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Introduction 

Pathogenic pressure and the need for protection against pathogens have ex-
isted throughout the evolution in most species. Thus, the immune system has 
evolved over several million years and is present in all eukaryotes, although 
in different forms. In vertebrates, the immune system can be subdivided into 
two different parts, the innate and the adaptive immune system. The innate 
immunity is the first line of defence. It is composed of physical barriers such 
as the skin and mucosal surfaces, different leukocytes, cytokines and the 
complement system, a system of various proteins and receptors involved in 
eliminating pathogens. However the innate immune system has limited 
specificity and consequently the adaptive immune system has been devel-
oped to meet this demand. The adaptive defence is highly specific for differ-
ent types of pathogens and consists mainly of two cell types, T- and B-
lymphocytes. These cell types make up the cellular and humoral adaptive 
immunity, respectively, and they express cell surface receptors that are spe-
cific for foreign molecules, so called antigens (Ags). In addition, these two 
cell types have the unique property of immunological memory. Thus, once 
infected with a certain pathogen the body may develop a life-long protection 
against that specific pathogen. 

An important characteristic of the lymphocytes is that they are tolerant to 
self-tissues and self-proteins, known as self-tolerance. During maturation, T- 
and B-lymphocytes are taught what is self and non-self in the thymus and 
bone marrow, respectively. In this way the body should be protected from 
self-reactive lymphocytes that might prove to be harmful. Despite this, the 
immune system sometimes become dysregulated due to so far unknown 
events, and an immune response against self-tissues is mounted. This phe-
nomenon is known as autoimmunity and is the main topic of this thesis, with 
focus on the role and function of Fc gamma receptors (FcγRs) and mast cell 
(MC) chymase in autoimmune arthritis. Thus, some background regarding 
the parts of the immune system associated with FcγRs and mast cells (MCs) 
will be presented. The autoimmune disease rheumatoid arthritis (RA) and 
animal models for this disease will then be discussed.  
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Background 

Antibodies 
Antibodies (Abs), also known as immunoglobulins (Igs), are products of B 
cells. Abs can either be expressed on the B cell surface as the B cell receptor, 
or secreted as soluble proteins into the blood, lymph, mucus and interstitial 
fluid of tissues. The function of Abs is to bind foreign Ags with high affinity 
in order to neutralise and clear these possibly harmful pathogens from the 
body. To do this several Abs can bind to the antigen (Ag), creating an im-
mune complex (IC), which can be taken up by phagocytic cells. Abs have an 
amazing diversity and specificity, and can recognise Ags of different types 
such as proteins, carbohydrates, lipids and nucleic acids.  

Antibody (Ab) molecules are large glycosylated proteins with a molecular 
weight of 150 kDa to 900 kDa depending on the Ab type. The Ab is built by 
two identical heavy chains and two identical light chains that in humans are 
encoded by genes located on chromosomes 14, 22 and 2 (1, 2) (Figure 1). 
Both the heavy and the light chains consist of variable and constant domains. 
The variable domains are responsible for Ag binding, while the constant 
domain of the heavy chains, called the Fc part, binds to Fc receptors (FcRs).  

 
Figure 1. The Ab molecule consists of duplicates of two different chains with con-
stant (dark gray) and variable (light gray) domains. It has one FcR binding seg-
ment, the Fc part, and two Ag binding segments, the Fab parts. 

Moreover, the Fc part can also interact with complement products, leading to 
complement activation and a more efficient clearance of the Ag. On the 
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other hand, the Fc part can also interact with microbial proteins as an evasive 
manoeuvre of the microbe to escape phagocytosis. 

There are several different types of Abs, so called isotypes. The isotype of 
an Ab is dependent on what Fc part that is expressed in the heavy chain. In 
humans, there are five different Ab isotypes; IgM, IgD, IgG, IgE and IgA. 
IgD, IgE and IgG are expressed as monomers while IgA and IgM can be 
expressed as dimers and pentamers, respectively. IgG and IgM are the only 
isotypes that can activate complement. IgA is the most abundant Ab isotype 
in the body, present in the respiratory and gastrointestinal tracts, while IgG is 
the most frequent Ab isotype found in the blood (reviewed in (3)). Further, 
IgG exists in four subclasses; IgG1, IgG2, IgG3 and IgG4. The specific IgG 
subclass produced during an immune, or autoimmune, response depends on 
the type of pathogen or Ag the immune system is reacting to. Hence, the 
physical location of the Ag and the Ag type will induce secretion of various 
cytokines, having impact on the IgG subclass produced (reviewed in (4)). 
The different Fc parts of IgG subclasses engage various FcR on specific 
leukocytes with varying binding affinities. 

