRI/III-/-, whereas similar joint inﬂammation was found in arthritic
FcγRI/II/III-/-.

FcγRII regulation of joint inﬂammation is speciﬁc for immune
complexes

Figure 2

Frontal sections of knee joints 7 days after induction of AIA in FcγRI/III-/- (A),
FcγRI/II/III-/- (B) and their wild-type controls 1 and 2. The amount of cells
present in the synovium (inﬁltrate) and in the knee joint cavity (exudate)
was determined using an arbitrary scale from 0 to 3: 0, no cells; 1, minor; 2,
moderate; 3, maximal. The amount of cells was determined independently by
two blinded observers. Data are the mean of 7 mice. Signiﬁcance was tested
using the Wilcoxon rank test (*, P<0.05). Original magniﬁcation of the photographs is 100X.F, femur; P, patella. Note the signiﬁcantly lower inﬂammatory
cell mass in knee joints of FcγRI/III-/- (A and D versus WT control C) and the
signiﬁcantly higher cell mass in FcγRI/II/III-/- knee joints (B and F versus WT
control E) when compared to WT controls.

of FcγRI/II/III-/-, joint inﬂammation
appeared to be markedly higher when
compared to their controls (exudate and
inﬁltrate were respectively 200% and
120% higher (Figure 2, B and F versus
WT control, Figure 2E)), suggesting
that FcγRII is an important regulator
of joint inﬂammation in the absence of
activating FcγR.

To further investigate whether FcγRII
regulation of joint inﬂammation in the
absence of activating FcγR is speciﬁc for
ICs (and not, for example, by T cells also
involved in AIA), we induced arthritis
solely by ICs. ICA was passively induced
by injecting lysozyme in knee joints of
mice that were previously given anti-lysozyme antibodies. Histology taken at day
3 after arthritis induction showed that
joint inﬂammation was almost completely
prevented in FcγRI/III-/-, whereas substantial arthritis was found in their WT
controls (Figure 3A). When ICA was
induced in knee joints of FcγRI/II/III-/-,
the inﬂammatory cell mass as measured
at day 1 and 3 was in line with that found
in AIA, again signiﬁcantly higher when
compared to WT controls. At day 1, exudates and inﬁltrate were 310% and 60%,
respectively (Figure 3B), and at day 3,
2200% and 270% higher (Figure 3C).
To further substantiate the speciﬁcity
for ICs, we additionally injected zymosan
in the knee joints of FcγRI/II/III-/-. The
inﬂammatory cell mass measured at day
3 after ZIA induction was not different
from controls, suggesting that knee joints
of these mice develop a normal inﬂammatory response after injection with zymosan (Figure 3D).

FcγRII is involved in efﬁcient
endocytosis and clearance of ICs
One of the reasons why joint inﬂammation is elevated in FcγRI/II/III-/- mice
may be an impaired endocytosis and clearance of ICs from the joint.
To investigate whether FcγRII is in-
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Figure 3

Inﬂammatory cell mass in knee
joints, 3 days after induction of ICA in
FcγRI/III-/- (A), 1 and 3 days after ICA in
FcγRI/II/III-/- (B and C) or 3 days after
induction of zymosan-induced arthritis (D) in FcγRI/II/III-/- and their WT
controls 1 and 2. Data are the mean of
7 mice. Signiﬁcance was tested using
the Wilcoxon rank test (*, P<0.05).
Original magniﬁcation of the photographs is X 100.F, femur; P, patella.
Note the signiﬁcantly lower inﬂammatory cell mass after ICA induction
in knee joints of FcγRI/III-/- (A) and the
signiﬁcantly higher cell mass at day
1 and 3 in FcγRI/II/III-/- knee joints (B
and C) and the comparable cell mass at
day 3 after ZIA (D) when compared to
WT controls.

volved in endocytosis of IgG containing
ICs, we ﬁrst investigated the presence of
murine IgG, localized within the arthritic
joints at day 7 after AIA induction using
immunolocalization. No signiﬁcant differences in IgG deposition was found in
the knee joints of FcγRI/III-/- mice and
their WT controls, suggesting an effective
clearance of IgG containing ICs in the

Figure 4

Presence of IgG-containing ICs, detected by immunolocalization, in knee
joints of various KO mice, 7 days after induction of antigen-induced arthritis.
Note that IgG is present in large amounts in arthritic FcγRI/II/III-/- knee joints
when compared to their WT controls (D versus WT control C). No diﬀerence
in amounts of IgG was found in arthritic knee joints of FcγRI/III-/- when compared to their controls (B versus WT control A). Original magniﬁcation, X 100.
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presence of only FcγRII (Figure 4B versus
WT control, Figure 4A). In contrast, arthritic knee joints of FcγRI/II/III-/- contained large amounts of IgG, suggesting
that removal of ICs is retarded (Figure
4D versus WT controls, Figure 4C). To
conﬁrm this ﬁnding, heat-aggregated
IgG was injected in the knee joints of
FcγRI/III-/- and FcγRI/II/III-/- mice and
their WT controls. Immunolocalization
of IgG showed that 8 hours after injection signiﬁcantly more IgG was detected
in FcγRI/II/III-/- knee joints which was
mainly bound to the synovial lining layer
(Figure 5D versus WT control, Figure
5E). Similar intensity of staining was
found when aggregated IgG was injected
in knee joints of FcγRI/III-/- and their
controls (Figure 5B versus WT control,
Figure 5A).
To further analyze FcγRII function
on macrophages, thioglycollate-induced
peritoneal macrophages were isolated.
When macrophages expressing only
FcγRII (FcγRI/III-/-) were pre-incubated
with pre-formed FITC-labeled OVA-IgG
ICs, prominent endocytosis was found

Figure 5

Presence of heat-aggregated IgG detected by immunolocalization, 8 hours
after injection in knee joints of various KO mice. Heat-aggregated rabbit IgG
is less eﬃciently cleared (arrow) when injected in FcγRI/II/III-/- knee joints in
comparison to WT controls 2 (D versus WT control C). No diﬀerences are found
between knee joints of FcγRI/III-/- and their WT controls (B versus WT control
A). Original magniﬁcation, X 100.

not different from control macrophages
(Figure 6B versus control, Figure 6A). Interestingly when FcγRII was also absent
(FcγRI/II/III-/-), endocytosis of ICs was
completely prevented (Figure 6C versus
control, Figure 6A).

tion, we determined the pro-inﬂammatory phenotype of the inﬁltrated cells. In
FcγRI/II/III-/- mice, the inﬁltrated cells
in the arthritic joint displayed an activated
phenotype, according to high expression
of MRP8 and 14 (respectively 47% and
92%: Figure 7, A and C versus WT control, Figure 7B), whereas inﬁltrated cells
in the joints of FcγRI/III-/- mice failed to
express these activation markers (data not
shown). In fact this implies that FcγRII
can prevent cellular activation even in the
absence of FcγRI/III.

Activated inﬂammatory cells in the
absence of activation FcγR fail to
induce severe cartilage destruction
As the majority of the inﬁltrated cells
in the FcγRI/II/III-/- knee joints were
activated, we additionally investigated

Type and activation state of inﬂammatory cells in arthritic knee joints
of FcγRI/II/III-/- mice
To further analyze the composition of
the inﬂammatory cell mass within the arthritic FcγRI/II/III-/- knee joint, we next
investigated the type and activation state of
the inﬂammatory cells using immunolocalization. PMN and monocyte/macrophage
ratios were determined by immunolocalization using NIMP-R14, which stains
PMN speciﬁcally. At day 7 after AIA induction in FcγRI/II/III-/- knee joints, the
majority of inﬂammatory cells appeared
to be monocytes (ratio monocytes/PMN
60-40) and no differences were found
between KO and their controls. In addi-

Figure 6

Endocytosis of soluble ﬂuorescent ovalbumin–IgG ICs by peritoneal macrophages derived from FcγRI/III-/- and FcγRI/II/III-/-. Note that ICs are eﬃciently
endocytosed by macrophages expressing only FcγRII (FcγRI/III-/-) not different from controls (B versus WT control A). When macrophages missing
all FcγR (FcγRI/II/III-/-) were used, endocytosis of ICs was blocked (C versus
WT control A). Peritoneal macrophages of WT littermates of FcγRI/III-/- and
FcγRI/II/III-/- were used as controls. As uptake of IC by both control cells was
similar, only control cells of FcγRI/II/III-/- are shown. MFI, mean ﬂuorescent
intensity. Data are the mean of three diﬀerent experiments. Signiﬁcance was
tested using the Wilcoxon rank test (*, P<0.05).
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Figure 7

Expression of activation markers MRP8 and 14 in synovial lining and joint
cavity in FcγRI/II/III-/- and their WT controls at day 7 after AIA induction. Note
the signiﬁcantly higher expression of both MRP8 (A and C versus WT control
B) and MRP14 (A). Data are the mean of 7 mice. Signiﬁcance was tested using
the Wilcoxon rank test (*, P<0.05). Original magniﬁcation, X 400.

whether these cells were capable of inducing severe cartilage destruction like metalloproteinase (MMP)-induced damage
and chondrocyte death. MMPs are crucial
in degradation of aggrecan and collagen,
leading to irreversible cartilage destruction. MMPs degrade aggrecan leaving the
C-terminal ending with the amino acid
sequence VDIPEN which can be detected
by speciﬁc antibodies around day 5 after
induction of AIA [27]. For this reason,
AIA day 7 was taken to detect VDIPEN
expression in the cartilage matrix.
The amount of VDIPEN was measured by determining the percentage of
the area of cartilage expressing VDIPEN.
In most investigated knee joints of WT
mice injected with 60 µg of mBSA,
VDIPEN staining was found particularly
in the cartilage layers of tibia and femur
(Figure 8, A, C, and E). In arthritic knees
of FcγRI/III-/-, VDIPEN expression was
completely absent when compared to
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WT controls (Figure 8, A and D, versus
WT control, Figure 8C). Interestingly, in
FcγRI/II/III-/- arthritic joints, although
much more joint inﬂammation was found
which abundantly expressed the activation
markers MRP8 and 14, VDIPEN was virtually absent when compared to arthritic
controls (Figure 8, B and F, versus WT
control, Figure 8E). This conﬁrms again
that only activating FcγR mediate severe
cartilage destruction and that this prerequisite also holds in condition of abundant
inﬂammatory cell inﬂux showing an activated phenotype.
In addition, chondrocyte death was
measured by determining the percentage
of the area of cartilage with empty lacunae.
Chondrocyte death varied between 5% to
40% in various cartilage layers of the WT
arthritic knee joints (Figure 9, A, C, and
E). Chondrocyte death was absent in arthritic FcγRI/III-/- knee joints (Figure 9,
A and D, versus WT control, Figure 9C).
Again in arthritic FcγRI/II/III-/-, despite
its high joint inﬂammation, chondrocyte
death was completely absent (Figure 9, B
and F, versus WT control, Figure 9E).

Discussion
The in vivo role of FcγRII has been
extensively studied using FcγRII-deﬁcient mice. Induction of IC-mediated
inﬂammation within these mice caused a
signiﬁcantly elevated inﬂammation when
compared to controls. In general, the
function of FcγRII as a major inhibitor of
the activatory FcγR is highlighted. In the
present study, we demonstrate that in the
absence of activating FcγR, the inhibiting FcγRII still functions as an important

Figure 8

Figure 9

Expression of VDIPEN neoepitopes in knee joints of FcγRI/III-/- (A),
FcγRI/II/III-/- (B) and their WT controls 1 and 2, 7 days after AIA induction.
VDIPEN staining was determined in various cartilage layers of the knee
joint (P, patella; MF, medial femur; MT, medial tibia; LF, lateral femur; LT,
lateral tibia). VDIPEN was expressed as percent positive staining of the
total cartilage area. VDIPEN staining was almost absent in arthritic knee
joints of both FcγRI/III-/- (A and D versus WT control C) as in FcγRI/II/III-/(B and F versus WT control E). Data represent the mean ± SD of 7 mice and
were statistically evaluated using the Wilcoxon rank test. * P<0.05.

Measurement of chondrocyte death in cartilage layers of knee joints of
FcγRI/III-/- (A), FcγRI/II/III-/- (B) and their WT controls 1 and 2, 7 days after
AIA induction. Chondrocyte death was determined in various cartilage
layers of the knee joint ( MF, medial femur; MT, medial tibia; LF, lateral
femur; LT, lateral tibia). Chondrocyte was expressed as percent empty lacunae (arrows in C and E) of the total cartilage area. Note that chondrocyte
death was signiﬁcantly lower in both FcγRI/III-/- (A and D versus WT control
C) as in FcγRI/II/III-/- (B and F versus WT control E). Data represent the mean
± SD of 7 mice and were statistically evaluated using the Mann-Whitney
U-test. * P<0.05.

down-regulator of synovial inﬂammation,
which might be related to IC clearance
and complement activation.
FcγRII, in the abscence of activating
FcγR signiﬁcantly reduced joint inﬂammation during T cell-mediated AIA.
One of the explanations may be an altered T cell response. FcγR are expressed
on precursors of T cells [28] and the absence of these receptors may have had
an impact on the development of T cell
reactivity and may explain the markedly
elevated anti-mBSA IgG2a antibody re-

sponses in both immunized FcγRI/III-/as FcγRI/II/III-/-. However anti-mBSA
T cell responses were found not to be signiﬁcantly different and this may indicate
that FcγRII present on resident synovial
lining macrophages may be more important in regulating joint inﬂammation.
To further substantiate the involvement of FcγRII on synovial macrophages,
arthritis was induced by local deposition
of IC within the joint. In that model, arthritis is regulated by lining macrophages
and not by T cells [23]. Comparable to
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that seen in AIA, FcγRII, in the absence
of activating FcγR, again strongly reduced
joint inﬂammation. The FcγRII dependency appeared to be IC-speciﬁc since injection of zymosan directly into the knee
joint of FcγRI/II/III-/- caused similar
joint inﬂammation than when injected in
WT and thus indicates that the joints of
these mice develop a normal inﬂammatory response on non-IC triggers.
The most plausible function of FcγRII
in joint inﬂammation in the abscence of
activating FcγR is its role in clearance of
IgG-ICs from the joint. Clearance of ICs
is largely regulated by synovial lining cells
and its efﬁciency is highly correlated to
development of arthritis [29]. IgG-containing ICs activate complement. In the
mouse IgG2a and IgG3 mediate complement via the classical pathway [30],
whereas IgG1, when attached to cartilage
layers uses the alternative pathway [31].
Co-dominance between complement
and FcγR has previously been described
[32]. Efﬁcient removal of these ICs from
the joint may lower the amount and
course of complement activation within
the joint, thereby lowering onset and/or
prolongation of arthritis. This is in line
with studies that show that complement is
especially important in the onset, whereas
at later time-points inﬂammation is more
FcγR-mediated [33].
Within the joint, macrophages are crucial in clearance and endocytosis of ICs. In
earlier in vitro studies using cDNA transfection, it was found that FcγRII mediates
internalization and lysosomal degradation
of IgG-antigen complexes [34,35]. In
line with that, we now ﬁnd that peritoneal macrophages from KO mice, which
only express FcγRII and no activating
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FcγR, are still able to endocytose soluble
ovalbumin-IgG complexes not different
from controls, whereas in the absence of
all FcγR, endocytosis is almost completely
blocked. Moreover, when ICs were injected directly into the joint, clearance and
endocytosis by lining cells were strongly
retarded in the FcγRI/II/III-/-. This suggests that in vivo FcγRII is a major receptor for endocytosis. In vivo studies using
FcγRII-deﬁcient mice have shown that
FcγRII inhibited phagocytosis and clearance, and this was explained by inhibiting activating FcγR [36]. We now clearly
demonstrate for the ﬁrst time that in vivo,
FcγRII also reduces inﬂammation by accelerating IC clearance and endocytosis.
In contrast to our study, Mathis et al [31]
found no involvement of FcγRII in the K/
BXN serum transfer arthritis model. One
explanation may be that arthritis within
this model is regulated by anti-GPI antibodies of only the IgG1 isotype. These
antibodies preferentially bind to FcγRIII
which may largely be responsible for ICremoval within this model.
Removal of ICs from the joint is a
combined action of leakage through the
pores of the lining layer into the draining
lymph vessels and lymph nodes, and binding and endocytosis by synovial lining
cells. Synovial intima macrophages ﬁrst
meet these ICs and have been shown to be
crucial in both onset as well as propagation of synovial inﬂammation [8,37]. This
in contrast to synovial intima ﬁbroblasts
which fail to express FcγR. Activation of
lining cells forms one of the crucial events
in arthritis development. Transfer of early
activated lining cells appeared to be sufﬁcient to induce arthritis in normal rats
[38].

It is generally accepted that FcγRII
acts by coligating with activatory FcγRIII
and probably also with FcγRI eventually leading to inactivation of synovial
macrophages and reduced production of
cytokines and chemokines [16]. In the
present study we ﬁnd that in the absence
of all FcγR, IgG-ICs when injected into
the joint still bind to intimal synovial
cells. Moreover these cells express abundant MRP8/14 indicating that they still
become activated and likely produce sufﬁcient pro-inﬂammatory factors leading to
pronounced joint inﬂammation. As FcγR
are absent, ICs may bind to other receptors. A good candidate may be the promiscuous complement receptor 3 (CR3) [39].
The complement splitting product C3bi
tightly binds to various antibody isotypes
involved in IC formation [40]. C3bi may
form the link between ICs and binding
to the CR3 receptor on macropages not
expressing FcγR and may mediate intracellular signaling leading to activation of
the intimal macrophage.
The amount of inﬂammatory cell mass
within an inﬂamed joint is often related
to severe cartilage destruction. In the
present study, we found a remarkable uncoupling between joint inﬂammation and
severe cartilage destruction like MMPmediated damage and chondrocyte death.
Severe cartilage destruction seen during
IC-mediated arthritides is mediated by
metalloproteinases, which are released by
chondrocytes in a latent pro-form within
the cartilage matrix. Interleukin-1 appeared to be the master cytokine regulating MMP production by the chondrocyte
[41]. Large amounts of inactive MMPs
accumulate within the cartilage matrix
and on activation lead to destruction of

the collagen type II network and the proteoglycans embedded within this matrix
[42]. The factors needed for this activation step are still unknown.
As inﬂammatory cells are capable of
mediating activation of latent MMPs
inside the cartilage matrix [43], the way in
which these cells become activated within
the joint seems crucial and recent studies
by our lab suggest that activating FcγR
are of utmost importance [10,21,44].
Binding of IC to activating FcγR (especially FcγRI) on macrophages may lead
either to a higher production of MMPactivating factors or promote generation
of mediators which inhibit these factors.
MMP-activating factors may be other
MMP [45], enzymes like plasmin [46],
EMPRINN [47], or oxygen radicals [48],
which all have been shown to possess
the capacity of activating latent MMPs.
Oxygen radicals have been shown to be
abundantly released by macrophages after
IC binding to FcγRI [49] and may explain
the clear chondrocyte death seen during
IC-mediated arthritis. In the absence of
FcγRI, chondrocyte death was completely
absent [10, 44] at day 7 after AIA induction. In contrast, FcγR binding may also
lead to a rise in inhibitors like TIMPs,
which may efﬁciently reduce MMP-mediated cartilage destruction.
When inﬁltrating cells are activated by
bacterial or yeast cell walls when injected
into the knee joint of mice, although a
pronounced inﬂammation developed,
MMP-mediated cartilage destruction nor
chondrocyte death was detected [27]. Although these cells express an inﬂammatory phenotype, the released factors were
incapable of activating latent MMP which
were found in large amounts within the
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cartilage layers of the joint [27]. In line
with this we now ﬁnd that in knee joints of
arthritic triple KO, despite abundant joint
inﬂammation, no VDIPEN epitopes nor
chondrocyte death was observed. Like in
the non-IC arthritis, the inﬁltrated cells
despite expressing an inﬂammatory phenotype were incapable to activate MMPs.
This again conﬁrms that FcγR activation
is a prerequisite for inducing irreversible
cartilage destruction.
The present study underlines that activating FcγR are crucial in induction
of severe cartilage destruction and that
FcγRII is an important inhibiting receptor which regulates both chronic joint
inﬂammation as well as cartilage destruction during arthritis. FcγRII may be a
powerful inhibitor to prevent both synovial inﬂammation and cartilage destruction and its overexpression may form a
new therapeutic tool to combat the severe
pathogenicity of ICs involved in RA.
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Coordinate expression of activating Fcγ receptors I and III
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Objective: To study the role of the activating Fcγ receptor types I and III (FcγRI
and FcγRIII, respectively), and the inhibiting Fcγ receptor (FcγRII) in inﬂammation and in various aspects of cartilage destruction during arthritis that is solely
induced by immune complexes.
Methods: Immune complex-mediated arthritis (ICA) was passively induced by lysozyme-antilysozyme complexes in FcγRI-, FcγRIII-, and FcγRII-knockout mice
and their wild-type controls. Total knee joint sections were isolated to study
inﬂammation and cartilage destruction (loss of proteoglycans (PG), chondrocyte death, matrix metalloproteinase (MMP)-mediated neoepitope expression
(VDIPEN), and erosion). The presence of an active phenotype of macrophages was studied by detection of myeloid-related proteins 8 and 14 (MRP8 and
MRP14, respectively).
Results: Inﬂux and activation of inﬂammatory cells (MRP expression) during ICA
was decreased in FcγRIII-deﬁcient mice and enhanced in mice lacking FcγRII.
Mild cartilage destruction reﬂected by loss of proteoglycans was consistent with
the degree of inﬂammation. Mice lacking FcγRIII showed almost no PG depletion, whereas in FcγRII-/- mice, PG depletion was increased 3-7- fold in various
cartilage areas. Initiation of erosive cartilage destruction, as reﬂected by MMPmediated VDIPEN expression was reduced in FcγRIII-/- and FcγRI-/- mice, directing the two different critical steps of cellular inﬂux and subsequent activation.
These aspects were enhanced in FcγRII-/- mice. In FcγRI-/- and FcγRIII-/- mice,
VDIPEN expression was 90 – 99% lower, whereas in FcγRII-/- mice, VDIPEN expression was increased 4-fold. Chondrocyte death was reduced in FcγRIII-/- mice
(68% lower) and enhanced in FcγRII-/- mice (6-12-fold higher). Progression of
arthritis and erosion of the cartilage surface were markedly elevated in FcγRII-/arthritic joints.
Conclusion: During ICA, FcγRIII is the dominant activating receptor mediating
joint inﬂammation, whereas both FcγRI and FcγRIII are involved in cartilage
destruction. FcγRII inhibits both joint inﬂammation and severe cartilage destruction during IC-mediated arthritis.

IgG-containing immune complexes
(ICs) are found in the serum and joint
tissue of most patients with rheumatoid arthritis (RA) [1,2] but the role of
these complexes in the pathogenicity
of this disease is still a matter of debate.
ICs can communicate via Fcγ receptors
(FcγRs). These receptors are expressed
on macrophages residing within the

intima layer, which covers the inside of
normal diarthrodial joints. Furthermore,
they are present on other hematopoietic
cells, which inﬁltrate into the synovium
during arthritis [3-5]. In mice, FcγRs are
divided into three classes: the high-afﬁnity activating FcγRI (CD64), the low-afﬁnity inhibitory FcγRII (CD32) and the
low-afﬁnity activating FcγRIII (CD16)
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[6]. FcγRI and FcγRIII are multimeric
receptors containing both a ligand-binding α-subunit and the associated signaling
subunit, the immunoreceptor tyrosinebased activation motif (ITAM)-containing γ-chain. FcγRII is a single subunit
receptor containing the immunoreceptor
tyrosine-based inhibitory motif (ITIM)
[7]. The latter suppresses B cell, mast cell,
neutrophil, and macrophage activation
triggered by cross-linking B cell receptor
(BCR) or activating FcγRs [8].
During experimental arthritis passively induced by lysozyme-antil-ysozyme
ICs (immune complex-mediated arthritis
(ICA)), a prominent inﬂammatory cell
mass in the synovial layer and joint cavity
and severe cartilage destruction are found
[9]. Cartilage destruction starts with proteoglycan (PG) depletion, which is a reversible process, followed by irreversible
collagen ﬁber degradation. The matrix
metalloproteinases (MMPs) stromelysin
and collagenase, which generate speciﬁc
cleavage sites within the matrix molecules,
are involved in this process [10-12], and
blocking of interleukin-1 (IL-1) prevents
erosive damage [13]. MMPs are secreted
in an inactive form by IL-1-stimulated
chondrocytes and stored within the cartilage matrix, and become active after
further cleavage [14]. This process is still
poorly understood, but MMP activation is
primarily found in those arthritis models
in which ICs are present and in which
synovial lining macrophages are crucial
in cartilage pathology [15-17]. The lining
macrophages meet ICs formed in the joint
cavity and their depletion prevents arthritis. It suggests that the Fcγ receptor balance on the membrane of these cells may
determine the severity of inﬂammation
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and destruction.
Recently, we found that activating
FcγRs play an important role in ICA. After
induction of arthritis in the knee joints of
FcR γ-chain-deﬁcient mice (which fail to
express functional activating FcγR), inﬂammation and cartilage destruction were
completely absent [18]. FcγR dependency
in IC-mediated inﬂammation varies in
different body compartments. FcγRIII is
the dominant FcγR involved in inﬂammation in the kidney [19] and in the skin
[20], whereas FcγRI is dominant in peritonitis [21]. Type II collagen-induced
arthritis (CIA) was absent in FcR γ-chaindeﬁcient mice [22]. Although the γ-chain
is not only present in activatory FcγR but
also in FcεR, this study strongly indicates
that FcγRI and/or III are involved during
CIA [22]. Intriguingly, we found in a T
cell mediated antigen-induced arthritis
model that FcγRI was involved in cartilage destruction but not in joint inﬂammation [23,24].
To evaluate a distinct role of FcγRI
and FcγRIII in joint inﬂammation and
cartilage destruction during arthritis
solely induced by ICs, we elicited ICA in
the recently generated, selective FcγRI-,
FcγRIII-, and FcγRII-deﬁcient mice and
their wild-type controls. Joint inﬂammation and cartilage destruction were investigated by histologic analysis of total knee
joints. Macrophages were studied by the
expression of myeloid-related proteins 8
and 14 (MRP8 and MRP14, respectively),
which are two calcium-binding proteins
that characterize a proinﬂammatory cell
population [25,26]. Cartilage destruction
was measured by expression of MMP-induced aggrecan neoepitopes (VDIPEN),
chondrocyte death, and erosion of the car-

tilage matrix. It was found that FcγRIII
determines the inﬂammation in ICA,
whereas both FcγRI and FcγRIII are involved in irreversible cartilage destruction.
Moreover, FcγRII inhibits both the severity of inﬂammation and the destruction
of cartilage, suggesting that therapeutic
overexpression of FcγRII during arthritis
can be protective against development of
inﬂammation and cartilage damage.

Material and Methods

free saline in the knee joints of mice
that had previously (16 hours earlier)
received, intravenously, polyclonal antibodies directed against lysozyme. The
latter antibodies had been raised in rabbits. A moderate arthritis developed
in the mice, which was characterized
by inﬂux of polymorphonuclear cells,
apparent joint swelling, and cartilage
destruction as demonstrated by PG depletion and MMP-mediated cartilage
damage [9].

Histology of arthritic knee joints
Animals
FcγRI-/- mice, which were lacking the
α-chain of FcγRI, were generated (by SV)
and were backcrossed to the BALB/c background for 6 generations [27]. FcγRIII-/mice, which lack the α-chain of FcγRIII
(generated by SV), were backcrossed to
the C57Bl/6 background for 12 generations [28]. FcγRII-/- mice were developed
by Dr. Toshiyuki Takai [29] in the 129 SV
(H-2b) and C57Bl/6 (H-2b) background.
Control C57Bl/6 and 129SV / C57Bl/6
hybrids were derived from Jackson laboratories (Bar Harbor, ME, USA) and bred
in our own facilities. BALB/c mice were
obtained from Charles River Institute
(Sulzfeld, Germany). Homozygous mutants and their wild-type controls (10-12
weeks old) were used in the experiments.
Mice were fed a standard laboratory diet
and tapwater ad libitum. Ethical approval
was obtained from the local research ethics
committee.

Induction of ICA
ICA was passively induced by injecting 3 µg of a cationic antigen (lysozyme
coupled to poly-L-lysine) in 6 µl pyrogen-

Total knee joints of mice were isolated at days 1, 3, and/or 7 after induction of arthritis. For standard histology,
tissue was ﬁxed in 4% formaldehyde, decalciﬁed in formic acid and subsequently
dehydrated and embedded in parafﬁn.
Parafﬁn sections (7 µm thick) were
mounted on SuperFrost slides (MenzelGläser, Braunschweig, Germany).
Hematoxylin and eosin staining was
performed to study joint inﬂammation.
Inﬁltrate and exudate were scored separately. The severity of inﬂammation in
the knee joints was determined using an
arbitrary score (0-3). Scoring was performed in a blinded manner by two independent observers (0: no cells, 1: mild
cellularity, 2: moderate cellularity, and
3: maximal cellularity).
To study PG depletion from the cartilage matrix, sections were stained with
safranin O followed by counterstaining
with fast green. Depletion of PG (loss
of red staining) from various cartilage
layers (patella and femur) was determined using an arbitrary scale from 0-3.
Normal cartilage was scored 0, whereas
cartilage fully depleted of proteoglycans

Fcγ receptors in immune complex arthritis

71

was scored the maximum value of 3.
Chondrocyte death was examined by
determining the amount of empty lacunae
in the cartilage, and results were expressed
as a percentage of the total amount of cells
(empty lacunae and viable chondrocytes).
Erosion was deﬁned as rufﬂing of the
cartilage surface and expressed as the
percentage of impaired cartilage surface
of the total cartilage. In all experiments,
these variables were scored separately
and independently.

Immunohistochemical staining for
MRP8 and MRP14
Formalin-ﬁxed sections of knee joints
were prepared as described above. Rabbit
antisera against recombinant murine
MRP8 (anti-MRP8) and MRP14 (antiMRP14) were produced as described
previously [30]. The monospeciﬁcity of
the antibodies was analyzed by immunoreactivity against recombinant MRP8
and recombinant MRP14 and Western
blot analysis of lysates of granulocytes
[30]. Sections were stained as described
previously [30], using a ﬁnal antibody
concentration of 1 µg/ml. Primary antibodies were detected using peroxidaseconjugated second-stage antibodies
against rabbit IgG (Dianova, Hamburg,
Germany). Isotype-matched antibodies
without relevant speciﬁcity were used
as negative controls (Dianova, Hamburg, Germany). Finally, sections were
counterstained with Mayer’s hematoxylin (Merck, Darmstadt, Germany). The
presence of MRP8- and MRP14-positive cells present in the joint cavity and
synovial lining was determined and expressed as a percentage of the total cell
population, using an arbitrary score (1:
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1 – 30%, 2: 31 – 70%, 3: 71 – 100%).

Immunohistochemical VDIPEN
staining
Sections were digested with proteinase-free chondroitinase ABC (0.25
units/ml in 0.1 M Tris HCl, pH 8.0;
Sigma, Zwijndrecht, The Netherlands)
for 2 hours at 37ºC to degrade hyaluronan and remove chondroitin sulfate
from the PGs. Subsequently, sections
were treated with 1% H 2O2 in methanol
for 20 minutes and with 0.1 % Triton
X-100 in phosphate buffered saline for
5 minutes. After being incubated with
1.5 % normal goat serum for 20 minutes,
the sections were incubated overnight
at room temperature with afﬁnity-puriﬁed rabbit anti-VDIPEN IgG. This
antibody has been extensively characterised [31-33]. The anti-VDIPEN antiserum detects the VDIPEN C-terminal neoepitope of aggrecan generated by
MMPs. As a control, afﬁnity-puriﬁed
rabbit IgG was used. In addition, sections were incubated with biotinylated
goat anti-rabbit IgG, the binding of
which was detected with biotin-streptavidin-peroxidase staining (Elite kit;
Vector, Burlingame, CA). Induction of
the peroxidase staining was detected
using nickel enhancement. Counterstaining was performed with orange G
(2%). Areas of immunostaining were
expressed as a percentage of the total
cartilage surface.

Statistical analysis
Signiﬁcance was tested using the
Wilcoxon rank test. P values less than
0.05 were considered signiﬁcant. Results are expressed as the mean ± SD.

Figure 1

Cellular inﬁltration (arbitrarily scored 0 – 3, with 3 being maximal cellularity) in frontal sections of whole knee joints in Fcγ receptor I-, II-, and III-deﬁcient
(FcγRI-/-, FcγRII-/-, and FcγRIII-/-, respectively) mice and their wild-type (WT) controls at various days after immune complex-mediated arthritis (ICA) induction.
Bars show the mean and SD of 10 animals for FcγRI-/- at day 3 (A), FcγRIII-/- at day 1 (B) and at day 3 (C), and FcγRII-/- at day 3 (D) and day 7 (E). Note the signiﬁcantly
lower inﬁltrate and exudate in FcγRIII-/- both at day 1 (B) and at day 3 (C) versus WT controls (also in I versus H), whereas comparable cell mass was found in
FcγRI-/- and WT controls at day 3 after ICA induction (A and in G versus F). Signiﬁcantly higher inﬁltrate and exudate were found in FcγRII-/- versus WT controls at
day 3 (D and in K versus J) and at day 7 (E) after ICA induction. * = P < 0.05 versus WT controls, using the Wilcoxon rank test. P = patella; F = femur, S = synovial
lining, JS = joint space. (Original magniﬁcation x 100 in F-K).
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Results
Determination of joint inﬂammation
of ICA by FcγRIII
Recently, we found that mice lacking both of the functional activating
receptors FcγRI and FcγRIII failed to
develop synovial inﬂammation after
induction of the passively induced ICA
[18]. To investigate the relative role of
the two activating receptors, ICA was
induced in knee joints of recently generated, selective FcγRI-/- or FcγRIII-/mice, and their wild-type controls.
Total knee joint sections obtained 3
days after ICA induction showed mild
inﬂammation (both inﬁltrate in the synovium and exudate in the joint cavity)
in FcγRI-/- mice, which did not differ
from that in their wild-type controls
(Figure 1A, 1F, and 1G).
Interestingly, when ICA was induced
in knee joints of FcγRIII-/- mice, markedly less cell inﬂux was evident at day
3 in the synovial layer and joint cavity
compared with that in their wild-type
controls (Figure 1C, 1H, and 1I). This
difference was already apparent at day
1 (Figure 1B), suggesting that, in addition to the role of complement, FcγRIII
plays a crucial role not only in the sustained inﬂammatory response, but also
in the early onset of ICA.
In addition to cellular inﬁltration,
joint swelling was measured as the
extent of cellular activation, using 99mTc
uptake. A signiﬁcant reduction in joint
swelling was evident in FcγRIII-/- arthritic joints, both at day 1 (mean ± SD
ratio of right paw to left paw measurements (R/L), wild-type controls 1.27 ±
0.01 versus FcγRIII-/- mice 1.17 ± 0.03) and
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at day 3 (R/L ratio wild-type controls
1.20 ± 0.04 versus FcγRIII-/- mice 1.05
± 0.01).

Enhancement of ICA by FcγRII
deﬁciency
Earlier studies revealed that crosslinking of the inhibiting FcγRII to the
activating FcγRs inhibits the intracellular signaling, thereby inhibiting cell
activation [7]. Our results show, for the
ﬁrst time, that this inhibition also occurs
in vivo in passive ICA. In wild-type
controls, a moderate joint inﬂammation
was observed at day 3 (Figure 1D and 1J),
which waned rapidly, and at day 7, hardly
any inﬂammatory cells were found
(Figure 1E). In contrast, FcγRII-/- mice
showed a signiﬁcantly enhanced joint
inﬂammation at day 3, with 300% more
inﬁltrated cells than their wild-type controls (Figure 1D and 1K). Moreover, inﬂammation did not wane and remained
as severe until day 7 (Figure 1E).

Control studies
A complicating observation was the
large variability in severity of ICA in the
various wild-type controls, which unfortunately were not in a fully identical
genetic background. Earlier work identiﬁed major differences in the levels of
FcγR expression in closely related mouse
strains, which probably underlie these
variations. Although the ﬁndings in the
various knockout were all relative to their
genetically identical wild-type controls,
it was reassuring to note that we did not
ﬁnd any differences in arthritis between
the knockout mice and controls when
zymosan was injected in the joint as a
general inﬂammatory trigger (data not

Figure 2

Localization of myeloid-related protein 8 (MRP8) in the synovial lining and joint cavity at day 3 after ICA induction in FcγRI-/- (B), FcγRIII-/- (D), and FcγRII-/- (F)
mice versus their wildtype controls (A, C, and E, respectively). Note the signiﬁcantly lower MRP8 expression in FcγRIII-/- in the synovial lining (D versus C) and in
the joint cavity (H) compared with WT controls, whereas similar expression was found in FcγRI-/- and controls (B versus A, and in G). Signiﬁcantly higher MRP8
expression was found in FcγRII-/- versus controls both in the synovial lining (F versus E) and joint cavity (I). Bars show the mean and SD of 10 mice. * = P < 0.05,
using the Wilcoxon rank test. I = intima lining (see Figure 1 for other deﬁnitions). (Original magniﬁcation x 400 in A-F).

shown). This underlines the speciﬁcity
of the differences noted for ICA.

Differentiation of macrophages to
an active inﬂammatory phenotype
antagonistically modulated by
FcγRIII and FcγRII
Apart from the amount of inﬁltrating
cells in the synovial tissue, the activation
of inﬁltrating and resident cells and release
of mediators will determine the net effect
on joint tissues. To investigate the activa-

tion state of the resident intima macrophages and the inﬁltrated cells, we used
MRP8 and MRP14 as markers [25,26,30].
MRP8- and MRP14-expressing macrophages are generally found at inﬂamed
sites, and the markers are associated with
production of IL-1 and oxidative radicals
[34,35].
First, we focused on the synovial lining.
Intima cells of FcγRI-/- mice showed expression of MRP8 comparable with that in
their controls (Figure 2A and 2B). How-
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Table 1

Fcγ receptors (FcγRs) and loss of proteoglycans (PG) during ICA
ICA day 1

Fc γRI-/WT control
Fc γRIII-/WT control

ICA day 3

ICA day 7

Patella

Femur

Patella

Femur

Patella

Femur

ND
ND

ND
ND

1.3 ± 0.3
0.9 ± 0.2

2.1 ± 0.3
1.8 ± 0.3

ND
ND

ND
ND

0.3 ± 0.1* 0.4 ± 0.2*
1.8 ± 0.2 2.5 ± 0.2

ND
ND

ND
ND

2.0 ± 0.4* 2.4 ± 0.4*

1.7 ± 0.3*

2.6 ± 0.4*

0.3 ± 0.2

0.7 ± 0.3

0.3 ± 0.1* 0.5 ± 0.1*
0.9 ± 0.1 1.6 ± 0.4

Fc γRII-/-

ND

ND

WT control

ND

ND

0

0

Values are the mean ± SD of 10 mice. Loss of red staining, which is a measure of PG depletion, was determined in knee joints at day 1, day 3, and day 7 after induction of immune complex-mediated arthritis (ICA) in FcγRI-/-, FcγRIII-/-, and FcγRII-/- mice, and in wild-type (WT) control mice. Loss of red staining was scored by
two blinded and independent observers, using an arbitrary scale of 0-3. (0 = no staining, 1 = minor, 2 = moderate, 3 = maximal). ND = not determined.
* P < 0.05 versus controls, by Wilcoxon rank test.

ever, the intima layer of FcγRIII-/- and
FcγRII-/- mice showed a much lower
(Figure 2C and 2D, respectively, for FcγRIII-/-) and higher (Figure 2E and 2F,
respectively, for FcγRII-/-) number of
MRP8-positive intima lining cells compared with their wild-type controls.
In addition, we investigated whether
the inﬁltrated cells exhibited a proinTable 2

Fc γ receptors and matrix metalloproteinase
activity in the lateral femur during ICA
VDIPEN expression
(% of cartilage surface)

Fc γRI-/WT control

0.6 ± 0.4*
6.1 ± 2.7

Fc γRIII-/WT control

0.2 ± 0.2*
20.0 ± 8.1

Fc γRII-/WT control

51.3 ± 4.9*
12.6 ± 6.3

Values are the mean ± SD percentage of the total cartilage surface of 10 mice,
determined as VDIPEN expression in the femoral cartilage surface 3 days after
ICA induction in FcγRI-/-, FcγRIII-/-, and FcγRII-/- mice, and in WT control mice.
The percentage of immunostained cartilage surface was determined by two
blinded and independent observers. * P < 0.05, by Wilcoxon rank test.
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ﬂammatory phenotype. FcγRI-/- mice
and wild-type controls showed a comparable expression of MRP8 (Figure 2G),
whereas the percentage of inﬁltrated cells
found in FcγRIII-/- knee joints expressing MRP8 was 2 times lower compared
with that in their wild-type controls
(Figure 2H). In mice that lacked FcγRII,
inﬁltrated cells showed a 5 times higher
expression of MRP8 compared with that
in their wild-type controls (Figure 2I).
MRP14 expression on cells in the synovial lining and joint tissue was identical
with MRP8 expression and followed the
same pattern as described above in the
various knockout mice (data not shown).

Involvement of FcγRII and FcγRIII
in early PG breakdown during ICA
Breakdown of PGs from the cartilage layer characterizes the early phase
of cartilage destruction in ICA. Loss of
red staining, reﬂecting PG depletion, was
found to be similar in arthritic knee joints
of FcγRI-/- mice and their wild-type con-

Figure 3

VDIPEN expression in the femoral region of
FcγRI-/- (B), FcγRIII-/-(D), and FcγRII-/-(F) mice
versus their WT controls (A, C, and E, respectively). VDIPEN expression was signiﬁcantly
lower in FcγRI-/- and FcγRIII-/-, and much higher
in FcγRII-/- mice, compared to their wildtype
controls. See Figure 1 for deﬁnitions. (Original
magniﬁcation x 250).

trols (Table 1). In contrast, PG loss was
signiﬁcantly lower both at day 1 and day
3 after ICA induction in FcγRIII-/- mice
compared with their wild-type controls
(Table 1). Nearly maximal loss of red
staining was found in FcγRII-/- mice
at day 3, whereas their wild-type controls showed only limited PG depletion
(Table 1). Almost maximal PG depletion
was still present at day 7 after ICA induction in these mice (Table 1), consistent
with the prolonged presence of active
inﬂammation.

prominently present in the lateral femur,
which is the cartilage surface we focused on.
Of extreme interest, although PG loss did
not differ between FcγRI-/- mice and their
controls, these mice showed a 90% decrease
in VDIPEN expression (Table 2, Figure 3A
and 3B). VDIPEN expression was also reduced by 99% in FcγRIII-/- mice (Table 2,
Figure 3C and 3D), whereas FcγRII-/- mice
showed a 4-fold increase in MMP mediated
breakdown compared with their wild-type
controls (Table 2, Figure 3E and 3F).
As a result of MMP activation, irrevers-

Effect of FcγRI, -II, and -III on
MMP-mediated cartilage damage,
chondrocyte death, and cartilage
erosion
Shortly after the initial PG loss, MMPs
become involved in further degradation of
aggrecan and type II collagen, eventually
leading to irreversible cartilage destruction
[11]. Degradation of aggrecan by MMPs
leaves a speciﬁc neoepitope in the cartilage that ends on the amino acid sequence
VDIPEN, which can be detected by speciﬁc antibodies.
In arthritic knee joints of wild-type
control mice, VDIPEN neoepitopes were
induced mainly at the margins of the
femoral-tibial region. VDIPEN was most

Figure 4

Erosion and chondrocyte death in the femoral region of FcγRII-/- mice (B) and
their WT controls (A). Note the ruﬄed surface of the cartilage (arrows) and
large amounts of empty lacunae representing chondrocyte death. See Figure
1 for deﬁnitions. (Original magniﬁcation x 250).
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ible cartilage destruction (chondrocyte
death and matrix erosion) may develop.
The percentage of chondrocyte death was
evaluated in patellar and femural cartilage
surface of arthritic knee joints. Chondrocyte death was almost absent both in the
FcγRI-/- mice and in their wild-type
controls, thus not providing a sufﬁcient
window for evaluation. Chondrocyte death
in FcγRIII-/- mice was low and comparable
with that in their controls 1 day after ICA
induction. Three days after ICA induction,
the percentage chondrocyte death was 3
times lower in the cartilage surface of the
femur of FcγRIII-/- mice compared with
their controls (FcγRIII-/- 7 ± 1.6 versus
wild-type controls 22 ± 4.5), whereas no
signiﬁcant difference was found in the
patellar cartilage surface (FcγRIII-/- 5 ±
1.8 versus wild-type controls 8 ± 1.1). In
contrast, in the patella and femur cartilage layers of FcγRII-/- mice, chondrocyte
death was 6 times higher in the femoral
region at day 3 (33 ± 7.5 versus 5 ± 2.8 in
controls) and even 12 times higher at day
7 after ICA induction (50 ± 9.3 versus 4 ±
1.6 in controls) (Figure 4A and 4B).
In addition, cartilage erosion, which
reﬂects the ultimate step to irreversible
cartilage destruction, was evaluated. As
expected at this early time point, no significant erosion could be detected in the cartilage layers of FcγRI-/- or FcγRIII-/- mice
and their wild-type controls. However, in
arthritic FcγRII-/- knee joints, signiﬁcant
erosion was observed at day 3 (patella 3 ±
1.2 and femur 5 ± 1.6) and day 7 (patella 4
± 1.5 and femur 9 ± 2.8) of ICA, whereas
erosion was absent in cartilage surfaces of
wild-type control mice (Figure 4A and
4B). This identiﬁes FcγRII as a suppressive
regulator of severe cartilage destruction.
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Discussion
In the present study, we ﬁnd that ICA
induced within the murine knee joint
is predominantly mediated by FcγRIII,
whereas erosive cartilage damage is mediated by both FcγRI and FcγRIII. We also
ﬁnd that FcγRII is an efﬁcient inhibitor
of both acute inﬂammation and cartilage
destruction.
In this study, we used an arthritis
model mediated solely by ICs. The onset
of inﬂammation is determined by intima
macrophages residing in the synovial
lining of the joint. Removal of these macrophages prior to induction of ICA largely
prevents the onset of inﬂammation [17].
The severity of this model is inﬂuenced by
the genetic background of the mice [18],
which explains the observed differences
in arthritis found among the various wildtype controls of the knockout mice.
We demonstrated that inﬂammation
after induction of ICA is determined by
the activating FcγRIII. This important
role for FcγRIII in IC-mediated inﬂammation was also found in the kidney [19],
the lung [36] and the skin [20]. Because
macrophages are involved in the onset of
inﬂammation, activation of macrophages
was studied using MRP8 and MRP14,
which are markers for a proinﬂammatory
phenotype of macrophages. These two
calcium-binding proteins of the S100family are generally expressed by macrophages in various inﬂammatory reactions
but not by resting-tissue macrophages
[26,30,37]. Our results show that FcγRIII
regulates induction of these molecules in
macrophages.
Published data indicate a potential
role for these molecules in inﬂammation.

MRP8- and MRP14-expressing macrophages have been shown to be the major
source of TNF-α, IL-1, and respiratory
burst under inﬂammatory conditions in
vivo [34,35]. Recent data indicate that
MRP8 and MRP14 are expressed in high
amounts in synovia of human rheumatoid
arthritis and are released at the site of inﬂammation [38]. They propagate adherence of leukocytes to endothelial cells and
exhibit chemotactic activity in vitro. Absence of MRP8 and MRP14 both in the
lining cells and in the inﬂammatory cells
in FcγRIII-/- joints suggests that activation of macrophages is clearly mediated by
FcγRIII. Increased expression of MRP8
and MRP14 in FcγRII-/- joints indicates
that FcγRII inhibits this activation.
An explanation for the FcγRIII dependency found during ICA could be that
FcγRIII is highly expressed on macrophages in normal joints, whereas FcγRI
expression remains low. FcγR expression
within the joint may be altered by local
production of cytokines. In human monocytes, FcγRI is up-regulated by interferonγ (IFN-γ) [39], granulocyte colony-stimulating factor (G-CSF) [40], and IL-10
[41], whereas transforming growth factor
β (TGFβ) is potent in up-regulation of
FcγRIII [42]. Moreover, other cytokines,
such as IL-4 and IL-13, down-regulate
activating FcγR [39]. Alteration of the
FcγRIII dependency occurs during T cellmediated antigen-induced arthritis, which
is not blocked in FcγRIII-/- mice[23,24].
This might be explained by the fact that
T cell-derived cytokines, such as IFN-γ
produced by activated T cells, induce upregulation of FcγRI, resulting in a shift of
the involvement of FcγRIII toward FcγRI
[43,44].

Apart from FcγRs, complement also
plays a major role in IC-mediated inﬂammation, and a codominance between
these two factors has been suggested [45].
In our model, complement activation is
regulated by the classical complement
pathway, and in earlier studies we found
that eliminating C5a, using cobra venom
factor, completely abrogated ICA [9],
indicating an important role for complement. The FcγRIII and complement C5a
dependency was also found in the novel
glucose-6-phosphate isomerase (GPI)
ICA model [46,47]. In this model, arthritis is induced by transfer of K/BxN antibodies directed against the enzyme GPI.
However, in contrast to our model, the
K/BxN model is mediated by IgG1 isotype antibodies, which do not bind C1q,
resulting in activation of complement by
the alternative pathway [47]. Both models
show that FcγRIII and C5a, elicited by
either the classical or the alternative pathway, need to cooperate to elicit optimal
joint inﬂammation.
Absence of FcγRII aggravates joint
inﬂammation after induction of ICA.
Stimulation of FcγRII and co-crosslinking with an ITAM-bearing receptor lead
to phosphorylation of the tyrosine residue in the ITIM motif. Phosphorylation
of this residue leads to the recruitment
of SH2-containing phosphatases, which
are responsible for dephosphorylation
of speciﬁc protein tyrosine kinases [48],
resulting in deactivation of the cell. Interestingly, in the K/BxN model FcγRII
was not involved in inﬂammation [49].
A clear explanation for this difference in
FcγR dependency is not available yet, but
subtle differences in mouse strains housed
at various sites are often noted. Of interest,
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mouse strains sensitive to CIA develop a
severe and chronic arthritis after induction of ICA, whereas the same amounts
of IC injected into nonsusceptible strains
induce only mild arthritis, which wanes
after 4 days. This susceptibility is due to
differences in the FcγR balance in these
mice [50]. Another explanation for the
difference in FcγR dependency may be
that IgG1 ICs, which are dominant in the
GPI model, are less able to cross-link between FcγRIII and II, which is needed for
inhibition of FcγRIII by FcγRII. Moreover, our IC model is macrophage mediated, whereas the K/BxN model seems to
be dependent on polymorph nuclear cells
[46].
During ICA, activated inﬂammatory
cells that migrate into the knee joint are
crucial in the destruction of cartilage
[51,52]. This destruction can be divided
into two phases. The early phase, characterized by breakdown of PGs, is mediated by aggrecanase, a member of the
ADAMS (a desintegrin and metalloproteinase) family [11,53]. The second phase is
characterized by MMP-mediated matrix
destruction, which results in irreversible
cartilage erosion [11,12]. PG depletion
was lower in FcγRIII-/- mice and higher
in FcγRII-/- mice, compared with their
wild-type controls, which implies a role
for these receptors in reversible cartilage
damage and release of aggrecanase. Moreover, FcγRIII and FcγRII modulate the
expression of MRP8 and MRP14. MRP8and MRP14-expressing macrophages are
found to be the major producers of IL-1
and oxygen radicals [34;35]. These results
suggest that the balance between FcγRIII
and FcγRII on inﬂammatory cells determines their activation state and thereby
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the release of cytokines and enzymes involved in PG depletion.
Irreversible cartilage destruction is
mediated by MMPs, which are released
in the cartilage matrix in an inactive
form, and major involvement of MMP-3
(stromelysin) and MMP-13 (collagenase)
was demonstrated [10-13]. Regulation
of these MMPs is complex and is most
likely mediated by activated macrophages.
Three levels of regulation can be deﬁned:
production and secretion of latent MMPs,
activation of latent MMPs, and inhibition
of activated MMPs. IL-1 has been shown
to be the dominant cytokine regulating production of latent MMPs by the
chondrocyte [54]. VDIPEN expression
was completely prevented after blockage
of IL-1 with either anti-IL-1 antibodies
[55] or with IL-1 receptor antagonist [13].
Because macrophages are the dominant
IL-1-producing cells, FcγR expression
on these cells may determine the amount
of cytokine released during ICA. Macrophages deﬁcient in either FcγRIII and
FcγRII, produced lower and higher levels
of IL-1, respectively, after IC stimulation
[8].
Formation of active MMP in the cartilage matrix by splitting the signal peptide
of latent MMPs is probably regulated by
enzymes released from activated phagocytes. The present data and recent work in
antigen-induced arthritis [23,24] suggest
that activation of macrophages through
FcγRI, and not FcγRIII, is crucial in
this process. In FcγRI-/- mice, VDIPEN
staining was signiﬁcantly decreased,
whereas no differences were found in
inﬂammation and PG loss. Investigations that should identify the distinct
enzymes released after FcγRI triggering

are in progress.
The third regulation level is inhibition
of MMPs by tissue inhibitors of MMPs
(TIMPs). Oxygen radicals are able to
dysregulate TIMPs [56]. Activation of
FcγR on macrophages induces oxidative
burst [57], which results in inhibition of
TIMPs [11]. Overkill of the oxydative
burst is mediated by FcγRI, which can
result in either inhibition of TIMPs or
oxygen radicals-mediated chondrocyte
death [58]. Activation of FcγRI, therefore, eventually results in irreversible
cartilage destruction.
The present study clearly demonstrates that the balance between activatory and inhibitory FcγR determines both
the inﬂux and the activation of inﬂammatory cells and the destruction within
a joint, stimulated solely by ICs. During
ICA, FcγRIII is dominant in the development of inﬂammation. Both FcγRI
and FcγRIII are important in irreversible cartilage destruction, and the latter
receptor acts indirectly by enhancing
cell inﬂux and ampliﬁcation of activated
cell mass. The inhibitory FcγRII is the
regulating receptor of both inﬂammation and cartilage destruction and therefore may be an important therapeutic
target for ameliorating both processes in
the arthritic joint.
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Using various FcγR-deﬁcient mice, we have obtained suggestive evidence that
FcγRI on macrophages is responsible for severe cartilage destruction during arthritis mediated by immune complexes (ICs). This role of FcγRI is pronounced in the
presence of activated Th1 cells and a likely Th1 cell-derived cytokine mediating
up-regulation of FcγRI expression is interferon (IFN)-γ.
We now investigated whether local overexpression of IFN-γ using an adenoviral
vector is able to elevate cartilage destruction during experimental immune complex-mediated arthritis (ICA) and to what extent this process is FcγRI-mediated.
IFN-γ overexpression during ICA had no signiﬁcant effect on the total cell mass
inﬁltrating the knee joint. However, a higher percentage macrophages expressing markers for a proinﬂammatory phenotype was found and these macrophages
were situated in close proximity of the cartilage surface. Interestingly, cartilage
destruction as studied by matrix metalloproteinase (MMP)-mediated proteoglycan
damage (VDIPEN expression), chondrocyte death, and erosion was signiﬁcantly
increased. This effect of IFN-γ was only found in presence of ICs, as IFN-γ overexpression during zymosan-induced arthritis, which is not IC-dependent, did not
lead to severe cartilage destruction. These results imply a crucial role for ICs and
the IgG-binding receptors in the aggravation of cartilage damage by IFN-γ.
Local overexpression of IFN-γ induced increased FcγRI mRNA levels in synovium. To study whether this up-regulation of FcγRI mediates aggravation of cartilage destruction, ICA was raised in FcγRI-/- and their wild-type controls. IFN-γ
resulted in elevated VDIPEN expression, which was still present in FcγRI-/-. Of
great interest, chondrocyte death remained low in FcγRI-/-.
These results indicate that IFN-γ overexpression deteriorates cartilage destruction
in the presence of ICs and that FcγRI is crucial in the development of chondrocyte
death.