Fc receptors 
There are five main types of FcRs; FcαR binding IgA, FcδR binding IgD, 
FcεR binding IgE, FcγR binding IgG and finally FcμR that bind IgM (re-
viewed in (5)). Except from these classical FcRs there is also the neonatal 
FcR (FcRn), which is structurally related to the major histocompatibility 
complex (MHC) class I molecule (reviewed in (6)). The FcRn is an IgG 
binding FcR responsible for transporting maternal IgG through the placenta 
to the fetus. It also has a role in protecting serum IgG from proteolysis, thus 
prolonging the half-life of IgG (7, 8). 

FcRs can be expressed in a membrane bound or in a soluble form. When 
membrane bound, they consist of an extracellular Ab binding part and an 
intracellular signalling part. The properties of the intracellular part determine 
what cellular effects the FcR will have when Ab is bound. Namely, activat-
ing FcRs possess intracellular immunoreceptor tyrosine-based activation 
motifs (ITAM) and inhibitory FcR instead has an intracellular immunorecep-
tor tyrosine-based inhibitory motif (ITIM) (Figure 2).  
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Figure 2. Membrane bound FcRs can either act as activating receptors containing 
an intracellular ITAM, or as inhibitory receptors containing an intracellular ITIM. 

FcRs are expressed by monocytes, macrophages, dendritic cells, neutrophils, 
B cells, natural killer (NK) cells, eosinophils and MCs. The membrane 
bound FcRs mediate effects such as cell activation, phagocytosis, antibody-
dependent cell-mediated cytotoxicity (ADCC) and release of inflammatory 
cytokines when ligated by ICs. The soluble FcRs on the other hand, are 
found at elevated levels during different types of inflammatory diseases and 
are capable of interfering with IC binding to membrane bound FcRs, thus 
inhibiting further cell activation by IC (9-11). Some FcRs also exist in sev-
eral subclasses such as the FcγRs. 

Fc gamma receptors 
In humans, three different types of FcγRs, belonging to the Ig gene super-
family, have been identified; FcγRI (cluster of differentiation (CD)64), 
FcγRII (CD32) and FcγRIII (CD16) (Figure 3), of which the genes are local-
ised on chromosome 1 (Figure 4). Furthermore, FcγRII exist in three iso-
forms; a, b and c while FcγRIII has two isoforms; a and b. An additional 
FcγR was recently discovered in mouse, FcγRIV, which does not exist in 
humans, but shares some common features with human FcγRIIIa (12).  



 15

 
Figure 3. Human FcγR structures. FcγRI and FcγRIIIa consist of a ligand-binding 
α-chain complexed with two cytoplasmic γ-chains containing ITAM (filled intracel-
lular domain). FcγRIIa, FcγRIIb and IIc consist of an α-chain containing a cyto-
plasmic ITAM or ITIM (unfilled intracellular domain). FcγRIIIb is composed of a 
glycosylphosphatidylinositol (GPI)-linked α-chain. 

FcγRI is a high affinity receptor that binds monomeric IgG as well as IgG-
ICs, while FcγRII and FcγRIII are low affinity receptors that bind IgG-ICs 
only (reviewed in (5)). FcγRI is an activating receptor composed of an α-
chain with three Ig-domains, while the α-chain of FcγRIIIa, also an activat-
ing receptor, has two Ig-domains. The α-chains of FcγRI and FcγRIIIa are 
associated with an intracellular signalling subunit, termed the Fc receptor 
gamma chain (FcRγ-chain). The FcRγ-chain is responsible for intracellular 
signalling via its ITAM (Figure 3). Further, FcγRIIa and FcγRIIc are single 
chain receptors consisting of two Ig-domains with an ITAM-motif in the 
cytoplasmic tail. FcγRIIIb is a glycosylphosphatidylinositol (GPI) anchored 
receptor that lacks intracellular domains and no other subunits are yet known 
to associate with it (13, 14). Notably, FcγRIIb is the only inhibitory FcR. It is 
structurally similar to FcγRIIa and FcγRIIc, but has an ITIM in the cyto-
plasmic domain.  

 
Figure 4. Human FcγR genes. The FcγR genes are located on chromosome 1 at 
1q21.1-23. Arrows indicate the direction of transcription. Data retrieved from En-
trez Gene at National Center for Biotechnology Information 
(www.ncbi.nlm.nih.gov/sites/entrez). 

The FcγRs are differently expressed on a variety of leukocytes and their 
expression is largely dependent on the influence of various cytokines (15) 
(Table 1). Importantly, the FcγRs have certain preferences for binding vari-
ous IgG subclasses with different affinities, which has effects on the in-
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flammatory capacities of the FcγRs (Table 1) (14, 16, 17). Furthermore, liga-
tion of FcRs elicits different types of responses by the FcR expressing cell, 
as mentioned above. These responses may be FcR specific meaning that 
activation of certain receptors leads to different cellular responses. Accord-
ingly, in vitro activation of FcγRIIIa on monocytes leads to selective secre-
tion of IL-1 and TNF, since FcγRI and FcγRIIa ligation do not give the same 
effect (18). 