Rheumatoid arthritis is charactarized
by chronic inﬂammation and cartilage
destruction. Macrophages play a key role
in the onset and progression of rheumatoid arthritis. Elegant studies performed
by Breshnihan and colleagues [1,2] have
shown that the abundance and activation
of macrophages in the inﬂamed synovial
membrane and pannus correlates closely
with the severity of cartilage destruction
in rheumatoid arthritis.
Macrophages are present in the synovial intimal layer, which covers the inside
of diarthrodial joints. Experimental stud-

ies in our laboratory have shown that
synovial lining macrophages are involved
in onset, propagation, and exacerbation
of experimental arthritis mediated by
immune complexes (ICs) [3-5].
IgG-containing ICs are abundantly
found in rheumatoid arthritis synovium
[6] and are thought to be involved in
activation of inﬁltrated and resident hematopoietic cells. ICs can activate macrophages by binding to Fc receptors for IgG
(FcγRs) [7,8]. Three classes have been
described in the mouse: the high-afﬁnity receptor FcγRI, and the two low-af-
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ﬁnity receptors FcγRII and FcγRIII [9].
FcγRI and FcγRIII trigger cell activation
through a common γ-chain that contains
an immunoreceptor tyrosine-based activation motif [10-12]. In contrast, FcγRII
contains an immunoreceptor tyrosinebased inhibitory motif that inhibits via cocross-linking activation signals through
immunoreceptor tyrosine-based activation motif-containing receptors [13,14].
Murine macrophages express all three
classes of FcγRs.
Recently, we have found that FcγRI is
involved in cartilage destruction during
experimental arthritis mediated by ICs
[15] and this role seemed to be even more
pronounced when T cells are also involved, as in the chronic antigen-induced
arthritis [16]. The T cell subsets mediating
antigen-induced arthritis are not exactly
deﬁned yet. However, this model shows
similarities with the collagen type II-induced arthritis [17-19], in which Th1 cells
are of importance. One of the most characteristic mediators primarely released by
Th1 cells is interferon (IFN)-γ. IFN-γ has
a wide variety of proinﬂammatory actions such as activation of macrophages
to produce inﬂammatory mediators and
promoting the killing of intracellular organisms [20-22]. IFN-γ is also known to
induce a marked up-regulation of FcγRI
expression [23-25].
In the present study we investigated
whether local overexpression of IFN-γ
using an adenoviral vector aggravates cartilage destruction in a FcγRI-dependent
manner. Local overexpression of IFN-γ
induced only deterioration of cartilage
destruction during immune complex-mediated arthritis (ICA), whereas no effects
were found when IFN-γ was overex-
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pressed during zymosan-induced arthritis
(ZIA), which is an IC-independent model.
As IFN-γ is able to up-regulate FcγRI,
FcγRI mRNA levels were detected in
synovium. An increase of FcγRI mRNA
levels was found and to deﬁne the role of
FcγRI in the deterioration of cartilage destruction when IFN-γ was overexpressed,
we used selective FcγRI-deﬁcient mice.
Our ﬁndings indicate that local overexpression of IFN-γ aggravates cartilage
destruction only in presence of ICs, and
that chondrocyte death is mediated by
FcγRI-dependent processes.

Material and Methods
Animals
C57Bl/6 mice were purchased from
Charles River Lab (Sulzfeld, Germany).
FcγRI-/- mice (Dr Verbeek) were backcrossed to the BALB/c background for 6
generations [26]. Homozygous mutants
and their wild-type controls (10-12 weeks
old) were used in the experiments. Mice
were fed a standard diet and tapwater ad
libitum.

Overexpression of IFN-γ in vivo
using an adenovirus
The recombinant adenovirus-encoding murine IFN-γ (AdIFN-γ) was generated as described before [27]. As control
adenovirus AdeGFP, encoding green
ﬂuorescent protein, was used. Knee joints
of naive mice were intra-articularly injected with 6 µl phosphate-buffered saline
(PBS) or with 6 µl of either AdIFN-γ or
AdeGFP (1.107 pfu). At different time
points, patellae with adjacent synovium
were dissected in a standardized manner

[28] and synovium biopsies were taken
using a biopsy punch with a diameter of
3 mm. Total RNA was extracted in 1 ml
TRIzol reagent [29] (Invitrogen, Carlsbad,
CA) and used for quantitative polymerase
chain reaction (PCR) as described below.
PBS, AdIFN-γ, or AdeGFP were intra-articularly injected one day before arthritis
induction.

Induction of immune complexmediated and zymosan-mediated
arthritis
Polyclonal antibodies directed against
lysozyme were intravenously injected into
mice. These antibodies were raised in rabbits. ICA was then induced by injecting 3
µg of PLL-lysozym in 6 µl pyrogen-free
saline into the right knee joint. Zymosan
arthritis was induced by injecting 180 µg
sterilized zymosan into the right knee
joint.

Joint swelling
Joint swelling was determined by 99mTc
uptake measurements of the knee joint at
days 1 and 3 after arthritis induction [30].
Brieﬂy, mice were injected with 12 µCi
of 99mTc and sedated with 4.5% chloral
hydrate. After 30 minutes, the amount of
radioactivity was determined by external
gamma counting. Arthritis was scored
as the ratio of 99mTc uptake in the right
(R) and the left (L) knee joint. R/L ratios
> 1.1 were taken to indicate signiﬁcant
swelling of the right knee.

Histology of arthritic knee joints
Total knee joints of mice were isolated
at day 3 after induction of arthritis. For
standard histology, joints were decalciﬁed,
dehydrated, and embedded in parafﬁn.

Sections of 7 µm thick were made and
stained with hematoxylin and eosin. Serial
sections were scored by two observers on
decoded slides. Inﬂammation was graded
on a scale from 0 ( no inﬂammation) to
3 (severe inﬂamed joint) as inﬂux of inﬂammatory cells in synovium and joint
cavity. Chondrocyte death was scored as
the amount of empty lacunae expressed as
percentage of total amount of cells within
the cartilage layers. Cartilage erosion
was scored by expressing the amount of
eroded cartilage as percentage of the total
cartilage surface. Chondrocyte death and
erosion were determined using cartilage
surfaces of the lateral femur-tibia, and
medial femur-tibia and data shown are the
mean chondrocyte death and erosion expression present in these cartilage layers.

Immunohistochemical staining of
polymorphonuclear cells (PMNs)
Sections were stained as described earlier using NIMP-R14, a speciﬁc rat antimouse PMN monoclonal (diluted 1:50)
[3]. Primary antibodies were detected
using rabbit anti-rat peroxidase. Finally,
sections were counterstained with hematoxylin. The percentage of PMNs was determined in two representative locations
of the synovial lining and joint cavity. A
total of 100 cells was counted and the
amount of brown-stained cells was expressed as percentage PMNs of the total
cell population.

Immunohistochemical staining of
Myeloid-Related Proteins (MRP)8
and 14
Sections were stained as described earlier using a ﬁnal antibody concentration
of 1 µg/ml [31-33]. Primary antibodies
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and incubated in RPMI 1640 medium
(GIBCO BRL, Breda, The Netherlands)
for 1 hour at room temperature. IFN-γ
levels in the supernatants were measured
using a speciﬁc sandwich enzyme-linked
immunosorbent assay. The capture antibody, monoclonal rat anti-mouse IFN-γ
(Pharmingen, San Diego, CA), was coated
overnight in a 96-well plate. After incubating with the supernatants, wells were
washed three times and incubated using
a biotinylated antibody, rat anti-mouse
IFN-γ. The second antibody was detected
Immunohistochemical VDIPEN
using poly-horseradish peroxidase and
subsequently developed using 3, 3, 5, 5
staining
Sections were digested with protein- – tetramethylbenzidine/ureum peroxidase
ase-free chondroitinase ABC (0.25 units/ solution. Absorbance was measured at 492
ml in 0.1 M Tris HCl, pH 8.0; Sigma, nm. The cytokine concentration in the
Zwijndrecht, The Netherlands) to remove
samples was calculated as pg/ml using rethe side chains of PGs. Subsequently, sec- combinant murine IFN-γ as standard in
tions were treated with 1% H 2O2, 1.5%
the calibration curve.
normal goat serum, and afﬁnity-puriﬁed rabbit anti-VDIPEN IgG [34-36]. Determination of MIP-1α and KC
Thereafter, sections were incubated with
levels
biotinylated goat anti-rabbit IgG, and
To determine levels of KC and MIPavidin-streptravidin-peroxidase (Elite kit; 1α in patellae washouts, patellae were
Vector, Burlingame, CA). Development isolated in a standard manner and incuof the peroxidase staining was performed. bated in RPMI 1640 medium (GIBCO
Counterstaining was done with orange
BRL, Breda, The Netherlands) for 1 hour
G (2%). Areas of immunostaining were
at room temperature. Chemokine levels
expressed as percentage of the total car- were determined using the BioPlex system
tilage surface. The cartilage layers of the
from BioRad (Hercules, CA) in combinalateral femur-tibia and medial femur-tibia
tion with multiplex cytokine and chemwere used to determine the percentage
okine kits for the Luminex multianalyte
VDIPEN expression and data shown are
system.
the mean of these cartilage surfaces.
were detected using peroxidase-conjugated second-stage antibodies against rabbit
IgG (Dianova, Hamburg, Germany). Finally, sections were counterstained with
Mayer’s hematoxylin (Merck, Germany).
The percentage of MRP8- and MRP14positive cells was determined in two representative locations of the synovial lining
and joint cavity. A total of 100 cells was
counted and the amount of red-stained
cells was expressed as percentage activated
macrophages of the total cell population.
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Quantitative detection of FcγRI
mRNA using Reverse TranscriptasePCR

To determine the levels of IFN-γ in
washouts, patellae with adjacent synovium were isolated in a standard manner

Speciﬁc mRNA level for FcγRI was
quantiﬁed using the ABI/PRISM 7000
Sequence Detection System (ABI/PE,

Chapter 5

Table 1.

Primers for detection of murine Fc γRI mRNA.
Primer Sequence (5’ - 3’)

GAPDH
Up

GGCAAATTCAACGGCACA

Low

GTTAGTGGGGTCTCGCTCCTG

Fc γRI
Up

ACACAATGGTTTATCAACGGAACA

Low

TGGCCTCTGGGATGCTATAACT

Primer sequences for quantitative PCR on synovium samples.

Foster City, CA). Brieﬂy, 1 µg of synovial
RNA was used for reverse transcriptasePCR. mRNA was reverse-transcribed to
cDNA using oligodT primers and 1/20 of
the cDNA was used in one PCR ampliﬁcation. PCR was performed in SYBR
Green Master Mix using the following ampliﬁcation protocol: 2 minutes at
50°C followed by 40 cycles of 15 seconds
at 95°C and 1 minute at 60°C with data
collection in the last 30 seconds. Message
for murine GAPDH and FcγRI was ampliﬁed using speciﬁc primers (Biolegio,
Malden, The Netherlands) for GAPDH
and FcγRI (Table 1) at a ﬁnal concentration of 300 nmol/L. Relative quantiﬁcation of the PCR signals was performed
by comparing the cycle threshold value
(Ct) of the FcγRI gene in the different
samples after correction of the GAPDH
content for each individual sample to rule
out confounding by variation of the RNA
puriﬁcation and reverse transcriptase step.

Statistical analysis
Differences between experimental
groups were tested for signiﬁcance using
the Mann-Whitney U-test with the statistic program GraphPad Prism 3.0. P values
less than 0.05 were considered signiﬁcant.

Results
Kinetics of IFN-γ overexpression
in naive knee joints
AdIFN-γ was injected into the right
knee joint of naive mice and subsequently
IFN-γ levels were measured in washouts
from synovium specimen taken at 6, 24,
48, and 72 hours after injection. IFN-γ
was already detected at 6 hours (1230
pg/ml), reached its maximum at 24 hours
(2870 pg/ml), and waned thereafter. After
48 hours, IFN-γ was below detection
level. Control eGFP adenoviral vector did
not induce IFN-γ production.
Because IFN-γ is a proinﬂammatory
cytokine, this short-lasting IFN-γ production within the joint may on itself lead
to inﬂammation. Using 99mTc uptake, no
swelling was measured in knee joints that
received AdIFN-γ or AdeGFP (data not
shown). Histology of total knee joint sections showed no inﬂammatory cell mass
in the joint cavity and only a mild activation of the synovial lining was induced by
both adenoviruses (Figure 1).

IFN-γ overexpression has no effect
on the amount of inﬁltrating cells,
but increases the population of
activated macrophages in the joint
cavity
To investigate whether local IFN-γ
production, in the presence of ICs, leads
to enhanced joint inﬂammation, we injected PBS, AdeGFP, and AdIFN-γ, 1
day before induction of ICA. Injection of
either AdIFN-γ or AdeGFP resulted in a
30% decrease in joint swelling, compared
to mice that had received PBS (Table 2).
Three days after ICA induction, swelling
in the AdIFN-γ group and PBS group was
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Figure 1

Histology of naive knee joints 24
hours after injection of AdeGFP (A)
or AdIFN-γ (B) (1 .107 pfu). Injection of both AdeGFP and AdIFN-γ
resulted in a mild thickening of the
synovial lining (S), whereas no inﬂammatory cell mass was found in
the joint cavity (J). Original magniﬁcation, x100 (A,B), x 200 (insert).

comparable (Table 2). The inﬂammatory
cell mass in joint cavity (exudate) and synovium (inﬁltrate) at day 3, was similar in
the PBS, AdeGFP, and AdIFN-γ groups
(Table 2).
To study whether IFN-γ overexpression altered the composition of the cell
mass, PMNs were stained (Figure 2A).
The percentage of PMNs inﬁltrated in the
synovium was similar in the PBS, AdeGFP,
and AdIFN-γ group (± 45-50%). Interestingly, in the joint cavity the percentage of
inﬁltrated PMNs was signiﬁcantly lower
in the AdIFN-γ group (50%) compared
to the PBS and AdeGFP groups (70%), indicating that macrophages are more abundantly present in the AdIFN-γ group.
As stimulation of macrophages with
IFN-γ modulates chemokine production
Table 2

[37, 38], we measured macrophage inﬂammatory protein (MIP)-1α, which attracts
monocytes [39] and KC, a neutrophil
attractant [39]. IFN-γ overexpression in
naive joints resulted in 220 pg/ml MIP-1α
levels after 3 days, injection of AdeGFP
induced only 25 pg/ml. KC levels were
not up-regulated by IFN-γ (30 pg/ml),
and were similar as found after AdeGFP
injection (20 pg/ml). These enhanced
MIP-1α levels might explain the increase
of inﬁltrating macrophages found.
Furthermore, we studied the activation
state of macrophages using MRP8 and 14
as markers. These S100 proteins are associated with an activated phenotype of
macrophages present in inﬂammatory
sites. In the synovial layer, the percentage
of macrophages expressing MRP8 was

Inﬂammatory response 1 and 3 days after ICA induction.
Joint Swelling
Day 1
Day 3

ICA + PBS
ICA + AdeGFP
ICA + AdIFN- γ

1.3 ± 0.1
1.2 ± 0.1
1.2 ± 0.1

1.3 ± 0.1
1.2 ± 0.1
1.3 ± 0.1

Inﬂammatory cell mass
Joint cavity
Synovium
1.4 ± 0.1
1.4 ± 0.1
1.6 ± 0.2

1.6 ± 0.1
1.5 ± 0.1
1.6 ± 0.2

Inﬂammation was determined using joint swelling and inﬂammatory cell mass in the joint cavity and synovium. Joint swelling of the right inﬂamed knee joint
was quantiﬁed using the right/left ratio of 99mTc uptake in both knee joints. The amount of inﬂammatory cells in the joint cavity (exudate) and in the synovial layer
(inﬁltrate) were scored in a blinded fashion by two independent observers using an arbitrary scale from 0-3 (0, no; 1, minor; 2, moderate; 3, maximal). Note that
both joint swelling and inﬂammatory cell mass were not signiﬁcantly diﬀerent between the PBS, AdeGFP, and AdIFN-γ group. Data are the mean ± SEM of 12 mice
and signiﬁcance was evaluated using the Mann-Whitney U test (*, P< 0.05).
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Figure 2

The percentage of PMNs (A) and MRP8-expressing macrophages (B) in the
joint cavity (exudate) and synovial lining (inﬁltrate) 3 days after ICA induction
in the PBS, AdeGFP, and AdIFN-γ groups. Note the signiﬁcantly lower percentage of PMNs and the signiﬁcant increase of MRP8-expressing macrophages
in the exudate of the AdIFN-γ group.Values represent the mean ± SEM of 12
mice. Data were evaluated using the Mann-Whitney U test (*, P < 0.05).

(VDIPEN immunostaining), chondrocyte
death, and surface erosion were used as histological parameters. Strikingly, injection of
AdIFN-γ and subsequent induction of ICA
resulted in a two- to three-fold increase in
VDIPEN expression in the cartilage matrix,
when compared to both control groups
(Figure 3, A and D (AdIFN-γ) versus B and
C (controls)). Furthermore, chondrocyte
death as measured by the percentage of
empty lacunae within the cartilage layers
was two times higher in presence of IFN-γ,
compared to the PBS group (Figure 3, A
and G (AdIFN-γ) versus E (PBS)) and even
four times elevated when compared to the
AdeGFP-injected group (Figure 3, A, G
(AdIFN-γ) and F (AdeGFP)).

similar in all groups (40-45%) (Figure 2B).
However, in the joint cavity the percentage
MRP8-positive macrophages was somewhat, although signiﬁcantly, increased in
the AdIFN-γ group (50% versus 35-40%
in controls) (Figure 2B). Intriguingly,
these MRP8-expressing macrophages
were clustered in the proximity of the cartilage surface. MRP14 expression on cells
in the synovial lining and joint tissue was
identical with MRP8 expression and followed the same pattern as described above
in all groups (data not shown).

Local overexpression of IFN-γ
during ICA results in aggravation
of severe cartilage destruction
In addition, we studied the impact
of IFN-γ on cartilage destruction in
ICA. MMP-mediated cartilage damage

Figure 3

Cartilage destruction, measured as VDIPEN expression (A-D), chondrocyte
death, and erosion of the cartilage matrix (A, E-G), in the PBS, AdeGFP, and
AdIFN-γ group 3 days after ICA induction. IFN-γ overexpression resulted in a
signiﬁcant increase in VDIPEN expression (A and D versus control B and C),
chondrocyte death (A and G versus control E and F), and erosion (A and G
(arrows) versus control E and F). Values represent the mean ± SEM of 12 mice.
Data were evaluated using the Mann-Whitney U test (**, P< 0.0001). Orginal
magniﬁcation, x 200.
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Matrix erosion was determined using
the cartilage surfaces of the lateral and
medial femur-tibia plateau. Erosion was
almost absent in the PBS and AdeGFP
group, in line with the early time point
chosen (Figure 3, A, E, and F). In contrast,
local overexpression of IFN-γ induced
erosion, which was found on all cartilage
surfaces (Figure 3, A and G). Our results
indicate that during an arthritis mediated
by ICs, IFN-γ overexpression signiﬁcantly
aggravates irreversible cartilage destruction.

Aggravation of cartilage destruction
by IFN-γ is IC-dependent
To further investigate whether the
aggravating effect of IFN-γ on cartilage
destruction is speciﬁc for ICs, we also
induced zymosan arthritis (ZIA). Twentyfour hours before ZIA induction, mice
were injected with either PBS, AdeGFP
or AdIFN-γ. IFN-γ resulted in increased
number of inﬂammatory cells in the joint
cavity (exudate) at day 3, whereas the
inﬁltrate in the synovium was comparable with both control groups (Table 3).
VDIPEN expression, chondrocyte death,
Table 3

Figure 4

Cartilage destruction after zymosan arthritis. Cartilage destruction, measured as VDIPEN expression (A-C), chondrocyte death, and erosion of the cartilage matrix (D-F), in the PBS, AdeGFP, and AdIFN-γ group, respectively, 3
days after ZIA induction. No VDIPEN expression (C versus control A and B),
chondrocyte death and erosion (F versus control D and E) were found. Original
magniﬁcation, x 200.

and erosion were completely absent in all
groups (Figure 4, A to F). These results
show that local overexpression of IFN-γ
in the knee joint during a non-IC-dependent model, does not elicit irreversible
cartilage destruction.

Up-regulation of FcγRI in synovium
by IFN-γ
Because we recently found an important
role for FcγRI in mediating cartilage destruction, we focused on the expression of
this receptor. After injection of AdIFN-γ
in knee joints, synovial specimens were

Inﬂammatory response 3 days after zymosan
arthritis induction.
Inﬂammatory cell mass
Joint Cavity
Synovium

ZIA + PBS
ZIA + AdeGFP
ZIA + AdIFN- γ

0.9 ± 0.1
1.3 ± 0.2
1.7 ± 0.1*

1.0 ± 0.1
1.2 ± 0.2
0.8 ± 0.2

The amount of inﬂammatory cells in the joint cavity (exudate) and in the
synovium (inﬁltrate) were scored in a blinded fashion by two independent
observers using an arbitrary scale from 0-3 (0, no; 1, minor; 2, moderate; 3,
maximal). Note that the inﬂammatory cell mass is signiﬁcantly increased in
the AdIFN-γ group, when compared to the PBS and AdeGFP group. Data are
the mean ± SEM of 8 mice and signiﬁcance was evaluated using the MannWhitney U test (*, P< 0.05).
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Figure 5

Expression proﬁle of FcγRI mRNA levels after injection of PBS, AdeGFP, and
AdIFN-γ in synovium specimens at diﬀerent time points (6 hrs, day 1, day 3,
and day 7). The Ct value of FcγRI in synovium at 0 hours was substracted from
the Ct values for FcγRI at diﬀerent time points after injection. Ct values were
corrected for GAPDH content for each individual sample.

isolated at different timepoints (6 hours, 1,
3, and 7 days) and mRNA levels of FcγRI
were detected. In naive knee joints FcγRI
mRNA could not be detected, whereas
6 hours after AdIFN-γ injection, FcγRI
mRNA level was markedly increased
(∆ Ct = 3.97). At day 1, maximal values
were found, which remained high until
day 7 after injection (Figure 5). Injection
of PBS had no effect on FcγRI mRNA
levels, whereas AdeGFP levels showed an
increase at 6 hours (∆ Ct = 1.59), which
was decreased at day 1 and completely
absent after 3 days (Figure 5).