Table 1. The cellular expression of the human FcγRs and their IgG subclass speci-
ficities (14, 16, 17). 
FcγR IgG subclass specificity Expression profile 

I IgG1, IgG3 > IgG4 >>> IgG2 Macrophages, monocytes and dendritic cells 
(inducible on neutrophils, mast cells and eosi-
nophils). 

IIa IgG1, IgG3 > > IgG4 > IgG2 Macrophages, monocytes, neutrophils, eosino-
phils, basophils, platelets, dendritic cells, 
Langerhans cells, mast cells and T cells (sub-
sets). 

IIb IgG3 > IgG1, IgG4 > IgG2 B cells, macrophages, monocytes (subsets), 
neutrophils, eosinophils, dendritic cells and 
mast cells. 

IIIa IgG1, IgG3 > > IgG2, IgG4 Macrophages, monocytes (subsets), NK cells, 
eosinophils, and T cells (subset). 

IIIb IgG1, IgG3 > > > IgG2, IgG4 Neutrophils (inducible on eosinophils). 

Moreover, the IgG-FcγR interaction was resolved a few years ago, revealing 
that human IgG1 is bound by FcγRIII in a one to one ratio (19). It is the sec-
ond Ig domain of FcγRIII that binds the IgG1 Fc part at its second constant 
domain (Cγ2) together with the hinge region. This is most likely how the 
interaction between other FcγRs and IgG subclasses appears as well, since 
the IgG1 Fc part is similar to the different IgG subclasses and FcγRIII is 
structurally related to the other FcγRs. 

Cell activation or inhibition by FcγR ligation 
In order for a cell to be activated or inhibited by Abs or ICs several FcγRs 
have to be cross-linked at the same time and brought together in close prox-
imity inside the cell membrane. This is to ensure that the cytoplasmic signal-
ling units, ITAM or ITIM, come close to each other, which is necessary for 
efficient phosphorylation. This phosphorylation in turn mediates cell activa-
tion or inhibition (reviewed in (20)). After activating FcγRs are cross-linked 
by Abs or ICs, the tyrosines of ITAM will be phosphorylated by Src kinases. 
This will recruit Src homology 2 (SH2)-containing kinases belonging to the 
Syk family. These kinases bind to the phosphorylated ITAM, leading to acti-
vation of phosphatidylinositol-3 (PI-3) kinase that will recruit several adap-
tor molecules and enzymes such as phospholipase Cγ (PLCγ). There are 
several different Syk family kinases and the specific kinase activated de-
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pends on the FcγR expressing cell type. For example, the kinase Syk is acti-
vated in macrophages while the lck kinase is activated in NK cells. The 
chain of phosphorylation events will lead to sustained Ca2+ influx and cell 
activation, including phagocytosis of the bound IC. Finally, different tran-
scription factors will be activated and genes encoding cytokines and other 
inflammatory mediators transcribed. In contrast, if there is sufficient expres-
sion of the ITIM containing FcγRIIb close to the activating FcγRs, FcγRIIb 
will be co-cross-linked with the activating FcγRs. This results in phosphory-
lation of the ITIM tyrosines in FcγRIIb. However, instead of recruiting SH2-
containing kinases, as activating FcγRs do, the phosphorylated ITIM of 
FcγRIIb recruits SH2-containing phosphatases that inhibit the activation 
cascade of activating FcγRs (reviewed in (21)).  

Mast cells 
MCs are powerful granulocytes, classically considered to be innate immune 
cells, as they take part in the first line of defence against parasites and bacte-
ria (22-24). However, MCs have often been labelled as harmful due to their 
potent role in IgE-mediated allergic disease (reviewed in (25)). More re-
cently MCs have been assigned functions in adaptive immunity with effects 
on for example autoimmunity (26-29).  

MCs are derived from CD34 positive haematopoietic stem cells, but are 
not found in the blood like other mature haematopoietic cells (30, 31). In-
stead, MC progenitors circulate in the blood and first upon migration into 
various tissues they differentiate into mature MCs. They are found in all 
types of tissues, especially those that protect the body from the outside 
world, such as the skin, gastrointestinal tract and vascular and airway epithe-
lium. Hence, they are one of the first cell types to encounter foreign Ag and 
to fire off an inflammatory response. 