IFN-γ-induced aggravation of
chondrocyte death is FcγRI
dependent
As presence of IFN-γ induced an increase of FcγRI mRNA, we further investigated whether this receptor contributed
to the aggravation of cartilage destruction
using FcγRI-deﬁcient mice and their re-

Table 4

Inﬂammatory response in FcγRI-/- compared
to wild-type controls after injection of PBS,
AdeGFP, or AdIFN- γ 3 days after ICA induction
Inﬂammatory cell mass
Joint Cavity Synovium

PBS
WT control
FcγRI-/AdeGFP
WT control
FcγRI-/AdIFN-γ
WT control
FcγRI-/-

0.7 ± 0.3
1.1 ± 0.1

1.7 ± 0.3
1.9 ± 0.3

0.9 ± 0.2
0.7 ± 0.2

1.6 ± 0.3
1.6 ± 0.2

1.1 ± 0.2
1.1 ± 0.1

1.7 ± 0.3
1.3 ± 0.2

The amount of inﬂammatory cells in the joint cavity (exudate) and in the
synovium (inﬁltrate) were scored in a blinded fashion by two independent
observers using an arbitrary scale from 0-3 (0, no; 1, minor; 2, moderate; 3,
maximal). Note that the inﬂammatory cell mass is not signiﬁcantly diﬀerent
between the PBS, AdeGFP, and AdIFN-γ group. Data are the mean ± SEM
of 6 mice and signiﬁcance was evaluated using the Mann-Whitney U test
(*, P< 0.05).

Figure 6

Cartilage destruction, measured as VDIPEN expression (A) and chondrocyte
death (B) after injection of PBS, AdeGFP, and AdIFN-γ in FcγRI-/- and their
wild-type controls 3 days after ICA induction. Note that IFN-γ resulted in
increased VDIPEN expression in both wild-type controls and FcγRI-/-. IFN-γenhanced chondrocyte death was not found in FcγRI-/-. Values represent the
mean ± SEM of 6 mice.Data were evaluated using the Mann-Whitney U test
(*, P< 0.05, **, P< 0.0001).

spective wild-type controls. The IFN-γ
effect in these wild-type controls was
primarily as expected. FcγRI-/- and wildtype controls received PBS, AdeGFP, or
AdIFN-γ, 24 hours before ICA induction.
Joint inﬂammation was similar in both
wild-type controls and FcγRI-/- (Table 4).
Unexpectedly, IFN-γ enhanced VDIPEN
expression was still present in FcγRI-/(Figure 6A). In the FcγRI-/- related wildtype controls, IFN-γ greatly increased
chondrocyte death, resulting in 35%
empty lacunae. Of great interest, chondrocyte death remained low in FcγRI-/- (3%)
(Figure 6B). Unfortunately, erosion of the
cartilage surface could not be detected in
these wild-type controls after IFN-γ overexpression, hampering analysis of FcγRI
involvement.
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Discussion
In the present study we demonstrate that
overexpression of IFN-γ results in increased chondrocyte death by up-regulation of FcγRI. We locally overexpressed
IFN-γ in two different arthritis models
using an adenoviral vector and found that
only in presence of ICs cartilage damage
was aggravated. Using FcγRI-deﬁcient
mice, it was conﬁrmed that chondrocyte
death is mediated by FcγRI and that upregulation of this receptor by IFN-γ directs deterioration of chondrocyte death.
Injection of AdIFN-γ in naive knee
joints induced a short-lasting although
high peak of IFN-γ. This might be explained by the ability of IFN-γ to shut
off the CMV promotor of the adenovirus
[40]. We found that 1 day after injection
of AdIFN-γ only a very mild synovial inﬂammation was induced, indicating that
this concentration of IFN-γ was not able
to attract large amounts of inﬂammatory
cells. This is in line with a previous study
in which recombinant mouse IFN-γ was
injected in the peritoneal cavity, and no
chemotactic activity for mouse macrophages or neutrophils was found [41].
When triggers such as ICs or zymosan
were additionally injected into the joint,
a large amount of inﬂammatory cells inﬁltrated probably regulated by IL-1 [42]
and chemotactic factors [43]. Surprisingly,
IFN-γ did not alter the amount of inﬁltrated cells in ICA, whereas in ZIA the
inﬂammatory cell mass in joint cavity was
increased. A possible explanation for this
discrepancy might be that IFN-γ elevates
joint inﬂammation dependent on the
trigger and receptors involved to induce
arthritis. Although AdIFN-γ injection
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before ICA induction did not contribute
to the amount of inﬁltrated cells, yet the
type of inﬁltrated cells was markedly altered. The percentage of macrophages was
signiﬁcantly higher in the IFN-γ stimulated joint. This is in line with our ﬁnding
that IFN-γ elevated levels of MIP-1α, a
potent chemokine of macrophages, but not
of KC, which is dominant for attracting
PMNs [39]. Macrophages in IC-mediated
arthritis expressed MRP8 and 14, which
are markers for a proinﬂammatory phenotype. MRP8- and MRP14-expressing
macrophages have shown to be the major
source of IL-1 and respiratory burst under
inﬂammatory conditions in vivo [44,45].
Because the abundance and activation of
macrophages is closely correlated to the
severity of cartilage destruction [1,2], we
further studied this parameter.
IFN-γ may directly stimulate chondrocytes resulting in higher expression of latent
stromelysin. Apart from that, expression
of aggrecan and other core protein genes
can decrease [46-48]. This eventually
may lead to enhanced levels of pro-MMPs
within the cartilage matrix and decreased
proteoglycan synthesis. However, in the
present study IFN-γ alone did not induce
severe cartilage destruction directly, since
injection of AdIFN-γ in naive knee joints
failed to induce irreversible cartilage destruction (data not shown) and additional
triggers are needed.
When AdIFN-γ was injected before
zymosan-induced arthritis, although increased inﬁltration of inﬂammatory cells
was found, severe cartilage destruction
was completely absent. In contrast, when
in such an IFN-γ joint, IC-mediated arthritis was induced, a strongly increased
MMP-mediated proteoglycan damage,

chondrocyte death, and erosion were
found. This suggests an important role
for IgG-binding FcγR. In earlier studies
using FcγRI-/-, we have found that FcγRI
is highly involved in mediating severe
cartilage destruction during IC-mediated
arthritides [15,16]. In the present study,
IFN-γ signiﬁcantly increased FcγRI
mRNA levels in the synovium for 7 days
which is in line with earlier studies describing up-regulation of FcγRI by IFN-γ
[23-25]. This elevated FcγRI expression
is exclusively present on the macrophage
population, since murine PMNs do not
express FcγRI [49]. Unfortunately, it was
not possible to detect the murine FcγRI
protein as a speciﬁc anti-FcγRI antibody
is not available. Further proof that elevation of FcγRI induced by IFN-γ is responsible for the observed cartilage destruction
was obtained by IFN-γ overexpression in
mice lacking FcγRI.
Chondrocyte death appeared to be
speciﬁcally mediated by FcγRI. Chondrocyte death may be mediated by oxygen
radicals. Binding of IgG to FcγRI leads
to an overkill of the oxidative burst resulting in prominent oxygen radical production [50]. Apart from that, IFN-γ also
regulates the production of nitric-oxide
by macrophages [51], which has been
shown to induce apoptosis of chondrocytes [52]. The close interaction between
macrophages and the cartilage surface
we found makes the above mechanisms
highly plausible, since oxygen and nitrogen radicals only produce tissue damage
within a short distance. Furthermore, the
ﬁnding that chondrocyte death is absent
in FcγRI-/- also indicates that neutrophils
are probably not involved, since these cells
lack FcγRI [49].

Unexpectedly, we found that IFN-γ
sti l l induced car ti lage proteog lycan
damage mediated by MMPs (VDIPEN
epitopes) when FcγRI was absent. One
explanation may be that in FcγRI-deﬁcient mice, the other activating FcγRIII
is still present and becomes up-regulated
after IFN-γ stimulation. As VDIPEN expression was strongly diminished in ICA
in both FcγRI-/- and FcγRIII-/- mice, this
indicates that also FcγRIII when present
in sufﬁcient amounts may signiﬁcantly
contribute to MMP-mediated proteoglycan damage [15].
Eventually, activation of MMPs leads
to degradation of the collagen type II network and erosion of the cartilage matrix.
In contrast to marked erosion after ICA
induction in mice with C57Bl/6 background, erosion was completely absent in
the FcγRI-/- but also in their proper controls. As the FcγRI-/- are generated in the
Balb/c background and the severity of the
ICA model is related to the genetic background of the mice [53], this explains the
absence of erosion, but hampers evaluation of this aspect at present.
The present study demonstrates that
IFN-γ aggravates irreversible cartilage destruction in the presence of ICs implicating
an important role for FcγRI in mediating
chondrocyte death. As ICs and macrophages are abundantly found within the
synovia of rheumatoid arthritis patients,
local production of IFN-γ within the synovium may induce elevated expression of
FcγRI on the macrophage which appears
to be a crucial receptor involved in mediating severe cartilage destruction. FcγRI
may form a new important therapeutic
target in order to combat this crippling
disease
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Introduction: Previously, it was shown that the onset and the degree of joint
inﬂammation during immune complex (IC)-mediated arthritis (ICA) depend
on FcγRIII. Local adenoviral overexpression of IFN-γ in the knee joint prior
to ICA onset aggravated severe cartilage destruction. In FcγRI-/- mice however, chondrocyte death was not enhanced by IFN-γ, whereas metalloproteinase
(MMP)-mediated aggrecan breakdown was markedly elevated suggesting a role
for the activating FcγRIII in the latter process.
Objective: To study the role of FcγRIII in joint inﬂammation and severe cartilage destruction in IFN-γ-stimulated ICA using FcγRIII-/- mice.
Methods: FcγRIII-/- and wild-type mice were injected in the knee joint with
AdIFN-γ or AdeGFP one day prior to ICA induction. Histology was taken three
days after arthritis onset to study inﬂammation and cartilage damage. MMPmediated expression of the VDIPEN neoepitope was detected by immunolocalization. Chemokine and FcγR expression levels were determined in respectively
synovial washouts and synovium.
Results: Injection of AdIFN-γ in naive knee joints markedly increased mRNA
levels of all three FcγRs. Upon IFN-γ overexpression prior to ICA induction,
joint inﬂammation was similar in FcγRIII-/- and WT mice. The percentage of
macrophages in the knee joint was increased, which correlated with high concentrations of the macrophage-attractant MIP-1α. Furthermore, IFN-γ induced
a 3-fold increase of chondrocyte death in WT controls, which was also present
in FcγRIII-/- mice. Remarkably, VDIPEN expression remained also high in
FcγRIII-/- mice.
Conclusion: IFN-γ bypasses FcγRIII dependency of the development of ICA.
Furthermore, both FcγRI and III can mediate MMP-dependent cartilage matrix
destruction.

Rheumatoid arthritis (RA) is a chronic
inﬂammatory synovitis characterized by
synovial hypertrophy and synovial pannus
formation with accompanying destruction of juxta-articular cartilage and bone
[1]. Macrophages play a major role in the
arthritic process by releasing multiple factors such as pro-inﬂammatory cytokines
and tissue-degrading enzymes and several
studies have shown that the number of
macrophages in the joints of RA patients
correlates well with joint inﬂammation
[2] and cartilage damage [3,4].

IgG containing immune complexes
are abundantly present in the synovium
of most RA patients and play a dominant
role in the activation of macrophages
[5,6]. Fcγ receptors (FcγRs) on macrophages interact with IgG-containing
immune complexes [7,8]. These receptors
for the Fc portion of the IgG molecule
play a central role in immune-mediated
tissue injury due to their ability to recruit
effector immune cells [9]. Three classes
of FcγRs are distinguished on hematopoietic cells: the high afﬁnity receptor
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FcγRI (CD64), and the low afﬁnity
receptors FcγRII (CD32) and FcγRIII
(CD16). FcγRI and FcγRIII are activating receptors, associated with a dimer
of a signal transduction subunit the FcR
γ-chain, which contains an immunoreceptor tyrosine-based activation motif
(ITAM). The single chain FcγRII is an
inhibitory receptor, containing an immunoreceptor tyrosine-based inhibitory
motif (ITIM) in its cytoplasmic domain
[10].
In a recent study using FcγRI-/- and
FcγRIII-/- mice, we found that during
IC-mediated arthritis FcγRIII mainly
regulates the inﬂammatory response,
whereas FcγRI is more prominently
involved in chondrocyte death and cartilage matrix erosion via activation of
matrix metalloproteinases [11,12].
Cartilage damage starts with the
reversible process of proteoglycan depletion mediated by aggrecanases. If
cartilage destruction continues, irreversible collagen ﬁbre degradation
occurs. Stromelysin and collagenase
are the main matrix metalloproteinases
(MMPs) involved in this process [13-15].
MMPs are secreted in an inactive form
by chondrocytes, stored in the cartilage
matrix and activated after further cleavage [16]. MMP activation is primarily
found when experimental arthritis is
elicited by ICs, which suggests an important role for the IC-binding FcγRs
in this process.
Cartilage destruction is more pronounced in T cell dependent arthritis
models, indicating that Th1 cytokines
might be of importance. One of the
typical Th1 cytokines secreted by T
cells is interferon (IFN)-γ. Local over-
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expression of IFN-γ during immune
complex mediated arthritis (ICA) resulted in more severe cartilage destruction as found in enhanced MMP-mediated proteoglycan (PG) degradation,
chondrocyte death, and erosion [17].
In FcγRI deﬁcient mice, chondrocyte
death remained low even when IFN-γ
was overexpressed, suggesting a crucial
role for FcγRI [17]. However, MMPmediated cartilage destruction was
enhanced by IFN-γ in arthritic knee
joints of FcγRI-/- mice, indicating that
FcγRIII compensates absence of FcγRI.
In the present study, we investigate
the particulate role of FcγRIII in joint
inﬂammation and cartilage destruction
during IFN-γ-enhanced immune complex arthritis.
This study shows that IFN-γ aggravates MMP-mediated cartilage damage
mediated by activating FcγRI and III.
Furthermore, we show that both activating FcγRs are redundant in initiating
MMP-mediated cartilage destruction,
but we conﬁrm a speciﬁc role for FcγRI
in mediating chondrocyte death.

Material and Methods
Animals
FcγRIII-/- mice, deﬁcient for the αchain of FcγRIII, were backcrossed to
the C57Bl/6 background for 12 generations [18]. Homozygous mutants and
their wild-type (WT) controls (10-12
weeks old) were used in the experiments.
Mice were fed a standard diet and tapwater ad libitum. Ethical approval was
obtained from the local research ethics
committee.

In vivo overexpression of IFN-γ
using an adenovirus
The recombinant adenovirus encoding murine IFN-γ (AdIFN-γ) was generated as described before [19]. AdeGFP
(green ﬂuorescent protein) was used as
control virus. Knee joints of naive mice
were intra-articularly injected with 6 µl
PBS or with 6 µl of either AdIFN-γ or
AdeGFP (1.107 pfu). At different time
points, patellae with adjacent synovium
were dissected in a standardized manner
[20] and synovium biopsies were taken
using a biopsy punch with a diameter of
3 mm. Total RNA was extracted in 1 ml
TRIzol reagent and used for quantitative
PCR as described below. PBS, AdIFN-γ,
or AdeGFP were intra-articularly injected
one day prior to arthritis induction.

Induction of immune complexmediated arthritis
ICA was passively induced by injecting 3 µg PLL-lysozyme in knee joints of
mice that had previously (16 hours earlier)
received, intravenously, polyclonal antibodies directed against lysozyme. These
antibodies were raised in rabbits.

Histology of arthritic knee joints
Total knee joints of mice were isolated
3 days after arthritis onset. Joints were
decalciﬁed, dehydrated, and embedded
in parafﬁn. Tissue sections (7 µm) were
stained with hematoxylin and eosin. Histopathological changes were scored using
the following parameters. Inﬂammation
was graded on a scale from 0 (no inﬂammation) to 3 (severe inﬂamed joint) as
inﬂux of inﬂammatory cells in synovium
and joint cavity. Chondrocyte death was
scored as the amount of empty lacunae

expressed as percentage of total amount of
cells within the cartilage layers.

Immunohistochemical detection of
macrophage marker F4/80
F4/80, a murine macrophage membrane antigen, was detected using a specific rat anti-mouse F4/80 IgG [21]. Primary
antibodies were detected using rabbit antirat IgG and avidin-horseradish peroxidase
conjugate. Finally, sections were counterstained with haematoxylin. The percentage of macrophages was determined at
two representative locations of both the
synovial lining and joint cavity in 3 different sections of each knee joint. Using
a magniﬁcation of 200x, the percentage
F4/80-positive cells of the inﬂammatory
cell mass present in the visual ﬁeld was
determined using an arbitrary score from
0-4 (0, 0%; 1, 1-25%; 2, 26-50%; 3, 5175%; 4, 76-100%).

Immunohistochemical staining of
Myeloid Related Proteins (MRP)8
and 14
Sections were stained as described earlier using a ﬁnal antibody concentration
of 1 µg/ml [22]. Primary antibodies were
detected using peroxidase-conjugated
second-stage antibodies against rabbit IgG
(Dianova, Hamburg, Germany). Finally,
sections were counterstained with Mayer’s haematoxylin (Merck, Germany).

Immunohistochemical VDIPEN
staining
Active MMPs can cleave PGs resulting
in the neoepitope VDIPEN, which can be
detected by speciﬁc monoclonal antibodies. VDIPEN expression indicates presence of active MMPs, which also degrade
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collagen ﬁbers resulting in severe cartilage
damage. To detect VDIPEN, sections were
digested with proteinase-free chondroitinase ABC (0.25 units/ml in 0.1 M Tris
HCl, pH 8.0; Sigma, Zwijndrecht, The
Netherlands) to remove the side chains of
PGs followed by incubation with afﬁnitypuriﬁed rabbit anti-VDIPEN IgG [23].
The primary antibody was detected using
biotinylated goat anti-rabbit IgG, and
avidin-streptravidin-peroxidase (Elite kit;
Vector, Burlingame, CA). Counterstaining was done with orange G (2%). Areas
of immunostaining were expressed as percentage of the total cartilage surface.

Quantitative detection of FcγRs
mRNA using RT-PCR
Speciﬁc mRNA-level for FcγRI, II,
and III was detected using the ABI/
PRISM 7000 Sequence Detection System
(ABI/PE, Foster City, CA). Brieﬂy, one
µg of synovial RNA was used for RTPCR. mRNA was reverse transcribed to
cDNA using oligodT primers 1/100 of
the cDNA was used in one PCR ampliﬁcation. PCR was performed in SYBR
Green Master Mix using the following ampliﬁcation protocol: 2 minutes at
50°C followed by 40 cycles of 15 seconds
at 95°C and 1 minute at 60°C with data
collection in the last 30 seconds. Message for murine FcγRI, II, and III was
ampliﬁed using the following primers
(Biolegio, Malden, The Netherlands) at a
ﬁnal concentration of 300 nmol/l: upper
5’-ACA-CAA-TGG-TTT-ATC-AACGGA-ACA-3’ and lower 5’-TGG-CCTCTG-GGA-TGC-TAT-AAC-T-3’
for
FcγRI, upper 5’-GAC-AGC-CGT-GCTAAA-TCT-TGC-T-3’ and lower 5’-GTGTCA-CCG-TGT-CTT-CCT-TGA-G-3’
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for FcγRII, upper 5’-GAC-AGG-CAGAGT-GCA-GCT-CTT-3’ and lower
5’-TGT-CTT-CCT-TGA-GCA-CCTGGA-T-3’ for FcγRIII. Relative quantiﬁcation of the PCR signals was performed
by comparing the cycle threshold value
(Ct) of the FcγR genes in the different
samples after correction of the GAPDH
content for each individual sample.

Determination of macrophage inﬂammatory protein (MIP)-1α and
KC levels
To determine levels of KC (chemotactic for PMNs) and MIP-1α (chemotactic for macrophages) in patellae washouts, synovial specimens were isolated
in a standard manner, incubated in 200
µl RPMI 1640 medium (GIBCO BRL,
Breda, The Netherlands) for 1 hour at
room temperature and weight hereafter.
Chemokine levels were determined using
the BioPlex system from BioRad (Hercules, CA, USA) for the Luminex multianalyte system. Chemokine levels were
expressed as pg/mg synovium.

Statistical analysis
Differences between experimental
groups were tested for signiﬁcance using
the Mann-Whitney U test. P values less
than 0.05 were considered signiﬁcant.

Results
IFN-γ-induced up-regulation of all
three Fc γRs in the synovial lining
As activating FcγRs expressed on
synovial macrophages are important in
the onset of ICA, the ability of IFN-γ
to regulate FcγR expression in the syn-

Table 1

Fc γR

FcγR mRNA levels in naive knee joints injected
with AdeGFP or AdIFN- γ at diﬀerent time
points

Treatment 6 hr

1

Days
3

7

Fc γRI

AdeGFP
AdIFN- γ

1.6
4.0

0.5
6.2

0
6.5

0
3.7

Fc γRII

AdeGFP
AdIFN- γ

0.3
0.1

0.5
1.3

0
1.6

0
0.5

Fc γRIII

AdeGFP
AdIFN- γ

0.6
0.1

0.5
2.6

0
2.8

0
1.9

Expression proﬁle of FcγRI, II, and III mRNA levels after injection of AdeGFP
or AdIFN-γ in synovium samples isolated at diﬀerent time points (6 hours,
day 1, day 3, and day 7). Synovium samples from 4 knee joints were pooled
in each experiment and mRNA was isolated. The Ct values of FcγRI, II, and III
in naive knee joints were subtracted from the Ct values for FcγRs at diﬀerent
time points after injection. Ct values were corrected for GAPDH content for
each individual sample. Data are the mean of 2 experiments.

ovium was investigated ﬁrst. AdIFN-γ or
the control AdeGFP virus was injected
into naive knee joints of C57BL/6 mice
and mRNA levels of the activating FcγRI
and III and the inhibiting FcγRII were
detected in synovial specimen. Injection
of the control virus resulted in a slight increase of mRNA levels of FcγRI but not
FcγRIII, which was back to baseline 3
days after injection (Table 1).
When AdIFN-γ was injected, a high
level of IFN-γ was found in synovial
washouts at day 1 (2870 pg/ml), which
was already undetectable at day 2. This
high peak of IFN-γ resulted in a signiﬁcant increase of FcγRI mRNA already after 6 hours (∆Ct = 4), and this
remained high until day 7 (∆Ct = 3.7)
(Table 1). In contrast, FcγRIII mRNA
levels were not yet elevated at 6 hours,
but increased signiﬁcantly thereafter.
Moderate levels of FcγRIII were found

both at 24 hours and 7 days after injection (∆Ct = 2.6 and ∆Ct = 1.9 respectively), but these were evidently lower
compared to levels of FcγRI. IFN-γ also
induced up-regulation of inhibitory
FcγRII mRNA at day 1 and 3 (respectively ∆Ct=1.3 and ∆Ct=1.6).

IFN-γ bypasses IC-mediated joint
inﬂammation in FcγRIII-/- mice,
resulting in inﬂammatory cell
mass similar to that found in WT
controls
In a previous study, we found that
FcγRIII is the dominant activating receptor involved in the onset of ICA as cell
inﬂux was largely blocked in FcγRIII-/

Figure 1

Joint inﬂammation in WT control and FcγRIII-/- arthritic knee joints determined as the amount of inﬂammatory cells in the synovium (A) and in the
joint cavity (B) using an arbitrary scale from 0-3 (0, no; 1, minor; 2, moderate; 3, maximal). The inﬂammatory cell mass was signiﬁcantly increased
in FcγRIII-/- mice after injection with AdIFN-γ. Data are the mean ± SEM of
6 mice and signiﬁcance was evaluated using the Mann-Whitney U test (*,
P<0.05).
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Figure 2

Macrophages in the synovial lining (A, inﬁltrate) and in the joint cavity (B, exudate)
and myeloid-related protein 8 (MRP8) in
WT controls (C) and FcγRIII-/- mice (D), 3
days after ICA induction. Macrophages
were detected using an antibody against
F4/80. Note that after injection of AdIFN-γ,
the percentage of macrophages was comparable in WT controls and FcγRIII-/- mice,
whereas injection of PBS or AdeGFP resulted in signiﬁcantly less macrophages in
FcγRIII-/- mice. Values represent the mean
± SEM of 6 mice. Representative sections
showing MRP8 localization which was
comparable in arthritic knee joints of WT
control (C) and FcγRIII-/- (D) mice. (Original
magniﬁcation x 200.) * = P<0.05, MannWhitney U test.

knee joints [11]. Injection of AdIFN-γ in
FcγRIII-/- knee joints followed by ICA
induction led to an elevation of 100% of
the inﬂammatory cell mass at day 3, to a
level comparable with that found in WT
controls. In contrast, joint inﬂammation
in PBS or control AdeGFP virus injected
FcγRIII-/- arthritic knee joints remained
signiﬁcantly inhibited compared to WT
controls (Figure 1). These results indicate that IFN-γ bypasses inhibition of
joint inﬂammation.
In addition, we determined whether the inﬂammatory cell mass was of
similar composition. Macrophages, the
dominant cell type involved in cartilage destruction within this arthritis
model, were detected using an antibody
directed against F4/80. The activation
state of the inﬁltrating inﬂammatory
cells was determined using MRP8 and
14 as markers, which are associated with
an activated phenotype of cells present
in inﬂammatory sites. Using an arbitrary scale from 0-4, we found that the
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amount of macrophages in FcγRIII-/- arthritic knee joints injected with PBS or
AdeGFP was low both in joint cavity and
synovium compared with the amount
of macrophages found in arthritic knee
joints of WT mice. However, in IFN-γaccelerated arthritis in FcγRIII-/- and
WT control arthritic knee joints the
percentage macrophages was similar
(Figure 2A and B). Furthermore, it was

Figure 3

KC and MIP-1α levels measured in patella washouts from arthritic knee joints
of WT controls and FcγRIII-/- mice injected with AdeGFP or AdIFN-γ. Note that
IFN-γ induced a signiﬁcant up-regulation of MIP-1α both in WT control and
FcγRIII-/- mice. Values are expressed as mean ± SEM of 5 mice. * P<0.05,
Mann-Whitney U-test.

found that the amount of MRP8 and 14
positive cells both in synovium and joint
cavity was comparable in FcγRIII-/- mice
and their WT controls after injection of
AdIFN-γ (Figure 2C and D). MRP14 expression on cells in the synovial lining and
in the joint cavity was identical to MRP8
expression (data not shown).

Complete restoration of chemokine production in FcγRIII-/- mice
during IFN-γ-driven IC-mediated
arthritis
In the presence of IFN-γ, the amount
of inﬂammatory cells found in WT control and FcγRIII-/- arthritic knee joints

was comparable. IFN-γ overexpression
increased the inﬂux of macrophages.
Macrophage and neutrophil chemokine
production in the arthritic knee joints was
additionally investigated. MIP-1α (which
is chemotactic for macrophages) and KC
(which is chemotactic for PMNs) protein
levels were determined in synovial washouts using the BioPlex method. Knee joints
injected with AdIFN-γ showed a signiﬁcant up-regulation of MIP-1α (from 1,5
to 4,5 pg/mg synovium), whereas levels
of KC remained low (<1 pg/mg synovial
tissue) which may explain the elevated
macrophage inﬂux (Figure 3). No signiﬁcant differences were found between
FcγRIII-/- and WT control synovial washouts (FcγRIII-/- and WT; 4.3 and 4.5 pg/
mg synovial tissue, respectively).

Lack of involvement of FcγRIII
in regulating chondrocyte death
in IFN-γ-stimulated IC-mediated
arthritis

Figure 4

Chondrocyte death after injection of PBS, AdeGFP, or AdIFN-γ in WT controls
and FcγRIII-/- mice (A), 3 days after arthritis onset. Note that chondrocyte
death was signiﬁcantly enhanced by IFN-γ both in FcγRIII-/- mice and WT
controls. Bars show the mean ± SEM of 6 mice. Representative sections demonstrating chondrocyte death in cartilage layer of AdIFN-γ injected arthritic
knee joints of WT controls (B) and FcγRIII-/- mice (C). (Original magniﬁcation x
400.) * = P<0.05, Mann-Whitney U test.

As in the presence of IFN-γ, the
amount and activation state of macrophages in early-phase ICA is similar in
FcγRIII-/- mice and WT controls, we
further investigated whether IFN-γ
also bypasses FcγRIII in late-phase cartilage destruction. Chondrocyte death
is a characteristic feature in late-phase
IC-mediated arthritis and is one of the
causes of irreversible cartilage destruction. Chondrocyte death was determined
in knee joints by measuring empty lacunae as a percentage of the total amount of
chondrocytes in various cartilage layers.
Injection of AdIFN-γ signiﬁcantly elevated chondrocyte death (by up to 50%)
in cartilage layers of WT controls and
FcγRIII-/- mice (Figure 4).
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sulted in marked VDIPEN expression
both in WT control and FcγRIII-/- knee
joints (45% and 35%, respectively, in
the total cartilage surface)(Figure 5)
compared with knee joints that had received PBS and AdeGFP before onset of
IC-mediated arthritis.

Discussion

Figure 5

MMP-mediated proteoglycan damage (VDIPEN expression) after injection of
PBS, AdeGFP, or AdIFN-γ in WT controls and FcγRIII-/- mice (A) 3 days after
arthritis onset. Note that IFN-γ signiﬁcantly elevated VDIPEN expression both
in FcγRIII-/- and WT mice (A). Values represent the mean ± SEM of 6 mice.
Representative sections demonstrating VDIPEN expression in AdIFN-γ injected arthritic knee joints of WT controls (B) and FcγRIII-/- mice (C). (Orginal
magniﬁcation x 400.) * = P<0.05, Mann-Whitney U Test.

Enhancement of MMP-mediated
cartilage destruction by IFN-γ in
arthritic knee joints of FcγRIII-/mice
In addition, we determined cartilage breakdown mediated by MMPs,
which previously has been shown to
be responsible for induction of severe
irreversible breakdown of the cartilage matrix. MMP-mediated cartilage
damage in arthritic knee joints was determined using immunolocalization of
neoepitopes in proteoglycans (VDIPEN
expression) and was scored in various
cartilage layers within the knee joint.
Local overexpression of IFN-γ re-
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In the present study, we demonstrated
that the FcγRIII dependency of joint
inﬂammation during ICA can be bypassed by local overexpression of IFN-γ.
Furthermore, we showed that both activating FcγRI and III are able to initiate
MMP-mediated cartilage damage, and
we thereby conﬁrmed the speciﬁc linkage between activation of FcγRI and
chondrocyte death.
In a previous study using FcγRIII-/mice, we found that the onset of ICA is
highly FcγRIII-dependent, whereas ICA
was not inhibited in FcγRI-/- mice [11].
Here we show that local IFN-γ expression
in the knee joint can bypass this FcγRIII
dependency. Synovial lining macrophages,
which determine the onset of IC mediated arthritis [24-26], express low levels of
FcγRIII whereas FcγRI is not expressed.
IFN-γ induces strong up-regulation of
activating FcγRI on macrophages and to
a lesser extent, FcγRIII [27]. In accordance with this is our ﬁnding that local
overexpression of IFN-γ in the knee joint
signiﬁcantly enhanced FcγRI expression
in the synovium. These results led us to
speculate that when FcγRI is highly expressed as in IFN-γ-stimulated ICA, joint
inﬂammation could be induced by this
receptor.

In the present study, the control virus
also induced a slight increase in FcγRI
expression. This is probably due to production of low amounts of IFN-γ by macrophages, as a response to the adenovirus
[28]. This enhanced FcγRI expression
can also account for the somewhat higher
cell inﬂux found in arthritic knee joints
injected with AdeGFP compared with the
PBS injected group.
T cells or T cell-derived cytokines are
also able to regulate FcγR expression on
macrophages either directly [29] or indirectly by producing cytokines like IFN-γ
[30]. This can explain why during a T cellmediated arthritis like antigen-induced
arthritis (AIA), joint inﬂammation has
been shown to follow a FcγRI-dependent
pathway [12], whereas FcγRIII dependency is completely lost. In contrast, in
non-T cell IC-mediated arthritis models,
like the K/BxN model or our own passive
IC model [11,31], joint inﬂammation was
highly FcγRIII-dependent.
The increase in joint inﬂammation
in FcγRIII-/- mice after onset of IFN-γstimulated IC arthritis was not due to a
direct effect of IFN-γ, since overexpression of IFN-γ in naive knee joints induced
a negligible amount of joint inﬂammation
[17].
Since the percentage of macrophages
is related to the severity of cartilage destruction [3,4], and no difference in inﬂammatory mass was present between
WT control and FcγRIII-/- mice when
IFN-γ was overexpressed, comparison of
cartilage damage between these groups
was simpliﬁed. MMPs mediate severe
cartilage destruction found in IC-mediated arthritis. IL-1 induces chondrocytes
to release latent MMPs that are stored in

the cartilage matrix [32,33]. Moreover,
synovial macrophages and ﬁbroblasts are
also involved in the production of latent
MMPs [34]. Activation of pro-MMPs
leads to destruction of proteoglycans
and collagen type II ﬁbers that form the
cartilage matrix [13-15]. The factors involved in activation proMMPs are still not
identiﬁed. However, recent studies using
FcγR-deﬁcient mice have shown that
FcγRs are crucial in activation of latent
MMPs [11,12].
Using FcγRIII-/- mice, we now demonstrated that FcγRI can mediate cartilage destruction by metalloproteinases.
Up-regulation of FcγRI compensated absence of FcγRIII, resulting in comparable
amounts of VDIPEN in cartilage layers of
FcγRIII-/- mice and WT controls. Earlier,
we found that IFN-γ overexpression in
FcγRI-/- mice during ICA also enhanced
VDIPEN expression [17]. Combining
these results, it can be concluded that both
FcγRI and FcγRIII have the potency to
mediate MMP-mediated proteoglycan
destruction.
Normally, the concentration of IFN-γ,
which preferentially induces FcγRI expression and to a lesser extent FcγRIII, is
low during experimental arthritis. However, during T cell dependent AIA, a shift
of FcγRIII towards FcγRI was observed.
FcγRI became the dominant receptor involved in MMP-cartilage damage,
whereas FcγRIII dependency was completely lost [12]. In the present study, we
found that the presence of high amounts
of IFN-γ within the knee joint not only
results in a shift in expression levels from
FcγRIII to FcγRI, but also induces a
strong up-regulation of FcγRIII. This
may explain why FcγRIII still plays a role
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in MMP-mediated cartilage destruction
under these conditions.
Apart from differences in the amount
and/or balance of the two activating
FcγRs expressed within the synovium,
there may also be a difference in the
potency of the two receptors to drive
severe cartilage destruction. In contrast to
FcγRIII, FcγRI is a high afﬁnity receptor for IgG. Binding of IgG-ICs results
in production of oxygen radicals, which
have been shown to be potent regulators
of gene-activation through redox-signaling [35,36]. This may be reﬂected by
chondrocyte death, another parameter for
severe cartilage damage, which appeared
to be signiﬁcantly aggravated during
IFN-γ-stimulated arthritis. Previously, we
found that in FcγRI-/- mice, chondrocyte
death remained low even in the presence
of IFN-γ [17], indicating that FcγRI is
the crucial FcγR receptor mediating this
process. The speciﬁc role for FcγRI in
chondrocyte death was conﬁrmed in the
present study, since IFN-γ overexpression
in FcγRIII-/- mice resulted in high levels
of chondrocyte death similar to those in
controls. Since FcγRI is exclusively expressed on macrophages [37], this proves
that macrophage activation is crucial in
the induction of chondrocyte death.
Binding of IgG to FcγRI leads to
intracellular signaling involving activation of phospholipase D-1 (PLD-1), and
eventually leads to activation of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase [38]. IFN-γ itself or
products of FcγRI signaling might further
augment NADPH-oxidase function. Elevation of the oxidative burst may lead to
high concentrations of the relatively longlived hydrogen peroxide (H 2O2 ) [39].
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H 2O2 is able to act on more distant targets
and easily penetrates through cell membranes and has been shown to kill cells by
apoptosis [40]. In accordance with this,
overproduction of the glycolytic enzyme
glucose oxidase in the knee joint generated high levels of H 2O2 and caused severe
chondrocyte death [41].
Increased expression of FcγRI by IFN-γ
is also found in RA patients. A previous
study by Quayle et al. [42] reported that
neutrophils isolated from synovial ﬂuid
of RA patients expressed higher levels of
FcγRI, whereas no surface expression of
FcγRI was detected on blood neutrophils
from either patients or from healthy controls. This indicates that FcγRI expression
is induced when inﬂammatory cells enter
the diseased joint. Furthermore, it was
found that stimulation of neutrophils from
healthy controls with RA synovial ﬂuid
induced FcγRI expression and this stimulating effect could be abrogated by addition of anti-IFN-γ antibody [42]. This increase in FcγRI expression by IFN-γ may
affect the ability to respond to IgG-containing ICs, which are abundantly present
in synovial ﬂuid and synovium from RA
patients [5,6]. The present study underlines that enhanced FcγRI expression
by IFN-γ in arthritic knee joints indeed
alters the arthritic response, resulting in
increased severity of cartilage destruction
in experimental IC-mediated arthritis.
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Local IL-13 gene transfer prior to immune complex-mediated
arthritis inhibits chondrocyte death and matrix-metalloproteinase-mediated cartilage matrix degradation despite
enhanced joint inﬂammation
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During immune complex-mediated arthritis (ICA) severe cartilage destruction
is mediated by Fcγ receptors (FcγRs) (mainly FcγRI), cytokines (e.g.IL-1), and
enzymes (matrix metalloproteinases (MMPs)). IL-13, a T helper 2 (Th2) cytokine abundantly found in synovial ﬂuid of patients with rheumatoid arthritis,
has been shown to reduce joint inﬂammation and bone destruction during experimental arthritis. However, the effect on severe cartilage destruction has not
been studied in detail. We have now investigated the role of IL-13 in chondrocyte death and MMP-mediated cartilage damage during ICA. IL-13 was locally
overexpressed in knee joints after injection of an adenovirus encoding IL-13
(AxCAhIL-13), one day before arthritis onset; injection of AxCANI (an empty
adenoviral construct) was used as a control. IL-13 signiﬁcantly increased the
amount of inﬂammatory cells in the synovial lining and the joint cavity, by 30
to 60% at day 3 after ICA onset. Despite the enhanced inﬂammatory response,
chondrocyte death was diminished by two-thirds at days 3 and 7. The mRNA
level of FcγRI, a receptor shown to be crucial in the induction of chondrocyte
death, was signiﬁcantly downregulated in synovium. Furthermore, MMP-mediated cartilage damage, measured as neoepitope (VDIPEN) expression using
immunolocalization, was halved. In contrast, mRNA levels of MMP-3, -9, -12
and –13 were signiﬁcantly higher and IL-1 protein, which induces production
of latent MMPs, was increased ﬁvefold by IL-13. This study demonstrates that
IL-13 overexpression during ICA diminished both chondrocyte death and MMPmediated VDIPEN expression, even though joint inﬂammation was enhanced.

One of the main pathological features
of rheumatoid arthritis is marked destruction of cartilage [1]. This destruction starts
with reversible proteoglycan depletion,
which is followed by irreversible cartilage
degradation deﬁned as chondrocyte death
and breakdown of collagen type II eventually leading to matrix erosion. The latter
is mainly induced by matrix metalloproteinases (MMPs), which generate speciﬁc
cleavage sites within matrix molecules
[2,3]. MMPs are secreted in an inactive
form by IL-1-stimulated chondrocytes,
synovial macrophages, and ﬁbroblasts [46]. Activation of MMPs is still poorly understood, but MMP activity is primarily
found in experimental immune complex
(IC)-dependent arthritis models.

Immunoglobulin G (IgG)-containing
ICs can activate macrophages upon recognition by Fcγ receptors (FcγRs). Three
classes of murine FcγRs can be distinguished: FcγRI, II, and III. Triggering
FcγRI and III activates cellular responses,
whereas FcγRII is an inhibitory receptor [7]. Previous studies have showed
that activating FcγRI and III are crucial
in induction of severe cartilage destruction, since chondrocyte death and MMPmediated cartilage damage were absent
in FcγR-deﬁcient mice after induction
of immune complex-mediated arthritis
(ICA) [8]. Furthermore, cartilage damage
is aggravated by local overexpression of the
proinﬂammatory T helper (Th)1 cytokine
interferon (IFN)-γ [9]. This increase in
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cartilage destruction was observed only in
IC-dependent arthritis models [9]. FcγRI
was found to be crucial in the induction of
chondrocyte death, whereas both FcγRI
and III mediated MMP-induced VDIPEN
expression [9].
Since the Th1 cytokine IFN-γ worsens
the arthritic response by up-regulation of
the activating FcγRs, overexpression of a
Th2 cytokine during arthritis might be
protective, because of down-regulation
of these receptors. In earlier studies, we
found that adenoviral overexpression of
IL-4 resulted in reduced MMP-mediated
cartilage damage and chondrocyte death
during ICA and arthritis induced by collagen type II [10,11]. IL-4 is regarded as
a potent anti-inﬂammatory cytokine by
direct inhibition of proinﬂammatory cytokines such as IFN-γ, IL-1, and tumour
necrosis factor α [12]. However, IL-4
protein and mRNA are hardly detected
in synovial ﬂuid and synovium of rheumatoid arthritis patients [13]. In contrast,
IL-13 is expressed in rheumatoid arthritis
synovial ﬂuid and synovial ﬂuid macrophages and resembles many functions of
IL-4 [14,15]. Systemic overexpression
of IL-13 in collagen type II-induced arthritis and local overexpression of IL-13
in rat adjuvant-induced arthritis reduced
joint inﬂammation and bone destruction
[16,17]. However, the effect of IL-13 on
cartilage destruction was not investigated
in detail in these studies and remains to be
elucidated.
In the present study we investigated
whether IL-13 inﬂuences the development of chondrocyte death and MMPmediated VDIPEN expression in ICA.
Subsequently, regulation of FcγRs, MMP,
and IL-1 expression by IL-13 was studied,
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as these are important mediators in severe
cartilage damage.
The present study demonstrates that
overexpression of IL-13 in arthritic knee
joints, reduces chondrocyte death and
MMP-mediated VDIPEN expression despite enhanced joint inﬂammation. Injection of an adenovirus encoding for IL-13
diminished chondrocyte death, which
correlated with down-regulation of FcγRI
expression in the synovium. Reduction of
MMP-mediated VDIPEN expression was
not reﬂected by MMP mRNA and IL-1
concentrations, as these were increased.

Material and Methods
Animals
C57Bl/6 male mice (10 to 12 weeks
old) were purchased from Elevage-Janvier
(Le Genest Saint Isle, France). Mice were
fed a standard diet and tapwater ad libitum. Ethical approval was obtained from
the research ethics committee of the Central Animal Facility in Nijmegen.

Local gene transfer of IL-13
The recombinant adenovirus encoding
human IL-13 (AxCAhIL-13) was generated as described before [17-19] and an
empty adenoviral construct (AxCANI)
was used as control virus. AxCAhIL-13
or AxCANI (1.107 plaque-forming units)
was injected intra-articularly in naive
knee joints. Patellae with adjacent synovium were dissected in a standardized
manner [20] and synovial biopsies were
taken with a biopsy punch (diameter of 3
mm). Total RNA was extracted in 1 ml
TRIzol reagent and used for quantitative
PCR as described below. AxCAhIL-13

or AxCANI was injected intra-articularly
one day before the induction of arthritis.

Induction of immune complex-mediated arthritis
Rabbit polyclonal antibodies directed
against lysozyme were injected intravenously into mice. ICA was then passively
induced by injecting 3 µg lysozyme coupled to poly-L-lysine in 6 µl pyrogen-free
saline into the knee joints.

Histology of arthritic knee joints
Total knee joints were dissected at days
3 and 7 after the onset of arthritis. Joints
were decalciﬁed, dehydrated, and embedded in parafﬁn. Tissue sections (7 µm)
were stained with hematoxylin and eosin.
Histopathological changes were scored
in two ways. Inﬂammation was graded
on a scale from 0 (no inﬂammation) to
3 (severe inﬂamed joint) as inﬂux of inﬂammatory cells in synovium and joint
cavity. Chondrocyte death was scored as
the amount of empty lacunae expressed as
a percentage of the total number of cells
within the cartilage layers.

Immunohistochemical detection of
macrophages and polymorphonuclear neutrophils (PMNs)

an image analysis system. The inﬂammatory cell mass was selected by hand and
the amount of positive features present in
this area was displayed using a computer
imaging system. Three sections of each
knee joint were measured and the mean
was calculated. We report the amount
of positive features per 100,000 µm 2 inﬂammatory cell mass in the synovium.

Immunohistochemical VDIPEN
staining
Sections were digested with proteinase-free chondroitinase ABC (0.25
units/ml in 0.1 M Tris HCl, pH 8.0
(Sigma, Zwijndrecht, The Netherlands))
to remove the side chains of proteoglycans followed by incubation with afﬁnity-puriﬁed rabbit anti-VDIPEN IgG
[23]. The primary antibody was detected using biotinylated goat anti-rabbit
IgG, and avidin-streptravidin-peroxidase (Elite kit, Vector, Burlingame,
CA, USA). Counterstaining was done
with orange G (2%). Areas of immunostaining were expressed as a percentage of
the total cartilage surface.

Quantitative detection of FcγR
and MMP mRNA using RT-PCR

Speciﬁc mRNA-levels for FcγRI, II,
Macrophages were detected using a
and III and MMP-3, -9, -12, -13, and
speciﬁc antibody against F4/80, a murine -14 were detected using the ABI/PRISM
macrophage membrane antigen [21]. 7000 Sequence Detection System (ABI/
PMNs were visualized using NIMPR14, PE, Foster City, CA). Brieﬂy, 1 µg of
a speciﬁc rat anti-mouse monoclonal
synovial RNA was used for RT-PCR.
antibody [22]. Primary antibodies were
mRNA was reverse transcribed to cDNA
detected using rabbit anti-rat IgG and
using oligodT primers. cDNA (1/100)
avidin-horseradish-peroxidase conjugate. was used in one PCR ampliﬁcation.
Finally, sections were counterstained with
PCR was performed in SYBR Green
hematoxylin. Macrophage and PMN sub- Master Mix using the following amplisets were quantitatively measured using ﬁcation protocol: 2 minutes at 50°C fol-
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lowed by 40 cycles of 15 seconds at 95°C
and 1 minute at 60°C with data collection in the last 30 seconds. Message for
murine FcγRI, II, and III and MMP-3,
-9, -12, -13, and –14 was ampliﬁed using
the primers listed in Table 1 (Biolegio,
Malden, The Netherlands) at a ﬁnal concentration of 300 nM. Relative quantiﬁcation of the PCR signals was performed
by comparing the cycle threshold value
(Ct) of the FcγR and MMP genes in
the different samples after correction of
the GAPDH content for each individual
sample.

Table 1.

Primers for detection of murine Fc γR and MMP
mRNA.
Primer Sequence (5’ - 3’)

GAPDH
Up
Low
Fc γRI
Up
Low
Fc γRII
Up
Low
Fc γRIII
Up
Low

GGCAAATTCAACGGCACA
GTTAGTGGGGTCTCGCTCCTG
ACACAATGGTTTATCAACGGAACA
TGGCCTCTGGGATGCTATAACT
GACAGCCGTGCTAAATCTTGCT
GTGTCACCGTGTCTTCCTTGAG
GACAGGCAGAGTGCAGCTCTT
TGTCTTCCTTGAGCACCTGGAT

MMP-3
Up
Low

TGGAGCTGATGCATAAGCCC
TGAAGCCACCAACATCAGGA

MMP-9
Up
Low

GGAACTCACACGACATCTTCCA
GAAACTCACACGCCAGAAGAATTT

MMP-12
Up
Low

GGACATGAAGCGTGAGGATGT
GAAGTCTCCGTGAGCTCCAAAT

MMP-13
Up
Low

ACCTTGTGTTTGCAGAGCACTAACTT
CTTCAGGATTCCCGCAAGAGT

MMP-14
Up
Low

AAGGCTGATTTGGCAACCAT
GTCCCAAACTTATCCGGAACAC

Primer sequences used for RT-PCR on synovium.
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Determination of cytokine and
chemokine concentrations
To determine concentrations of IL-13,
IL-1β, KC (a mouse homologue for human
IL-8), and macrophage inﬂammatory protein 1α in patella washouts, synovial specimens were isolated in a standard manner
[20] and incubated in 200 µl RPMI 1640
medium (GIBCO BRL, Breda, The
Netherlands) for 1 hour at room temperature. Cytokine and chemokine concentrations were determined using the BioPlex
system from BioRad (Hercules, CA, USA)
for the Luminex multi-analyte system and
expressed as pg/ml.

Statistical analysis
Differences between experimental
groups were tested for signiﬁcance using
the Mann-Whitney U test. P values less
than 0.05 were considered statistically signiﬁcant.

Results
Local IL-13 expression in naive
knee joints using adenoviral gene
transfer
The expression of IL-13 was determined in synovial washouts at days 1, 2, 3,
and 7 after injection of the AxCAhIL-13
virus. IL-13 reached a concentration of
0.4 ng/ml after 24 hours. Values increased
to 2 ng/ml at day 2 and remained high
up to 7 days after injection (Figure 1A).
IL-13 was not detected after injection of
AxCANI.
We next investigated whether injection
of the adenoviral IL-13 construct causes
joint inﬂammation by itself. Using histology, we found that IL-13 overexpres-

sion in naive knee joints did not recruit
inﬂammatory cells at days 1, 2, 3, and 7
(Figure 1C). Injection of AxCANI resulted in minor cell inﬂux in the synovial
lining and joint cavity (Figure 1B), which
was not detectable from day 2 onwards.

IL-13 overexpression during ICA
enhances joint inﬂammation and
alters the composition of the cell
mass
To investigate whether IL-13 overexpression ameliorated the arthritic response,
we injected AxCAhIL-13 one day before
ICA induction. Joint inﬂammation was
studied 3 and 7 days after arthritis onset.
IL-13 overexpression signiﬁcantly inFigure 2

Joint inﬂammation in arthritic knee joints of C57Bl/6 mice injected with
AxCANI (adenovirus encoding no gene) or AxCAhIL-13 (adenovirus encoding
IL-13). At (A) day 3 and (B) day 7 after the onset of immune complex-mediated
arthritis. The inﬂammatory cell mass was signiﬁcantly enhanced by IL-13, in
both the joint cavity and the synovium 3 days after arthritis induction. Bars
show the means ± SEM for 10 mice. Signiﬁcance was evaluated using the
Mann-Whitney U test. *, P<0.05.

Figure 1

Adenoviral vector-mediated IL-13 expression in knee joints of C57Bl/6 mice.
(A) Naive knee joints and (B) total knee joint sections 24 hours after injection
of AxCANI (adenovirus encoding nog gene) or (C) AxCAhIL-13 (adenovirus
encoding IL-13). Injection of AxCAhIL-13 resulted in 0.4 ng/ml IL-13 at day 1,
which increased to 5.5 ng/ml by day 7 (A). Injection of AxCANI resulted in a
mild thickening of the synovial lining (S), and some invading inﬂammatory
cells in the joint cavity (JC) (B), whereas no inﬂammation was observed after
AxCAhIL-13 injection (C). Plotted values are means ± SEM of data from 5 mice.
* P < 0.05. Original magniﬁcation 200X. F, femur ; P, patella.

creased the inﬂammatory cell mass in
joint cavity and synovium, by 60% and
30%, respectively, 3 days after arthritis
induction (Figure 2A). After 7 days,
joint inﬂammation seemed to normalize in the IL-13 group (Figure 2B).
To further investigate inﬂammatory
cell types attracted by IL-13, PMNs and
macrophages were detected using speciﬁc NIMPR14 and F4/80 antibodies
respectively using immunolocalization.
At day 3, the amount of PMNs and macrophages was not markedly altered by
IL-13 (Figure 3A and B). At day 7, however, the amount of PMNs in the synovial lining was 10 times higher (Figure
3A), whereas the amount of macrophages in the IL-13 group was half that in
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arthritis induction, which correlates with
the high amount of PMNs (Table 2).
Macrophage inﬂammatory protein 1α
concentrations at day 3 were comparable
between the control and IL-13 groups. At
day 7, macrophage inﬂammatory protein
1α expression was slightly increased by
IL-13 (Table 2).

IL-13 strongly inhibits chondrocyte
death during ICA: down-regulation
of Fc γRI

Figure 3

Immunohistochemical detection of inﬂammatory cells in knee joints of mice
with immune complex-mediated arthritis (ICA). (A) Polymorphonuclear
neutrophils (PMNs) and (B) macrophages in synovium 3 and 7 days after injection of AxCANI or AxCAhIL-13. PMNs were detected using the speciﬁc rat
anti-mouse monoclonal antibody NIMPR14, and macrophages were detected
using an antibody against the membrane marker F4/80. At day 7, the amount
of NIMPR14-positive features was signiﬁcantly higher in the synovium of AxCAhIL-13 injected arthritic knee joints, while the amount of F4/80 positive
features was signiﬁcantly lower. The bars represent means ± SEM for 10 mice.
Data were evaluated using the Mann-Whitney U test. *, P<0.05.

Because IL-13 enhanced the inﬂammatory response, we next investigated
the effect of IL-13 overexpression on
cartilage destruction. A characteristic
feature of irreversible cartilage damage is
chondrocyte death; this was scored as the
percentage of empty lacunae relative to
the total amount of chondrocytes present
in various cartilage layers in the knee
joint.
Three days after ICA induction,
chondrocyte death, expressed as the mean
for 6 cartilage layers in the knee joint,
was very low in the IL-13 group (5%)
and signiﬁcantly less than in the control

the mice without IL-13 (Figure 3B).

KC concentration in synovial
washouts is augmented by IL-13
A possible mechanism by which IL-13
can increase joint inﬂammation in the
presence of ICs is elevation of chemokine
production. To investigate this, synovial
washouts were done on days 3 and 7, and
the chemokines KC (chemotactic for neutrophils) and macrophage inﬂammatory
protein 1α (chemotactic for macrophages)
were measured. Local IL-13 overexpression increased KC concentrations 4- and
18-fold, respectively, at days 3 and 7 after
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Table 2

Eﬀect of IL-13 on chemokine concentrations
(pg/ml) in arthritic knee joints in mice
KC

MIP-1α

ICA day 3
AxCANI
AxCAhIL-13

56 ±8
196 ±31*

303 ±6.8
344 ±96

ICA day 7
AxCANI
AxCAhIL-13

10 ±6
184 ±26*

157 ±25
268 ±98

Concentrations of KC and MIP-1α were detected in synovial washouts of arthritic knee joints 3 and 7 days after arthritis induction. KC concentrations
were signiﬁcantly higher in arthritic knee joints injected with AxCAhIL-13
both at day 3 and 7. *, P<0.05 in comparison with AxCANI.

values of FcγRI, II, and III in synovium
of arthritic knee joints injected with
AxCANI were subtracted from cycle
values of FcγRs after AxCAhIL-13 injection. Interestingly, FcγRI mRNA
level was decreased by IL-13 at day 3
after ICA induction (∆Ct = 2), and was
still slightly down-regulated at day 7
(∆Ct = 0,5). In contrast, FcγRII and
FcγRIII were up-regulated by IL-13, at
both days 3 and 7 after ICA induction
(Figure 4B).

IL-13 increases IL-1 production
and MMP mRNA levels in the
arthritic knee joint

Figure 4

Chondrocyte death in the knee joints of mice with immune complex-mediated arthritis (ICA). (A) At day 3 and 7 in arthritic knee joints injected with
AxCANI or AxCAhIL-13 and (B) expression proﬁles of Fcγ receptor I (FcγRI),
II, and III mRNA levels induced by IL-13 in synovium. IL-13 signiﬁcantly decreased chondrocyte death, both at day 3 and at day 7 (A). Cycle threshold
(Ct) values of FcγRI, II, and III in arthritic knee joints injected with AxCANI
were subtracted from the Ct values for FcγRs after injection of AxCAhIL-13.
Ct values were corrected for GAPDH content for each individual sample. (B)
FcγRI mRNA level was down-regulated by IL-13, whereas an up-regulation
was observed for both FcγRII and III (B). Bars represent means ± SEM for 10
mice. Mann-Whitney U test. * P<0.05.

arthritic knee joints, which showed 25%
chondrocyte death (Figure 4A). At day
7, chondrocyte death was even more
signiﬁcantly reduced (65%) in comparison with the control group (Figure 4A).
In a previous study, we found that
FcγRI is the dominant receptor mediating chondrocyte death during ICA
[9]. We speculated that the decreased
chondrocyte death might be caused by
down-regulation of FcγRI by IL-13. For
that reason, we determined the effect
of IL-13 on mRNA levels of all three
classes of FcγRs in synovium. Cycle

Cartilage matrix degradation is
largely mediated by MMPs. Production
of latent MMPs is mainly regulated by
IL-1 and this cytokine has been shown
to be crucial in the generation of MMPmediated neoepitopes [23]. The production of IL-1 was determined in synovial
washouts of arthritic knee joints at both
days 3 and 7. At day 3, IL-1 concentration was between 450 and 500 pg/ml
in both the control and the IL-13 group.
However, at day 7, the IL-1 level was
reduced in the control group but remained high in the IL-13 group (control; 54 pg/ml vs IL-13; 255 pg/ml).
This sustained IL-1 production at
day 7 may result in high concentrations
of MMPs in synovium. Levels of MMP3, -9, -12, -13, and -14 mRNA were detected by quantitative PCR. MMP-12
mRNA levels were increased 10-fold
and 8-fold by IL-13 at days 3 and 7, respectively, after the onset of ICA. At day
7, mRNA levels of MMP-3, -9, and -13
were also signiﬁcantly increased in the
IL-13 group (Table 3).
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Table 3

Eﬀect of IL-13 on MMP mRNA levels in synovium of mice with ICA

AxCANI
MMP-3
MMP-9
MMP-12
MMP-13
MMP-14

5.7±0.3
5.1±0.2
0.6±0.4
3.2±0.2
3.7±0.4

ICA day 3
AxCAhIL-13
7.1±0.8
4.8±0.3
5.8±1.1*
2.7±0.3
4.9±0.8

AxCANI
4.2±0.5
0.2±0.6
0.9±1
4.3±0.3
3.7±1

ICA day 7
AxCAhIL-13
6.1±0.2*
3.9±0.5*
8.1±0.9*
6.4±0.3 *
3.7±0.6

Expression proﬁle of MMP-3, -9, -12, -13, and –14 mRNA levels after injection of AxCANI or AxCAhIL-13 in synovial biopsies isolated at day 3 and day 7 after
arthritis onset. The Ct values for MMP genes in naive knee joints were subtracted from the Ct values for MMPs at day 3 and 7 after arthritis onset. Ct values were
corrected for GAPDH content for each individual sample. Note that MMP-3, -9, -12, and –13 mRNA levels were signiﬁcantly increased at day 7 by IL-13, and the
MMP-12 mRNA level was already elevated at day 3. Values represent the means ± SEM for 5 mice. * P<0.05, Mann-Whitney U-test.

MMP-mediated VDIPEN expression
is reduced by IL-13 overexpression
Increased IL-1 and MMP concentrations may induce enhanced MMP-mediated proteoglycan degradation and this
was further investigated by detection of
VDIPEN neoepitope expression in the
cartilage. In the control group, 35% of
the cartilage surface expressed VDIPEN
neoepitopes after 3 days (Figure 5). Injection with AxCAhIL13 reduced VDIPEN
expression by 43%, as only 20% VDIPEN
expression was found in the IL-13 group.
The inhibitory effect of IL-13 was still

Figure 5

Matrix metalloproteinase-mediated aggrecan damage in knee joints of mice
with immune complex-mediated arthritis. VDIPEN expression at day 3 and 7
after ICA induction in knee joints injected with AxCANI or AxCAhIL-13. Note
that VDIPEN expression was reduced by IL-13 both at day 3 and day 7. Values
represent the mean ± SEM for 10 mice. * P<0.05, Mann-Whitney U test.
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present at day 7 after arthritis induction, as
only 10% VDIPEN expression was found
in the IL-13 group compared to 25% in
the control group (Figure 5).

Discussion
In the present study, we have shown
that local gene transfer of IL-13 reduced
severe cartilage destruction deﬁned as
chondrocyte death and MMP-mediated
aggrecan damage during ICA.
Local IL-13 overexpression during
IC-dependent arthritis enhanced joint
inﬂammation. To exclude the possibility that IL-13 itself induces inﬂux of inﬂammatory cells, as is found when IL-13
is overexpressed in the lung [24,25],
AxCAhIL-13 was injected in naive knee
joints. We observed that IL-13 overexpression in the knee joint did not recruit
inﬂammatory cells. This observation
indicates that overexpression of IL-13
induces elevated joint inﬂammation in
combination with IC triggering. In our
IC-dependent arthritis model, we showed
that joint inﬂammation is determined by

activating FcγRIII [26]. In the present
study, we ﬁnd that IL-13 increased expression of FcγRIII within the synovium,
which is not in line with the study showing that IL-13 decreases FcγRIII expression on human monocytes [27]. However,
regulation of FcγR expression on mouse
macrophages by IL-13 has not been described. IL-13 has high similarity with
IL-4, which can increase FcγRIII expression on murine mast cells [28]. Binding of
IC to FcγRIII on macrophage lining cells
leads to activation, resulting in elevated
inﬂux of inﬂammatory cells.
We further found that overexpression
of IL-13 in arthritic knee joints particularly increased the amount of PMNs. This
is in line with earlier studies in which it
was shown that stimulation of FcγRIII
induces release of PMN attracting chemokines as IL-8, resulting in neutrophil
accumulation [29-31]. The proinﬂammatory action of IL-13 found in the present
study seems to be dependent on costimulation with ICs to trigger arthritis onset,
since local overexpression of IL-13 during
T cell-mediated rat adjuvant-induced arthritis diminishes joint inﬂammation [17].
In the latter model, ICs do not play a role.
Whether IL-13 decreases or enhances
joint inﬂammation may also be dependent on systemic or local overexpression.
Systemic overexpression of IL-13 during
collagen type II-induced arthritis, in
which FcγRIII is also required for arthritis development [32], decreased joint
inﬂammation [16]. An explanation may
be that systemic overexpression of IL-13
hampers the development of the immune
response by induction of isotype switching to the nonarthritogenic IgG4 and
IgE [33,34], thereby ameliorating the ar-

thritic response. Induction of immunity
is hardly affected by local overexpression,
as was shown when injection of AdIL-4
(adenovirus encoding IL-4) in knee joints
during arthritis induced by collagen type
II markedly increased the amount of inﬂammatory cells [11].
Cartilage destruction during ICA is
mostly related to joint inﬂammation. Despite the enhanced inﬂux of inﬂammatory
cells, however, a signiﬁcant reduction of
chondrocyte death was induced by IL-13.
Chondrocyte death may be the result of
increased production of oxygen radicals, as
reactive oxygen species can mediate apoptosis [35]. In a previous study, we showed
that there is a prominent role for FcγRI
mediating chondrocyte death during
ICA. In FcγRI-deﬁcient mice, chondrocyte death was almost absent. When the
Th1 cytokine IFN-γ was overexpressed,
a signiﬁcant increase in chondrocyte
death was observed, which was dependent on FcγRI [9]. Stimulation of FcγRI
leads to production of oxygen radicals
via NADPH-oxidase [36]. In the present
study, we ﬁnd that in knee joints injected
with AxCAhIL-13, FcγRI expression
remained low, whereas in knee joints injected with control virus, FcγRI expression level was enhanced in the synovium.
The decrease in chondrocyte death might
be due to a reduced FcγRI concentration. Moreover, it has been shown that
IL-13 itself down-regulates production
of oxygen radicals by inﬂammatory cells,
since IL-13 can inhibit protein kinase Ctriggered respiratory burst in monocytes
[37]. The inhibiting effect of IL-13 on
oxygen radical production seemed to be
monocyte-dependent, as no reduction
was found in PMNs [38].
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In addition, IL-13 also reduced MMPmediated VDIPEN neoepitope expression. It has been reported that IL-13
diminishes the breakdown of collagen
and proteoglycans from bovine cartilage, by regulation of MMP expression
[39]. Several mechanisms may inhibit
MMP-mediated cartilage destruction,
as regulation of MMPs occurs at three
different levels: MMP synthesis, activation of latent enzyme, and MMP-inhibition. IL-1 is a prominent cytokine controlling the production of latent MMPs
[40] and diminished production of IL-1
might reduce MMP-mediated cartilage
damage. We found, however, that IL-13
overexpression in arthritic knee joints
strongly increased IL-1β concentrations.
IL-13 is described as an anti-inﬂammatory cytokine, which in general reduces
IL-1β production [14,27,41]. However,
the effect of IL-13 on IL-1 production
by IC-stimulated macrophages has not
been described to date. In addition to
macrophages, ﬁbroblasts and PMNs are
also present in the knee joint at day 7
after the onset of arthritis.
The sustained production of IL-1 by
IL-13 may indeed stimulate MMP production, as reﬂected by enhanced MMP3, -9, -12, and -13 mRNA levels 7 days
after ICA induction in AxCAhIL-13injected arthritic knee joints. MMP-12
mRNA level was already increased at
day 3 after the onset of arthritis. It has
been shown that MMP-12 expression is
IL-13 dependent and that MMP-12 is a
critical downstream mediator and regulator of IL-13-induced responses [42,43].
Furthermore, IL-13 induction of MMP2, -9, and -13 is at least partly mediated
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by MMP-12 [43], indicating that MMP12 might be a crucial enzyme inducing
MMP-mediated cartilage damage.
Furthermore, IL-13 might interfere at the level of activation of MMPs.
MMPs are secreted in a latent form and
activation occurs after cleavage of a
propeptide. Factors that activate latent
MMPs are still unknown. However,
MMP-mediated VDIPEN expression is
mainly found in IC-dependent arthritis
models, in which FcγRs are of utmost
importance. Down-regulation of the activating FcγRs might reduce VDIPEN
expression. Indeed, we found that IL-13
strongly diminished FcγRI expression in
synovium. Another mechanism involved
in activation of MMPs, is production of
oxygen radicals. As mentioned above,
stimulation of FcγRI results in assembly of the NADPH-oxidase complex,
which produces oxygen radicals [36].
Additionally, oxygen metabolites can
be converted into H 2O2, which can activate latent pro-MMPs [44,45]. Taken
together, decreased FcγRI expression
reduces the production of oxygen radicals, which apart from chondrocyte protection may also result in diminished
MMP-mediated VDIPEN expression.
The present study shows that IL-13
is a potent cytokine that protects the
cartilage matrix against degradation
during ICA. In addition, these results
indicate that regulation of the expression of FcγR, particularly FcγRI, might
be involved in this process. Therefore,
modulation of FcγRI by Th2 cytokines
seems to be a promising therapeutic tool
diminishing cartilage damage in rheumatoid arthritis.
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NADPH-oxidase driven oxygen radical production determines
chondrocyte death and partly regulates metalloproteinasemediated cartilage matrix degradation during interferon-γstimulated immune complex-mediated arthritis
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In previous studies we found that FcγRI determines chondrocyte death and matrix
metalloproteinase (MMP)-mediated cartilage destruction during IFN-γ-regulated immune complex-mediated arthritis (ICA). Binding of immune complexes
(IC) to FcγRI leads to prominent oxygen radical production. In the present study,
we now investigated the contribution of NADPH-oxidase driven oxygen radical
production to cartilage destruction using P47phox-/- mice lacking a functional
NADPH-oxidase complex. Induction of a passive IC-mediated arthritis in knee
joints of P47phox-/- resulted in signiﬁcant elevation of joint inﬂammation at day
3 when compared with wild-type (WT) controls as studied by histology. However, when IFN-γ was overexpressed by injection of adenoviral-IFN-γ in the
knee joint before ICA induction, the inﬂammatory cell mass was comparable at
both days 3 and 7, which comprised mainly macrophages in both mouse strains.
Proteoglycan depletion in the cartilage layers of the knee joints was similar at
days 3 and 7 in both groups. Aggrecan breakdown in cartilage caused by MMPs
was further studied by immunolocalisation of MMP-mediated neoepitopes
(VDIPEN). VDIPEN expression was signiﬁcantly lower (between 30-60%) in
IFN-γ stimulated P47phox-/- at day 7. This despite the strong up-regulation of
mRNA levels of various MMPs such as MMP-3, -9, -12, and -13 in synovia
of P47phox-/-, as measured with quantitative RT-PCR . The latter suggests that
oxygen radicals are involved in activation of latent MMPs. Chondrocyte death,
determined as percentage of empty lacunae in articular cartilage, varied between
20-60% at day 3 and 30-80% at day 7 in WT mice, but was completely blocked
in P47phox-/- at both time-points. FcγRI mRNA expression was signiﬁcantly
lower, whereas FcγRII and FcγRIII were higher in P47phox-/- when compared
with controls. NADPH-oxidase driven oxygen radical production determines
chondrocyte death and aggravates MMP-mediated cartilage destruction during
IFN-γ-stimulated IC-mediated arthritis. Up-regulation of FcγRI by oxygen
radicals may contribute to cartilage destruction.

During rheumatoid arthritis (RA),
large amounts of inﬂammatory cells,
mainly macrophages, migrate into
the synovial layer [1]. Many of these
macrophages become activated by as
yet unknown mechanisms. Activated
macrophages produce cytokines such
as TNF-α and IL-1 and enzymes like
matrix metalloproteinases (MMPs),
which can mediate severe cartilage destruction. A strong correlation was found
between the number of activated macro-

phages and cartilage erosion [2]. Important triggers of macrophage activation
are IgG-containing immune complexes
(ICs) which are found in large amounts
in joints of many RA patients [3]. In previous studies, we have found that severe
cartilage destruction mainly developed
when ICs were present [4]. Severe cartilage destruction is thereby deﬁned as
chondrocyte death and cartilage matrix
destruction. The latter is induced predominantly by MMPs, which are re-
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leased in a latent form. Upon activation
these enzymes degrade the collagen type
II network in the cartilage, resulting in
irreversible erosion [5]. During IC-mediated arthritides, synovial macrophages
appeared to be dominant players in the
induction of severe cartilage destruction
[6].
IgG-containing ICs communicate
with macrophages using Fcγ receptors
(FcγR). Three classes have been described
in the mouse and previous studies in our
lab showed that absence of the activating
FcγRI and III completely abrogated severe
cartilage destruction [7-9].
The mechanism by which FcγR mediate chondrocyte death and MMP-mediated cartilage destruction is not known.
However, recently we have found that
FcγRI is the dominant activating FcγR
causing cartilage destruction [10-11].
In T cell-driven IC-mediated arthritis,
chondrocyte death in FcγRI-/- was completely abrogated, whereas MMP-mediated cartilage destruction was signiﬁcantly
diminished [12]. Moreover, IC-mediated
arthritis stimulated by local overexpression of the T cell factor IFN-γ showed
pronounced chondrocyte death, which
was also completely mediated by FcγRI
[13].
Binding of IC to FcγRI causes intracellular signaling and triggers activation
of the multicomponent enzyme nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, which catalyzes the
production of oxygen species [14]. The
latter have been shown to be involved
in cell death [15-16] and activation of
MMPs [17]. The transmembrane cytochrome b558 plays a active central role
in the NADPH-oxidase complex and it
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is comprised of two subunits: gp91phox
and p22phox. P47phox is the cytosolic
component of the NADPH-oxidase complex that translocates to the membrane
and associates with cytochrome b556 to
form the active complex that catalyzes
the reduction of oxygen to superoxide.
Functionally p47phox increases the binding of P67phox to cytochrome b556 by
approximately 100 fold [18-20]. IFN-γ
strongly stimulates p91 but also expression of FcγRI. Binding of ICs to FcγRI
further increases NADPH-oxidase activity [21]. Phospholipase D-1 (PLD-1) has
been shown to be an important mediator
between FcγRI signaling and activation
of NADPH-oxidase [14,22]. The combination of IFN-γ and FcγRI stimulation
may therefore result in a strong stimulation of NADPH-oxidase catalyzing large
amounts of superoxide production.
In the present study, we investigated
the effect of NADPH-oxidase driven
oxygen radicals in the generation of
severe cartilage destruction during
IFN-γ-accelerated IC-mediated arthritis.
For that purpose p47phox gene-deﬁcient
mice were used which are unable to form
a functional NADPH-oxidase complex
[23] and therefore are unable to produce
oxygen species by the NADPH-oxidase
pathway. Other oxygen radical producing pathways however, remain intact. We
ﬁnd that chondrocyte death was completely abrogated, whereas MMP-mediated cartilage destruction was signiﬁcantly inhibited. FcγRI expression was
signiﬁcantly downregulated, whereas
on the contrary, MMP gene expression
in the synovium was higher suggesting
that oxygen radicals are involved in the
activation step of MMPs.

Material and Methods
Animals
Mice deﬁcient for the NADPH-oxidase complex (p47phox-/-) generated as
described previously [23], lack the cytosolic p47phox subunit of the NADPHoxidase multicomponent system. The
knock-out (KO) mice were backcrossed
to the C57BL6 background for 15 generations and C57BL/6 ( Jackson Laboratory, Bar Harbour,ME) were used
as wild-type (WT) controls. In some
experiments p47phox-/- mice of intercross progeny (C57BL/6 X 129Sv) were
used with their proper controls. Colonies were maintained at the National
Institutes of Health (Bethesda,MD).
All mice were housed under speciﬁed
pathogen-free conditions during breeding and experiments. Mice received
autoclaved chow and acidiﬁed water ad
libitum. Only mice that were healthy
were used in the experiments and were
age-matched (10 to 20 weeks) and sex
matched for each set of experiments. All
experiments were approved by local authorities of Animal Care and Use Committee.

In vivo overexpression of IFN-γ
using an adenoviral construct
The recombinant adenovirus encoding murine IFN-γ (AdIFN-γ) was generated as described before [24]. Knee
joints of naive mice were intra-articularly injected with 6 µl of AdIFN-γ (1.107
pfu). At different time points (day 3
and 7), patellae with adjacent synovium
were dissected in a standardized manner
[25] and synovium biopsies were taken
using a biopsy punch with a diameter of

3 mm. Total RNA was extracted in 1 ml
TRIzol reagent and used for quantitative PCR as described below. AdIFN-γ
was intra-articularly injected one day
before arthritis induction.

Induction of immune complexmediated arthritis
Immune complex-mediated arthritis
(ICA) was passively induced by injecting
3 µg poly-L-lysine coupled lysozyme in
the knee joints of mice that had previously (16 hours earlier) received, intravenously, polyclonal antibodies directed
against lysozyme. These antibodies were
raised in rabbits.

Histology of arthritic knee joints
Total knee joints of mice were isolated 3 and 7 days after arthritis onset. Knee
joints were decalciﬁed, dehydrated, and
embedded in parafﬁn. Tissue sections (7
µm) were stained with hematoxylin and
eosin. Histopathological changes were
scored using the following parameters.
Inﬂammation was graded on a scale
from 0 (no inﬂammation) to 3 (severe
inﬂamed joint) as inﬂux of inﬂammatory cells in synovium and joint cavity.
To study proteoglycan depletion
from cartilage matrix, sections were
stained with safranin O followed by
counterstaining with fast green. Proteoglycan depletion (loss of red staining)
from various cartilage layers was determined using an arbitrary scale from 0-3.
Normal cartilage was taken as 0 value,
whereas cartilage fully depleted of proteoglycans was taken as maximal 3 value.
Chondrocyte death was determined in
total knee joint sections stained with
hematoxylin and eosin and expressed as
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percentage of the area of the cartilage
containing empty lacunae in relation
to the total area. All experiments were
scored separately and independently
from each other.

Immunohistochemical detection
of the identiﬁcation marker of
macrophages
F4/80, a murine macrophage membrane antigen, was detected using a
speciﬁc rat anti-mouse F4/80 antibody.
Primary antibodies were detected using
rabbit anti-rat IgG and avidin-horseradish peroxidase conjugate. Finally, sections were counterstained with Mayer’s
hematoxylin (Merck, Germany).

Immunolocalization of MMPinduced neoepitope (VDIPEN)
For immunohistochemical analysis
of MMP-induced neoepitopes, sections were deparafﬁnized, rehydrated
and digested with chondroitinase ABC
(Sigma, 0.25 U/ml, 0.1 M Tris-HCL
pH 8.0) for 1 hour at 37°C to remove
chondroitine sulphate from the proteoglycans. Sections were then treated
with 1% H 2O2 in methanol for 20 minutes and subsequently 5 minutes with
0.1% (v/v) triton X-100 in PBS. After
incubation with 1.5% (v/v) normal goat
serum for 20 minutes, sections were
incubated with afﬁnity-puriﬁed antiVDIPEN IgG overnight at 4°C. These
antibodies were kindly provided by
Irwin Singer and Ellen Bayne (Merck
Research Laboratories, Rahway, USA)
and have been extensively characterized
before [26, 27]. In addition, sections
were incubated with biotinylated goat
anti-rabbit IgG and binding detected

140

Chapter 8

using avidine-peroxidase staining (Elite
kit, Vector Labs, Inc., Burlingham). Induction of the peroxidase product was
detected using nickel enhancement and
counterstaining was performed with
orange G (2%) for 5 minutes.

Quantitative RT-PCR
RNA was isolated using 1 ml
of TRIzol reagent (Life Technologies, Breda, The Netherlands). Speciﬁc mRNA levels for various MMPs
(MMP- 2, -3, -9,-12, and -13), their
inhibitors (TIMP-1, -2, -3, and -4) and
FcγR (FcγRI, II, and III) were quantiﬁed using the ABI/PRISM 7000
Sequence Detection System (ABI/PE,
Foster City, CA). Brieﬂy, 1 µg of synovial RNA was used for reverse transcriptase-PCR. mRNA was reversetranscribed to cDNA using oligodT
primers and 1/100 of the cDNA was
used in one PCR ampliﬁcation. PCR
was performed in SYBR Green Master
Mix using the following ampliﬁcation
protocol: 2 minutes at 50°C followed by
40 cycles of 15 seconds at 95°C and 1
minute at 60°C with data collection in
the last 30 seconds. Message for murine
GAPDH, MMPs, MMP inhibitors
and FcγR was ampliﬁed using speciﬁc
primers (Biolegio, Malden, The Netherlands) for these molecules at a ﬁnal
concentration of 300 nmol/L. Relative quantiﬁcation of the PCR signals
was performed by comparing the cycle
threshold (Ct) value of the various molecules in the different samples after correction of the GAPDH content for each
individual sample to rule out confounding by variation of the RNA puriﬁcation and reverse transcriptase step.

Results
During IC-mediated arthritis
joint inﬂammation is downregulated by oxygen radicals, which is
compensated by IFN-γ
To investigate the effect of NADPHoxidase driven oxygen radical production
on joint inﬂammation, ICA was induced
in knee joints of P47phox-/- and their
wild-type (WT) controls. Total knee
joint sections were stained with hematoxylin/eosin and the amount of inﬂammatory cells present within the synovium
(inﬁltrate) and joint cavity (exudate) were
determined using an abitrary scale ranging from 0-3. At day 3 after induction of
ICA, joint inﬂammation was signiﬁcantly
higher in P47phox-/- when compared with
WT controls (Figure 1), indicating that
oxygen radicals inhibit IC-mediated joint
inﬂammation.
In addition, the effect of IFN-γ on
joint inﬂammation was investigated by injecting an adenoviral construct encoding
IFN-γ into knee joints of P47phox-/- and
their WT controls, one day before ICA

Figure 1

Joint inﬂammation 3 days after induction of ICA in P47phox-/- and their WT
controls. The amount of cells present in the synovium (inﬁltrate) and in the
joint cavity (exudate) was determined using an arbitrary scale from 0-3 (0, no
cells; 1, minor; 2, moderate; 3, maximal). The amount of cells was determined
blindly by two independent observers. Data are the mean ± SD of 8 animals.
Signiﬁcance was tested using the Wilcoxon rank test (*, P<0.05).

Figure 2

Joint inﬂammation 3 and 7 days after induction of IFN-γ-stimulated ICA in
P47phox-/- and their WT controls. The amount of cells present in the synovium
(inﬁltrate) and in the joint cavity (exudate) was determined using an arbitrary scale from 0-3 (see Figure 1 for deﬁnition). Note that there is a comparable cell mass in arthritic knee joints of P47phox-/- and WT controls. (A and
C versus WT control B). Signiﬁcance was tested using the Wilcoxon rank test
(*,P<0.05). Original magniﬁcations, x 100. F,femur ; P=patella.

induction. Earlier studies have shown
that IFN-γ does not elevate joint inﬂammation during ICA, whereas cartilage
destruction is signiﬁcantly enhanced
[13]. The latter is strongly correlated to
upregulation of FcγRI. We found that
the amount of inﬂammatory cell mass
was comparable in IFN-γ-stimulated
knee joints of P47Phox-/- and their WT
controls, both at days 3 and 7 after ICA
induction (Figure 2A-C).
Apart from the amount, also the cell
type of the inﬁltrated cells may be different. To determine the contribution of
the macrophage, which is the dominant
cell type involved in cartilage destruction
within this model, sections were stained
with antibodies directed against F4/80.
At day 7 after IFN-γ-stimulated ICA induction, high but comparable amounts
of F4/80-positive cells were detected in
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Figure 3

Expression of the macrophage marker F4/80 7 days after induction of IFN-γstimulated ICA. Note that 70-80% of the inﬁltrated cells within the synovium
consist of macrophages (A). F4/80 positive macrophages attached to the cartilage surface and were found in the lacunae of erosion pits (B, see arrows).
Original magniﬁcation, x 400. F,femur; JS,joint space.

both P47phox mice and their WT controls. Between 70-80% of the inﬂammatory cells, both in inﬁltrate and exudate
showed clear F4/80 staining (Figure 3A).
Moreover, large amounts of F4/80 positive macrophages attached to cartilage
surfaces at sites where erosion was detected (Figure 3B).
-/-

vestigated. Comparable PG depletion was
found in arthritic P47phox-/- knee joints
both at day 3 and day 7 after arthritis
induction (Figure 4A and B), suggesting that NADPH-oxidase driven oxygen
radicals do not alter aggrecanase-activity,
which is responsible for PG loss. Arthritic
knee joints which were not injected with
AdIFN-γ also showed maximal PG loss
which was not different between the two
strains (data not shown).

Oxygen radicals aggravate MMPmediated cartilage destruction
during IFN-γ-stimulated ICA
As PG loss was not different between
P47phox-/- and WT controls, we additionally investigated the more severe cartilage

Oxygen radicals are not involved
in mediating early proteoglycan
depletion
During ICA, mild cartilage destruction starts with the release of proteoglycans (PG) from the surface of the cartilage
layers. To investigate this early cartilage
destruction which is mainly mediated
by aggrecanases, total knee joint sections
were stained with safranin O. Loss of red
staining (a measure for PG loss) was scored
in various cartilage layers of the knee
joint (medial and lateral femur, tibia and
patella) using an arbitrary scale from 0-3.
At day 3 after IFN-γ-stimulated arthritis
induction, PG loss in arthritic WT knee
joints varied from 1 in the patella up to 3
in the lateral and medial femur. At day 7
after ICA induction, nearly maximal PG
loss was found in all cartilage layers in-
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Figure 4

PG depletion in cartilage layers of total knee joint sections 3 (A) and 7 (B) days
after induction of IFN-γ-stimulated ICA in P47phox-/- and their WT controls.
PG depletion was scored as loss of red staining in tibia, femur, and patella
using an arbitrary scale from 0-3. No signiﬁcant diﬀerence in PG loss was
found at day 3 (A) or day 7 (B) between wild-type controls and P47phox-/mice. Data are expressed as loss of red staining when compared to control
cartilage layers and represent the mean ± SD of 8 mice. Signiﬁcance was
tested using the Wilcoxon rank test (*, P<0.05). MT, medial tibia; LT,lateral
tibia; LF, lateral femur; MT, medial tibia; MF,medial femur; P,patella.

Figure 5

VDIPEN staining in knee joints of P47phox-/- and their wild-type controls, 3 (A) and 7 (B) days after IFN-γ-stimulated ICA. VDIPEN staining was signiﬁcantly lower
at day 7 in lateral and medial femur and lateral tibia of P47phox-/- mice (B and photographs D versus C). Data represent the mean ± SD of 8mice. Signiﬁcance was
tested using the Wilcoxon rank test (*, P<0.05). MT, medial tibia; LT, lateral tibia; MF, medial femur; LF, lateral femur; P, Patella. Original magniﬁcation, x 100.

matrix destruction mediated by MMPs.
For this purpose, the amount of MMPspeciﬁc neoepitope VDIPEN expressed
within various cartilage layers within the
knee joint was determined by immunostaining using speciﬁc anti-VDIPEN antibodies. A progressive amount of VDIPEN
staining was observed at day 7 when compared to day 3 in cartilage layers of IFNγ-stimulated arthritic WT knee joints but
not in P47phox-/- knee joints (Figure 5A
and B).
In WT controls, the amount of VDIPEN
staining varied from 5% in the patella up to
55% in the lateral femur, 3 days after arthritis induction. In P47phox-/- mice, VDIPEN
staining in various cartilage layers was comparable to WT controls at that time-point

(Figure 5A). At day 7 after arthritis induction, VDIPEN staining varied between
10 and 80% in WT controls. Interestingly,
in knee joints of arthritic P47phox-/-,
VDIPEN staining was signiﬁcantly lower
in lateral femur, medial femur and lateral
tibia (respectively 50%, 60% and 50% reduction) (Figure 5B and C versus D) and
values were similar as found at day 3.

Oxygen radicals downregulate
MMP mRNA levels within the
inﬂamed synovium during IFN-γstimulated ICA
An important source of MMPs involved in cartilage destruction may be
derived from the inﬂamed synovium.
To investigate whether oxygen radicals
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Figure 6

Expression of mRNA levels of various
MMPs (MMP-2,-3,-9,-12, and -13) and
their inhibitors (TIMP-1,-2,-3,and -4)
in synovia of arthritic P47phox-/- and
WT knee joints. Synovium was isolated
3 and 7 days after IFN-γ-stimulated
arthritis. The cycle threshold (Ct) value
of the various MMP and TIMP genes
was corrected for GAPDH content. Note
that at day 7, signiﬁcant elevated levels
of MMP-3, -9, and -13 were found in
P47phox-/- mice when compared with
controls (B). TIMP-1 and 2 were also
somewhat elevated, although to a
lesser extend than MMPs (D). No signiﬁcant diﬀerences were found at day 3
(A and C). Signiﬁcance was tested using
the Wilcoxon rank test (*, P<0.05).

alter the expression of MMPs within the
inﬂamed synovium, well-deﬁned synovial specimen were isolated at days 3 and 7
after arthritis induction and mRNA levels
of various MMPs (MMP-2,-3,-9,-12, and
-13) and their inhibitors (TIMP-1,-2,-3,
and -4) were determined using quantitative RT-PCR. At day 3 after IFN-γ-accelerated ICA, moderate expression (∆Ct 4 to
8 cycles) of all MMPs was measured in WT

Figure 7

Expression of mRNA levels of various FcγR (FcγRI, -II, and -III) in synovia of
arthritic P47phox-/- and WT knee joints. Synovium was isolated 7 days after
IFN-γ-stimulated arthritis. The cycle threshold (Ct) value of the various FcγR
genes was corrected for GAPDH content and for values in naive knee joints.
Note the signiﬁcant lower levels of FcγRI and elevated levels of FcγRII and
III in P47phox-/- mice when compared with controls. Signiﬁcance was tested
using the Wilcoxon rank test (*, P<0.05).
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mice. TIMP-1 and -2 were moderately
expressed, in contrast to TIMP-3 and -4
which were almost absent. At day 7, MMP2, -9, and -13 were still highly expressed
and only MMP-3 and 12 were signiﬁcantly
downregulated (Figure 6A and B). TIMP1, but not TIMP-2, was signiﬁcantly lower
at day 7 (Figure 6C and D). In synovium
of day 3 arthritic P47phox-/- knee joints,
MMP-2 was higher and MMP-9 lower
when compared with WT controls (Figure
6A). TIMP-1 and -2 expression was somewhat lower, not reaching signiﬁcance
(Figure 6C). At day 7, P47phox-/-, when
compared with WT controls, showed a
signiﬁcant elevation of MMP-3, -9, and 13 (Figure 6B), whereas also TIMP-1 and
-2 were somewhat increased (Figure 6D).

Oxygen radicals increase FcγRI
and decrease FcγRII and III during
IFN-γ-stimulated ICA
In previous studies, we have found
that activating FcγR (mainly FcγRI) are
important in the activation step of latent

Figure 8

Chondrocyte death in various cartilage layers of knee joints of P47phox-/- and their WT controls at day 3 after ICA induction (A) and at day 3 (B ) and day 7 (C) after
IFN-γ-stimulated ICA. Chondrocyte death was expressed as percentage of empty lacunae. Note that without IFN-γ, no chondrocyte is observed. At day 7 after
induction of IFN-γ-stimulated arthritis, in WT controls chondrocyte death was clearly present, whereas in P47phox-/- chondrocyte death was completely absent
(C and E versus control D). Signiﬁcance was tested using the Wilcoxon rank test (*, P<0.05). MT, medial tibia; LT,lateral tibia; LF, lateral femur; MT, medial tibia;
MF, medial femur; P, patella; F, femur. Original magniﬁcation, x 400.

MMPs [13]. To further investigate whether oxygen radicals are involved in the
regulation of FcγR expression, mRNA
levels of the three FcγR classes were determined in synovia isolated 7 days after
induction of IFN-γ-stimulated ICA. In
WT mice, FcγRI and II were upregulated
(∆Ct 4 and 2, respectively), whereas expression of FcγRIII was decreased (∆Ct
2) when compared to naive knee joints.

In P47phox-/-, FcγRI was downregulated
(∆Ct 4), whereas FcγRII and III were both
strongly upregulated (∆Ct 6) (Figure 7).

Oxygen radicals determine
chondrocyte death during IFN-γstimulated ICA
Apart from MMP-mediated cartilage destruction, chondrocyte death is
an important parameter of severe car-
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tilage destruction. In previous studies
we found that during IFN-γ-stimulated
ICA, chondrocyte death was dependent
on FcγRI. As binding of IC to FcγRI
results in substantial oxygen radical production [14], which subsequently leads
to a signiﬁcant up-regulation of this receptor, we further investigated whether
NADPH-oxidase driven oxygen radical
production indeed mediates chondrocyte
death within this model. The amount of
empty lacunae (expressing chondrocyte
death) within various cartilage layers of
the knee joint was determined and expressed as a percentage of the total amount
of chondrocytes present. Without IFN-γ
overexpression, chondrocyte death was
not found in WT and P47phox-/- arthritic
knee joints (Figure 8A). In contrast, when
AdIFN-γ was injected before arthritis induction, chondrocyte death was tremendously increased to 40 and 60% in the lateral and medial femur, respectively, and to
20 and 40% in the lateral and medial tibia,
respectively, at day 3 in WT mice (Figure
8B). At day 7, chondrocyte death was even
higher (between 60-70% and 20-70% in
femur and tibia, respectively) (Figure 8C
and D). Interestingly, arthritic knee joints
of IFN-γ-stimulated P47phox-/-, although
joint inﬂammation was comparable to that
found in WT mice, chondrocyte death
was completely absent at day 3 and very
low at day 7 (between 2-5% and 5-8% in
tibia and femur, respectively (Figure 8B,
C, and E). Absence of chondrocytes may
lead to cartilage erosion. However, at day
7 after IFN-γ-stimulated ICA, erosion
was still mild in cartilage layers of WT
arthritic knee joints. Erosion pits were
only found in the superﬁcial layers of
the medial and lateral tibia. Furthermore,

146

Chapter 8

clear attachment of macrophages to the
cartilage surface was observed. Cartilage
layers in arthritic P47phox-/- knee joints
showed similar attachment of macrophages and mild erosion, although chondrocyte death was absent (Figure 8E).

Discussion
In the present study, we ﬁnd that in
the absence of NADPH-oxidase generated oxygen radicals, IC-mediated joint
inﬂammation was signiﬁcantly enhanced.
This might be due to a disturbed IC-clearance, since removal of ICs from the joint
determines the severity of arthritis [28].
This is in line with a previous study, which
showed that oxygen radicals are crucial
in clearance of foreign particles like cell
walls of micro-organisms [29]. In a previous study, we have found that injection
of zymosan directly into the knee joint of
P47phox-/- mice caused a strongly elevated
joint inﬂammation due to retarded clearance and resulted in prominent granuloma
formation within the synovia of these
mice [30]. In the present study, we ﬁnd
that IFN-γ overexpression in the knee
joint of P47phox-/- before ICA induction
prevented the raise in joint inﬂammation
and no granuloma formation was found.
IFN-γ is a potent inducer of receptors
involved in phagocytosis like FcγR and
complement receptors and might lead to
an efﬁcient removal of ICs, responsible for
on-going arthritis within the knee joints
of P47phox-/- mice. Macrophages form
the dominant cell type within this model
and these cells express large amounts of
FcγR which are largely responsible for
IC clearance, but also for activation of

the lining cells which drive arthritis [31].
Interestingly, synovial expression of the
inhibitory FcγRII, which has been shown
to be the dominant FcγR involved in IC
clearance [32] was upregulated in the
synovium of IFN-γ-stimulated arthritic
P47phox-/- knee joints. Because FcγRII
is not dependent on oxygen radicals for
efﬁcient clearance, increase of FcγRII expression may lead to a more efﬁcient ICclearance.
Although the amount of inﬁltrated
macrophages was not different between
arthritic P47phox-/- and WT knee joints,
destruction of the cartilage matrix by
metalloproteinases was lower in the absence of oxygen radicals. Cytokines like
IL-1 and TNF-α activate chondrocytes
and synoviocytes to produce MMPs
which are released in an inactive form.
These latent enzymes need an activation
step before they can degrade the cartilage
matrix. MMP-3 is the crucial MMP involved in activation of MMP-13, which
forms the rate-limiting MMP in degradation of the collagen type II matrix resulting in erosion of the cartilage matrix [5].
IFN-γ overexpression strongly increased
MMP expression in the synovium. This
may be regulated directly by IFN-γ or
indirectly by up-regulation of FcγR expression and their subsequent activation
by ICs. In the present study we ﬁnd that
inﬂamed synovia of IFN-γ-stimulated
arthritic P47phox-/- knee joints showed
a strong up-regulation of various MMPs
like MMP-3, -9, -12, and -13. TIMP-1
and TIMP-2 were only marginally upregulated, whereas TIMP-3 and -4 were
completely absent. This suggests that
oxygen radicals inhibit gene expression of
MMPs. As MMP-mediated cartilage de-

struction was lower in arthritic P47phox-/knee joints, whereas MMP expression in
the synovium appeared higher, this may
indicate that oxygen radicals are also involved in their activation. Oxygen radicals
have earlier been shown to activate latent
MMP like MMP-2 [17]. In the present
study we also ﬁnd that oxygen radicals
up-regulate FcγRI expression. Binding of
ICs to FcγRI leads to increased oxygen
radical production [14] and may form an
ampliﬁcation step in the activation of proMMPs.
An interesting difference in contribution of oxygen radicals to MMP-mediated cartilage damage in P47phox-/- mice
was found between arthritis induced by
zymosan (ZIA) or by ICs. During IFN-γstimulated ICA, oxygen radicals enhance,
whereas during ZIA, they inhibit MMPmediated cartilage damage. An explanation for this discrepancy may be the cell
type involved in mediating cartilage destruction. During ZIA, a high numbers of
PMNs inﬁltrate into the joint. These cells
do not attach to the cartilage surface and
release large amounts of enzymes. Crucial
enzymes released by PMNs are elastase
and cathepsin G, which are highly capable
of penetrating the cartilage due to their
highly positive charge and are then able
to stimulate pro-MMP into their active
form causing VDIPEN neoepitopes [33].
Under normal circumstances elastase
activity is inhibited by synovial ﬂuid inhibitors like α2-macroglobulin and no
VDIPEN staining can be detected within
the cartilage layers [4]. However, in the
absence of oxygen radicals the number of
inﬁltrated PMNs was strongly increased
during ZIA [30] and the amount of elastase
may then overrule the inhibiting capacity
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of α2-macroglobulin in the synovial ﬂuid.
In contrast to ZIA, during IFN-γ-stimulated ICA the dominant inﬁltrating cell is
the macrophage which strongly attaches
to the surface of the cartilage. Production of oxygen radicals such as hydrogen
peroxide generated after stimulation of
FcγR by ICs [14] and the presence of superoxide dismutase, may then be of crucial importance in regulating activation of
pro-MMPs in the cartilage matrix. Hydrogen peroxide has a relatively long halflive and is able to activate pro-MMPs [17].
Synovial ﬂuid contains large amounts of
inhibitors of hydrogen peroxide like catalase [34]. However, due to the close proximity of the activated macrophage to the
cartilage surface, hydrogen peroxide may
escape from this inhibitor, which due to
its large size (240kD) is not able to penetrate into the cartilage matrix [35].
Another parameter of severe cartilage
destruction is chondrocyte death, which
was completely abrogated in the absence
of NADPH-oxidase driven oxygen radicals. Chondrocyte death may be mediated by oxygen radicals released by the
chondrocyte itself or by the inﬂamed
synovium. Chondrocytes do express
NADPH-oxidase [36] and cytokines such
as IL-1 are potent inducers of oxygen
radicals in chondrocytes [37]. Production
of intra-cellular hydrogen peroxide inside
the chondrocyte can cause disruption of
the mitochondrial membrane leading to
apoptosis [38]. However, previous studies in our lab have shown that FcγR-activated synovium is of crucial importance
in mediating chondrocyte death [39].
During IFN-γ-stimulated ICA, the inﬁltrated macrophages become activated by
ICs mainly via FcγR. In the mouse knee
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joint, FcγRI is exclusively expressed by
macrophages, and not by neutrophils, and
becomes strongly upregulated by IFN-γ.
Binding of IC to particularly FcγRI, and
in lesser extend to FcγRIII, leads to production of oxygen radicals. Apart from
FcγRI stimulation, IFN-γ itself has been
shown to upregulate P91 and P47 components of the NADPH-oxidase complex,
which may contribute to the enhanced
superoxide generation [40]. Besides the
NADPH-oxidase pathway, P47phox-/may produce oxygen radicals by alternate
pathways [23]. However, IFN-γ alone had
no effect on chondrocyte death. Moreover,
it has been shown that IFN-γ does not upregulate alternative ways of oxygen radical
production in P47phox-/- mice [23]. This
indicates that chondrocyte death is completely mediated via the NADPH-oxidase
complex. IFN-γ induces up-regulation of
NADPH-oxidase components and FcγRI
[41], and stimulation of FcγRI by ICs may
additionally lead to an enormous increase
in oxygen radical production mediating
cartilage destruction. Hydrogen peroxide
may again be the most plausible oxygen
species mediating chondrocyte death.
Hydrogen peroxide can easily penetrate
through cell membranes. Earlier studies
have shown that hydrogen peroxide, when
injected into mouse knee joints, was able
to induce considerable chondrocyte death,
which may be induced by apoptosis [42].
Hydrogen peroxide activates the opening
of the mitochondrial permeability transition pore and the release of cytochrome
C [43]. In the cytoplasm, cytochrome C
in combination with Apaf-1 activates caspase-9 leading to the activation of caspase3 and subsequent apoptosis [44 ].
NADPH-oxidase and p47phox phos-

phorylation is strongly increased in leucocytes derived from synovial ﬂuid of RA
patients [45]. Cytokines such as IFN-γ
are potent candidates for up-regulation of
NADPH-oxidase [41]. Moreover, ICs are
found in considerable amounts in joints
of many RA patients. These ICs may be
responsible for a large part of NADPHoxidase activation via FcγRI stimulation,
resulting in major amounts of oxygen
radicals. The latter may mediate part of
the severe cartilage destruction. As FcγRImediated oxygen radical production may
play a major role in mediating cartilage
destruction during arthritis, this receptor
may form a crucial target in combatting
this crippling disease.
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Rheumatoid arthritis (RA) is a chronic
inﬂammatory joint disease, which is characterized by uncontrolled proliferation of
synoviocytes and massive inﬁltration of
leucocytes. The perpetuation of synovitis
often results in erosion of cartilage and
bone. Although RA is considered as an
autoimmune disease, the auto-antigen is
still unknown. It is thought however, that
immune complexes (IC) play a dominant
role in the pathogenesis of RA by activation of macrophages via binding to Fcγ
receptors (FcγRs).
The aim of this thesis was to investigate
the role of the individual FcγRs in joint
inﬂammation and cartilage destruction
and to study whether regulation of FcγR
expression is able to modulate the severity
of cartilage damage.
In chapter 2, we showed that in T
cell-mediated antigen-induced arthritis
(AIA) FcγRI and FcγRIII are redundant in
mediating synovial inﬂammation, whereas
FcγRI and not FcγRIII is the dominant
activating receptor involved in severe
cartilage destruction. Furthermore, we
demonstrated that the inhibiting FcγRII is
crucial in negative regulation of both acute
and chronic inﬂammation and late severe
cartilage damage. Differences in severity
of arthritis in FcγRI-/- and FcγRIII-/- mice
were not due to impaired T and B cellmediated immunity, whereas in FcγRII-/mice the humoral response was enhanced
compared with their wild-type (WT)
controls. Subsequently, we investigated the
mechanism by which FcγRII inhibited the
arthritic response (chapter 3). We found
that in absence of activating FcγRs, FcγRII
reduced arthritis not only by inhibiting activating FcγRs, but also by removal of ICs
via endocytosis. AIA was induced in mice

lacking all three FcγRs (FcγRI/II/III-/-)
and in mice lacking both activating FcγRI
and III (FcγRI/III-/-) in which FcγRII is
still present. In FcγRI/III-/- mice, joint
inﬂammation was almost absent. Remarkably, in FcγRI/II/III-/- mice, arthritis was
tremendously increased compared with
WT controls. Signiﬁcant accumulation of
IgG was observed only in arthritic knee
joints of FcγRI/II/III-/- mice, suggesting
that endocytosis and clearance of ICs was
impaired in absence of FcγRII. In vitro
studies using macrophages expressing only
FcγRII (FcγRI/III-/-) showed prominent
endocytosis of preformed soluble ICs. In
total absence of FcγRs (FcγRI/II/III-/-),
macrophages completely failed to endocytose ICs. Although joint inﬂammation
was much higher in arthritic knee joints
of FcγRI/II/III-/- mice and the inﬁltrated
inﬂammatory cells were activated, severe
cartilage destruction was completely prevented in contrast to the marked cartilage
destruction (MMP-mediated VDIPEN
expression and chondrocyte death) found
in WT controls.
The individual role of FcγRs was further studied in arthritis solely provoked by
ICs using the passively induced immune
complex-mediated arthritis (ICA) (chapter 4). In FcγRIII-/- mice, inﬂux and activation of inﬂammatory cells was largely
blocked and resulted in reduced cartilage
destruction expressed as MMP-mediated
VDIPEN expression and chondrocyte
death. In FcγRI-/- mice, joint inﬂammation was similar when compared with WT
arthritic knee joints. However, chondrocyte death and VDIPEN expression were
signiﬁcantly lower, indicating that activation of FcγRI is crucial in cartilage
damage. In FcγRII-/- mice, the arthritic
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response was markedly elevated as both
joint inﬂammation and irreversible cartilage damage were enhanced.
In AIA as well as ICA, FcγRI appeared to be the crucial receptor in development of severe cartilage destruction,
since absence of FcγRI did not alter the
inﬂammatory response, whereas irreversible cartilage destruction was signiﬁcantly
reduced. Moreover, in the T cell-mediated AIA, which is a Th1 driven disease,
cartilage destruction was more severe and
completely dependent on FcγRI. Th1
cells release interferon (IFN)-γ, which
is known to induce marked up-regulation of FcγRI and this might explain why
FcγRI becomes prominent in cartilage
destruction during AIA. In chapter 5,
we demonstrated that local overexpression of IFN-γ in the knee joint during
ICA, using an adenovirus, indeed deteriorated irreversible cartilage damage. This
was only found in arthritis mediated by
ICs, and not when arthritis was induced
by zymosan. IFN-γ did not affect the
amount of inﬂammatory cells, but altered
the composition of the cell mass as the
percentage of macrophages expressing
markers for a proinﬂammatory phenotype was elevated. FcγRI mRNA level in
synovium was signiﬁcantly augmented by
IFN-γ. Whether this contributed to the
severity of cartilage damage was studied
using FcγRI-/- mice. Interestingly, despite
IFN-γ overexpression, chondrocyte death
remained low in arthritic FcγRI-/- knee
joints, indicating that FcγRI speciﬁcally
mediated chondrocyte death. On the
contrary, IFN-γ enhanced MMP-mediated VDIPEN expression similarly as
found in WT controls, suggesting that
the activating FcγRIII is able to compen-
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sates absence of FcγRI. To elucidate the
role of FcγRIII further, IFN-γ was also
overexpressed in FcγRIII-/- mice before
ICA induction (chapter 6). FcγRIII dependency of joint inﬂammation within
this model was completely abrogated by
IFN-γ, resulting in comparable joint inﬂammation in FcγRIII-/- mice and WT
controls. Levels of macrophage-attractant MIP-1α were increased by IFN-γ and
correlated with the higher percentage of
macrophages found both in WT controls
and FcγRIII-/- mice. Enhanced VDIPEN
expression and chondrocyte death were
also observed in FcγRIII-/- mice. Combining the results from chapter 5 and 6,
we demonstrated that IFN-γ increased the
severity of cartilage destruction mainly
via up-regulation of activating FcγRs.
Both activating FcγRs mediated MMPdependent VDIPEN expression, whereas
FcγRI speciﬁcally induced chondrocyte
death.
In chapter 7, we showed that overexpression of the Th2 cytokine IL-13
reduced cartilage destruction. In arthritic
knee joints injected with adenovirus expressing IL-13, the amount of inﬂammatory cells was elevated and higher numbers of polymorphonuclear neutrophils
(PMNs) were observed. Chondrocyte
death was however diminished, which
correlated with downregulation of FcγRI
mRNA level in synovium. MMP-mediated VDIPEN expression was also decreased, although MMP mRNA and IL-1
protein levels were enhanced. The latter
suggests that IL-13 may interfere at the
level of activation of pro-MMPs, instead
of decreasing the amount of MMPs.
In the studies mentioned above, we
demonstrated that FcγRs are of crucial

importance in the development of irreversible cartilage damage and that regulation of FcγR expression by cytokines is
able to modulate the severity of cartilage
destruction. Moreover, a prominent role
for FcγRI was found mediating irreversible cartilage destruction. It is known
that binding of ICs to FcγRI results in
prominent oxygen radical production by
the NADPH-oxidase complex. Whether
NADPH-oxidase driven oxygen radical
production is involved in development of
chondrocyte death and MMP-mediated
proteoglycan damage was investigated in
chapter 8. Therefore IFN-γ-stimulated
IC-arthritis was elicited in mice lacking the P47-subunit (P47phox-/-), which
is necessary for a functional NADPHoxidase complex. Joint inﬂammation
was similar in P47phox-/- mice and WT
controls when IFN-γ was overexpressed.
However, chondrocyte death and MMPmediated cartilage destruction were signiﬁcantly lower which was accompanied
by decreased FcγRI mRNA levels in
synovium. This study suggests that production of oxygen radicals via NADPHoxidase after stimulation of activating
FcγRI might contribute to chondrocyte
death and MMP-mediated VDIPEN expression.

Final considerations
This thesis demonstrates that activation of FcγRs by IgG-containing ICs in
the joint determines inﬂammation and irreversible cartilage destruction.
In many RA patients, IgG-ICs are
abundantly expressed in synovial ﬂuid,
synovium and cartilage [1,2], and there-

fore FcγRs may be crucial in the pathology found in RA. Recently, it was found
that antibodies directed against citrullinated proteins are highly speciﬁc for RA.
Besides being used as diagnostic factor,
these antibodies may form ICs locally in
the joint, thereby activating macrophages
by binding FcγRs.
In this thesis, two IC-dependent arthritis models were used to study the role of
FcγRs. In selective FcγR-deﬁcient mice,
antigen-induced arthritis (AIA), regulated by both ICs and T cells, or immune
complex-mediated arthritis (ICA), solely
provoked by ICs, was elicited. In AIA, irreversible cartilage destruction was specifically FcγRI dependent, whereas in ICA,
both activating FcγRI and III mediated
cartilage destruction. The discrepancy
in FcγR dependency may be explained
by contribution of the T cells and their
cytokines, as this is the most striking
difference between these models. However, the role of antibody isotypes was not
investigated. The three classes of FcγRs
have different afﬁnities for the various
IgG subclasses [3,4] and the isotype of antibodies found within the arthritis model
might also contribute to FcγR dependency of the model. In our passive ICA
model, antibodies derived from rabbits are
used, which can activate all three murine
FcγRs. On the contrary, in AIA, mice are
immunized resulting in antibodies of various IgG subclasses, which bind to FcγRs
with different afﬁnity. To study the role of
antibodies in arthritis further, we are now
developing antibodies of various isotypes
directed against lysozyme, which can than
be used to elucidate the individual role
of of the individual isotypes in eliciting
arthritis and cartilage destruction. How-
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ever, expression of FcγRs present in the
joint remains of crucial importance in the
arthritic process.
The inhibiting FcγRII negatively regulated joint inﬂammation and cartilage
damage both in AIA and ICA, which is
in line with studies describing the inhibiting role of FcγRII in collagen-induced
arthritis [5,6]. FcγRII not only reduced
the arthritic response by inhibiting the
activating FcγRs, a function generally
highlighted. We now demonstrated for
the ﬁrst time in vivo that in absence of activating FcγRs, the inhibiting FcγRII still
functions as an important downregulator
of synovial inﬂammation by clearance
of immune complexes. These results indicate that up-regulation of this inhibiting Fc receptor may repress the arthritic
response and development of cartilage
destruction, and therefore may be a very
promising approach for therapy. Increased
expression of FcγRII can be achieved by
cytokines such as IL-4 and IL-13 [7], or
by local gene transfer of FcγRII using
adenoviral constructs [8]. Recently, we
developed an adenovirus expressing the
inhibiting FcγRII and tested this construct in vitro. We found that FcγRIIb expressed by the adenovirus was functional,
since non-phagocytic COS-1 cells were
able to phagocytose IgG-coated sheep
erythrocytes when transfected. The effects of FcγRII overexpression during the
arthritic response is momentarily under
investigation.
In mouse, detection of FcγR protein
expression is still difﬁcult due to lack of
speciﬁc antibodies recognizing individual
FcγRs. Therefore, regulation of FcγR
expression by cytokines in the knee joint
was studied on mRNA level. FcγRII and
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III protein can be detected by the monoclonal 2.4G2 [9], which can be used for
immunohistochemistry and ﬂowcytometer analysis. Only recently, an antibody
was developed against murine FcγRI
[10], which enables detection of FcγRI by
ﬂowcytometer analysis. To further extend
our knowledge of regulation of FcγR expression locally in the knee joint during
arthritis, speciﬁc antibodies for immunohistochemistry need to be developed.
As FcγRI is crucial in development of
irreversible cartilage destruction in experimental T cell dependent IC-mediated
arthritis, it will be interesting to investigate the contribution of this receptor in
cartilage destruction found in RA patients.
Recently, we demonstrated in our lab, that
expression of both FcγRII and III in RA
synovium correlated with inﬂammation
[11]. This link between FcγRIII expression in RA synovium and inﬂammation
was also found in experimental arthritis,
as FcγRIII is the dominant receptor mediating joint inﬂammation in the passive
IC-arthritis. Cartilage destruction in RA
affected joints can be measured by detection of cartilage degradation products like
type II collagen in synovial ﬂuids [12] or
by cartilage oligomeric matrix protein
(COMP) levels in serum [13]. To study
whether FcγRI is also involved in cartilage
destruction during RA, FcγRI expression
in RA synovium or on inﬂammatory cells
present in synovial ﬂuid can be correlated
to cartilage degradation products present
in synovial ﬂuid or serum.
In this thesis, it was found that activating FcγRs are crucial in the development
of cartilage destruction. Moreover, a speciﬁc role for FcγRI was found mediating
chondrocyte death. It remains to be elu-

cidated by what mechanisms activation
of FcγRs induces cartilage destruction,
and whether there are differences in
FcγRI and FcγRIII signaling. Signaling of Fc Rs involved in phagocytosis
is extensively studied, however, signal
transduction resulting in MMP production or other factors involved in cartilage damage remains to be elucidated.To
investigate whether there are differences
in signaling between the two activating FcγRs, macrophages derived from
FcγRI or FcγRIII deﬁcient mice can
be used. Differences in gene expression
after stimulation with ICs can be detected on mRNA level using gene-analysis,
a technique by which forty-ﬁve thousand genes are screened [14]. Recently,
kinase arrays are developed which facilitates the analysis of phosphorylation
of proteins, hereby giving information
on signal pathways triggered after FcγR
activation [15]. These techniques can
be used to gain more insight in mechanisms speciﬁcally involved in cartilage
degradation, triggered after activation
of FcγRI. Further characterization of
cartilage destruction processes activated
after stimulation via FcγRs is of high
interest as new target proteins can be
discovered that allow us to speciﬁcally
block cartilage destruction, without disturbance of the phagocytotic capacity of
FcγRs which is necessary for adequate
clearance of ICs.
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Reumatoïde artritis (RA) is een chronische gewrichtsontsteking, die vaak
gepaard gaat met ernstige destructie van
kraakbeen en bot, wat uiteindelijk kan
leiden tot blijvende invaliditeit. RA komt
voor bij ongeveer 1% van de wereldbevolking en het ziekteverloop wordt gekenmerkt door actieve en rustige perioden.
Hoewel de oorzaak van RA nog steeds
niet bekend is, wordt het beschouwd
als een auto-immuunziekte waarbij een
afweerreactie tegen lichaamseigen stoffen (auto-antigenen) optreedt. Nadere
analyse van ontstoken gewrichten wijst
uit dat er verschillende celtypen aanwezig
zijn, zoals macrofagen, T cellen en plasmacellen. Ook worden er in de gewrichten antilichaam-antigeen complexen (immuuncomplexen, ICs) gevonden. Er zijn
verschillende typen antilichamen bekend,
te weten IgA, IgM, IgE, IgD en IgG en
hierdoor kunnen er verschillende soorten
ICs worden gevormd. In het gewricht van
RA patiënten worden veel IgG-bevattende
ICs gevonden. Deze IgG-ICs activeren
bepaalde cellen, de macrofagen, hetgeen
leidt tot productie van ontstekingsmediatoren zoals interleukine 1 (IL-1), tumor
necrosis factor (TNF)-α en enzymen
zoals matrix metalloproteinasen (MMPs).
IgG-ICs kunnen aan macrofagen binden
via speciale eiwitten aanwezig op het
celoppervlak, de Fcγ receptoren (FcγRs).
Er zijn drie verschillende typen FcγRs,
genaamd FcγRI, II, en III. Binding van
ICs aan FcγRI of FcγRIII leidt tot activatie van macrofagen, terwijl binding aan
FcγRII de macrofaag juist inactiveert.
Om het RA proces te bestuderen
wordt er gebruik gemaakt van proefdiermodellen. Een van die modellen is
immuuncomplex artritis (ICA). In dit

model worden muizen ingespoten met
antilichamen die het eiwit lysozym herkennen. Vervolgens wordt lysozym in het
kniegewricht geïnjecteerd, waarin dan
locaal ICs ontstaan. Deze ICs activeren
de macrofagen die de binnenbekleding
van het gewricht vormen, hetgeen leidt
tot migratie van ontstekingscellen naar
het gewricht. Een tweede experimenteel
model is de antigeen-geïnduceerde artritis (AIA), waarbij niet alleen ICs een rol
spelen maar ook T cellen. Muizen worden
geïmmuniseerd tegen een eiwit (mBSA)
waardoor er antilichamen en T cellen die
dit eiwit herkennen worden geproduceerd.
Na drie weken wordt het eiwit in het
kniegewricht geïnjecteerd, dat vervolgens
door binding aan antilichamen ICs vormt
en een ontstekingsreactie in gang zet.
In beide modellen zal de ontsteking
in het gewricht leiden tot onherstelbare
af braak van kraakbeen. Deze ernstige
kraakbeenschade wordt niet gevonden
wanneer artritis wordt geïnduceerd door
injectie van gist- of bacterie-deeltjes. Dit
wijst erop dat ICs noodzakelijk lijken te
zijn in het ontstaan van onherstelbare
kraakbeenschade. Kraakbeen bestaat
uit een matrix van proteoglycanen en
collagenen die geproduceerd worden
door kraakbeencellen, de chondrocyten.
Kraakbeenschade begint met verlies van
proteoglycanen uit de kraakbeen matrix.
Wanneer het proces van kraakbeenschade
voortduurt worden collagenen afgebroken en gaan chondrocyten dood. Dit kan
uiteindelijk leiden tot het verdwijnen van
de kraakbeenlaag (erosie).
In deze studie werd de functie van de
drie verschillende FcγRs in het ontstaan
van gewrichtsontsteking en kraakbeenschade tijdens artritis bestudeerd. Ook
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werd er onderzocht of veranderingen
in FcγR expressie de ernst van kraakbeenschade kan beïnvloeden en via welk
mechanisme binding van ICs aan FcγRs
kan leiden tot onherstelbare kraakbeenschade.
Allereerst werd de rol van de drie individuele FcγRs in een T cel af hankelijk
immuuncomplex artritis model (antigeengeïnduceerde artritis, (AIA)) bestudeerd
(hoofdstuk 2). Hiervoor werd gebruik
gemaakt van muizen die speciﬁek FcγRI,
FcγRII, of FcγRIII missen (FcγRI-/-,
FcγRII-/-, FcγRIII-/- muizen), doordat in
het genoom deze genen zijn uitgeschakeld.
Ondanks afwezigheid van FcγRI of FcγRIII (FcγRI-/- en FcγRIII-/-), resulteerde
injectie van mBSA in een ontstekingsreactie vergelijkbaar met die in controle
muizen. Onherstelbare kraakbeenschade
gedeﬁnieerd als chondrocyt dood en
matrix metalloproteinase (MMP) geïnduceerde neo-epitope (VDIPEN) expressie,
was in FcγRI-/- muizen sterk verminderd.
In FcγRIII-/- muizen was de kraakbeenschade gelijk aan die gevonden in controle
muizen. Muizen zonder de remmende
FcγRII ontwikkelden zowel ernstigere
ontsteking als onherstelbare kraakbeenschade. Deze resultaten laten zien dat de
ontstekingsreactie tijdens de AIA bepaald
wordt door FcγRI en III. Onherstelbare
kraakbeenschade daarentegen, is volledig
af hankelijk van FcγRI. FcγRII is een belangrijke remmer van zowel ontsteking als
kraakbeenschade die ontstaat tijdens AIA.
In hoofdstuk 3 werd bestudeerd op
welke manier FcγRII ontsteking en kraakbeenschade tijdens AIA remt. Hiervoor
werden muizen gebruikt zonder FcγRs
(FcγRI/II/III-/-) en muizen met alleen
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de remmende FcγRII (FcγRI/III-/-). In
FcγRI/III-/- muizen met artritis waren
nauwelijks ontstekingscellen te zien in
het kniegewricht. Opmerkelijk was dat
in FcγRI/II/III-/- muizen de ontsteking juist veel ernstiger was. Verder was
er ophoping van IgG antilichamen in
de gewrichten zichtbaar, hetgeen erop
kan duiden dat ICs minder goed worden
opgeruimd. Dit werd onderzocht door
opname van ﬂuorescerende ICs door
macrofagen te bestuderen. Macrofagen
met alleen FcγRII op het celoppervlak
(FcγRI/III-/-) konden deze ICs effectief
op te nemen, terwijl macrofagen zonder
FcγRs (FcγRI/II/III-/-) geen ICs opnamen. Ondanks de ernstige ontsteking
in kniegewrichten van FcγRI/II/III-/muizen, was ernstige destructie van het
kraakbeen volledig afwezig. Dit laatste
bewijst opnieuw dat activerende FcγRs
cruciaal zijn in het ontstaan van kraakbeenschade.
De functie van de FcγRs werd daarna
onderzocht in een passief geïnduceerd
immuuncomplex artritis model (ICA)
(hoofdstuk 4). In afwezigheid van
FcγRIII waren ontsteking en macrofaag activatie sterk verminderd. FcγRI
speelde geen rol in ontsteking. Ook
in dit model resulteerde afwezigheid
van de remmende receptor (FcγRII-/-)
in een ernstigere ontsteking. Onherstelbare kraakbeenschade was zowel in
FcγRI-/- als in FcγRIII-/- muizen sterk
verminderd, terwijl deze schade in
FcγRII-/- muizen juist enorm verergerde.
In hoofdstuk 2 en 4 laten we zien dat
afwezigheid van FcγRI zowel in AIA als
in ICA, resulteert in sterk verminderde
onherstelbare kraakbeenschade. In het

T cel af hankelijke artritis model was de
irreversibele kraakbeenschade ernstiger
en compleet af hankelijk van FcγRI. Een
verklaring voor het laatste kan zijn dat T
cellen cytokinen produceren die de expressie van FcγRI verhogen, waardoor de
bijdrage van deze receptor in het ontstaan
van kraakbeenschade belangrijker wordt.
Een bekend T cel cytokine dat FcγRI
expressie verhoogt, is interferon (IFN)-γ.
In hoofdstuk 5 hebben we het effect van
IFN-γ op ernstige kraakbeenschade bestudeerd en hebben we onderzocht welke
rol FcγRI hierin speelde. IFN-γ werd tot
overexpressie gebracht door injectie van
een adenoviraal construct in het kniegewricht waarna ICA werd opgewekt. Door
aanwezigheid van IFN-γ tijdens ICA
werd de irreversibele kraakbeenschade
inderdaad veel ernstiger. Dit effect van
IFN-γ werd alleen gevonden in experimentele artritis geïnduceerd door ICs. Of
de toename in onherstelbare kraakbeenschade werd veroorzaakt door verhoging
van FcγRI expressie, werd bestudeerd
in FcγRI-/- muizen. Ondanks aanwezigheid van IFN-γ tijdens ICA, werd er
nauwelijks chondrocyt dood gevonden
in FcγRI-/- kniegewrichten. MMP-geïnduceerde VDIPEN expressie in kniegewrichten van FcγRI-/- muizen werd wel
verhoogd door IFN-γ. Dit laatste kan
worden veroorzaakt door de activerende
FcγRIII, hetgeen vervolgens werd bestudeerd in FcγRIII-/- muizen (hoofdstuk
6). Door aanwezigheid van IFN-γ tijdens
ICA, werd de ontstekingsmassa in FcγRIII-/- kniegewrichten vergelijkbaar aan
die aanwezig in controle kniegewrichten.
IFN-γ verhoogde zowel chondrocyt dood
als MMP-geïnduceerde VDIPEN expressie in muizen zonder FcγRIII.

De resultaten van hoofdstuk 5 en 6
laten zien dat door aanwezigheid van
het Th1 cytokine IFN-γ, irreversibele
kraakbeenschade ernstiger wordt tijdens
IC af hankelijke artritis. Verder werd gevonden dat FcγRI en III betrokken zijn bij
MMP-geïnduceerde VDIPEN expressie.
Chondrocyt dood daarentegen is geheel
af hankelijk van FcγRI.
Naast Th1 cytokinen zijn er ook Th2
cytokinen. Deze cytokinen hebben beschermende eigenschappen. In hoofdstuk 7
werd onderzocht welk effect het Th2 cytokine IL-13 op ernstige kraakbeenschade
heeft wanneer het tijdens artritis tot overexpressie werd gebracht. Een adenoviraal
construct coderend voor IL-13, werd ingespoten in het kniegewricht, een dag voor
ICA inductie. Ondanks dat beschreven is
dat IL-13 ontsteking remt, verhoogde IL13 de hoeveelheid ontstekingscellen in het
gewricht. Echter, chondrocyt dood werd
verminderd door IL-13 en ook werd er
een verlaagde expressie van FcγRI in synovium gevonden. Overexpressie van IL-13
reduceerde eveneens MMP-geïnduceerde
VDIPEN expressie in de kraakbeenmatrix.
Dit kan veroorzaakt zijn door een verlaging van de MMP productie. Het tegenovergestelde werd gevonden, aangezien
de hoeveelheid MMPs in het synovium
juist verhoogd was. MMPs kunnen alleen
kraakbeenschade veroorzaken nadat ze
zijn geactiveerd. Een mogelijkheid is dat
IL-13 de activering van MMPs remt, hetgeen resulteert in verlaging van MMP
geïnduceerde kraakbeenschade.
De hierboven beschreven studies
laten zien dat FcγRs belangrijk zijn in
het ontstaan van ontsteking en kraakbeenschade tijdens artritis. De ernst van
kraakbeenschade kan worden beïnvloed
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via regulatie van FcγR expressie door
cytokinen. Een belangrijke rol voor
FcγRI werd gevonden in het ontstaan
van chondrocytdood. Een mogelijke
wijze waarop binding van ICs aan FcγRI
leidt tot chondrocytdood is door middel
van productie van zuurstofradicalen
door het NADPH-oxidase complex. In
hoofdstuk 8 werd gekeken welke rol
zuurstofradicalen spelen in kraakbeendestructie tijdens artritis. Hiervoor werden
muizen gebruikt die het eiwit P47 missen
(P47phox-/- muizen) waardoor geen functioneel NADPH-oxidase complex kan
worden gevormd en dus ook geen zuurstofradicalen. In kniegewrichten van
deze muizen werd IFN-γ tot overexpressie gebracht tijdens ICA. Ondanks de
vergelijkbare ontsteking in P47phox-/- en
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controle muizen, waren chondrocyt dood
en MMP geïnduceerde VDIPEN expressie signiﬁcant verlaagd in afwezigheid
van zuurstofradicalen. Deze data suggereren dat productie van zuurstofradicalen via het NADPH-oxidase complex
verantwoordelijk is voor een deel van de
chondrocytdood en MMP geïnduceerde
kraakbeenaf braak.
In dit proefschrift tonen we aan dat
FcγRs een belangrijke rol spelen in het
ontstaan van ernstige kraakbeenschade
tijdens IC artritis. Uitschakelen van de
activerende FcγRs of het verhogen van de
remmende FcγR in gewrichten van RA
patiënten zou kraakbeenschade kunnen
verminderen. Dit zou leiden tot minder
vergroeiingen, waardoor invaliditeit van
RA patiënten kan worden voorkomen.
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Colour Figures

Chapter 1

Chapter 3

Chapter 1, Figure 2:

Parameters of severe cartilage destruction. Irreversible cartilage damage is
characterized by chondrocyte death, MMP-mediated degradation, and erosion of the cartilage surface.

Chapter 3, Figure 4:

Presence of IgG-containing ICs, detected by immunolocalization, in knee
joints of various KO mice, 7 days after induction of antigen-induced arthritis.
Note that IgG is present in large amounts in arthritic FcγRI/II/III-/- knee joints
when compared to their WT controls (D versus WT control C). No diﬀerence
in amounts of IgG was found in arthritic knee joints of FcγRI/III-/- when compared to their controls (B versus WT control A). Original magniﬁcation, X 100.
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Chapter 9

Chapter 3

Chapter 3

Chapter 3, Figure 7B and C:

Expression of activation markers MRP8 and 14 in synovial lining and joint
cavity in FcγRI/II/III-/- and their WT controls at day 7 after AIA induction. Note
the signiﬁcantly higher expression of both MRP8 (A and C versus WT control
B) and MRP14 (A). Data are the mean of 7 mice. Signiﬁcance was tested using
the Wilcoxon rank test (*, P<0.05). Original magniﬁcation, X 400.

Chapter 3, Figure 5

Presence of heat-aggregated IgG detected by immunolocalization, 8 hours
after injection in knee joints of various KO mice. Heat-aggregated rabbit IgG
is less eﬃciently cleared (arrow) when injected in FcγRI/II/III-/- knee joints in
comparison to WT controls 2 (D versus WT control C). No diﬀerences are found
between knee joints of FcγRI/III-/- and their WT controls (B versus WT control
A). Original magniﬁcation, X 100.
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Chapter 4

Chapter 6

Chapter 6, Figure 2C and D:

Macrophages in the synovial lining (A, inﬁltrate) and in the joint cavity (B, exudate) and myeloid-related protein 8 (MRP8) in WT controls (C) and FcγRIII/mice (D), 3 days after ICA induction. Macrophages were detected using an
antibody against F4/80. Note that after injection of AdIFN-γ, the percentage
of macrophages was comparable in WT controls and FcγRIII-/- mice, whereas
injection of PBS or AdeGFP resulted in signiﬁcantly less macrophages in
FcγRIII-/- mice. Values represent the mean ± SEM of 6 mice. Representative
sections showing MRP8 localization which was comparable in arthritic knee
joints of WT control (C) and FcγRIII-/- (D) mice. (Original magniﬁcation X 200.)
* = P<0.05, Mann-Whitney U test.

Chapter 4, Figure 2A-F:

Localization of myeloid-related protein 8 (MRP8) in the synovial lining and
joint cavity at day 3 after ICA induction in FcγRI-/- (B), FcγRIII-/- (D), and FcγRII/(F) mice versus their wildtype controls (A, C, and E, respectively). Note the
signiﬁcantly lower MRP8 expression in FcγRIII-/- in the synovial lining (D
versus C) and in the joint cavity (H) compared with WT controls, whereas
similar expression was found in FcγRI-/- and controls (B versus A, and in G).
Signiﬁcantly higher MRP8 expression was found in FcγRII-/- versus controls
both in the synovial lining (F versus E) and joint cavity (I). Bars show the mean
and SD of 10 mice. * = P < 0.05, using the Wilcoxon rank test. I = intima lining
(see Figure 1 for other deﬁnitions). (Original magniﬁcation X 400 in A-F).
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Chapter 8

Chapter 8

Chapter 8, Figure 3:

Expression of the macrophage marker F4/80 7 days after induction of IFN-γstimulated ICA. Note that 70-80% of the inﬁltrated cells within the synovium
consist of macrophages (A). F4/80 positive macrophages attached to the cartilage surface and were found in the lacunae of erosion pits (B, see arrows).
Original magniﬁcation, X 400. F,femur; JS,joint space.

Chapter 8, Figure 8 D and E:

Chondrocyte death in various cartilage layers of knee joints of P47phox-/- and
their WT controls at day 3 after ICA induction (A) and at day 3 (B ) and day 7 (C)
after IFN-γ-stimulated ICA. Chondrocyte death was expressed as percentage
of empty lacunae. Note that without IFN-γ, no chondrocyte is observed. At
day 7 after induction of IFN-γ-stimulated arthritis, in WT controls chondrocyte death was clearly present, whereas in P47phox-/- chondrocyte death was
completely absent (C and E versus control D). Signiﬁcance was tested using
the Wilcoxon rank test (*, P<0.05). MT, medial tibia; LT,lateral tibia; LF, lateral femur; MT, medial tibia; MF, medial femur; P, patella; F, femur. Original
magniﬁcation, X 400.
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