One essential characteristic of MCs is the expression of the high affinity 
receptor for IgE, FcεRI, which has serious consequences in IgE-mediated 
allergies, as IgE activates MCs by cross-linking FcεRI. MCs also express 
other receptors important in immunity such as FcγRs, toll-like receptors 
(TLRs) and complement receptors (reviewed in (32)). Further, the ability to 
store different potent compounds in dense granules and to de novo synthesise 
proteins after activation is descriptive of MCs. The preformed granular me-
diators include histamine, involved in vasoconstriction, proteases such as 
carboxypeptidase A, tryptases and chymases, important in protein degrada-
tion, and serglycin, heparin and chondroitin sulphates, vital for protein stor-
age (reviewed in (33). This vast MC granular content is released into sur-
rounding tissues after activation, which causes inflammation, vasodilatation 
and tissue swelling (reviewed in (34)). Proteins that can be de novo synthe-
sised comprise inflammatory cytokines such as granulocyte macrophage 
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colony-stimulating factor (GM-CSF), interferon (IFN)-α, IFN-β, IFN-γ, 
interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF) (33). MCs also 
produce chemokines such as CCL3 (macrophage inflammatory protein 
(MIP-1) α) and CCL5 (RANTES) important in cell migration (35, 36). 

The MC phenotype is dependent on its maturation site and granular con-
tent. In humans there are two main types of MCs, tryptase positive MC 
(MCT) and tryptase and chymase positive MC (MCTC) (37). The MCT is 
mainly found in the respiratory and intestinal mucosa while the MCTC is 
found in the skin connective tissue and in submucosa of various organs (37). 
Rodents display slightly different MC phenotypes, with mucosal mast cells 
(MMCs) expressing different chymases and connective tissue mast cells 
(CTMCs) expressing both chymases and tryptases (38-40).  

MC chymases 
Chymases are neutral serine proteases exclusively expressed by MCs. Their 
functions include recruitment of inflammatory cells and remodelling of the 
extracellular matrix by degradation of fibronectin and activation of matrix 
metalloproteases (MMPs) (41-44). Chymases are held inside the MC gran-
ules with the help of negatively charged proteoglycans, which consist of a 
core protein, for example serglycin, and glycosaminoglycan side chains (re-
viewed in (45)). They are stored as active proteases but do not display prote-
olytic activity inside the MC due to low pH inside the granules. Chymases 
are released upon MC activation, of which there are different pathways men-
tioned earlier, i.e. MCs can be activated by FcεRI cross-linking, by comple-
ment products binding to their receptors or by TLRs binding to conserved 
microbial structures. 

Chymases are classified as either α- or β-chymases due to their evolu-
tionary relationship (46). While mouse MCs express the α-chymase, mouse 
mast cell protease (mMCP)-5 and β-chymases, mMCP-1, -2, -4 and -9, hu-
man MCs only express one type of chymase, the α-chymase (47-50). In this 
thesis the focus has been on mMCP-4. Although mMCP-4 is a β-chymase, it 
is likely to be the functional counterpart to human α-chymase, as these pro-
teases share the same heparin and angiotensin I-converting properties (51-
53), the same type of tissue distribution (i.e. in the skin) (51) and similar 
cleavage specificities (54).  

Monocytes and macrophages 
Other important cells in innate and adaptive immunity are monocytes and 
macrophages. Monocytes differentiate from CD34 positive myeloid haema-
topoietic stem cells in the bone marrow and enter the blood stream as mature 
monocytes (reviewed in (55)). Monocytes circulate in the blood for several 
days until they migrate to different tissues and mature to macrophages after 
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receiving signals from cytokines and chemokines (reviewed in (56)). De-
pending on the target tissue, resident macrophages are given specific names, 
for example in the central nervous system they are called microglial cells, in 
the liver, Kuppfer cells, in the intestine, intestinal macrophages and in the 
synovial tissue, synovial macrophages (reviewed in (57)). Moreover, mono-
cytes can also differentiate into dendritic cells and osteoclasts, which are 
involved in bone resorption (57). 

Monocytes and macrophages are efficient in phagocytosing large particles 
such as bacteria. This is due to their expression of many different types of 
receptors, for example complement receptors, TLRs and different FcγRs 
(reviewed in (58, 59)). Phagocytosis by monocytes leads to cell activation 
with enhanced Ag presentation and release of inflammatory cytokines such 
as IL-1, IL-6 and TNF into the surrounding milieu, which increases extrava-
sation of blood monocytes into inflamed tissue.  

CD14, a cell surface molecule involved in binding lipopolysaccharide 
(LPS) is often used to identify monocytes in the blood. Two different CD14 
positive monocyte subsets have been described: the CD14highCD16low and 
CD14lowCD16high subsets (60, 61). It is believed that the larger CD14high 
population represents “classical” monocytes compared to the CD14low 
monocytes, which are regarded to be similar to tissue macrophages (62). 
Important characteristics of the CD14low monocytes are their high expression 
of CD16a (FcγRIIIa) and HLA-DR, implying a more mature phenotype and 
a role in Ag presentation (62-64). Interestingly, when stimulated with LPS 
the CD14lowCD16high monocytes produce high levels of TNF while 
CD14highCD16low monocytes instead secrete the anti-inflammatory cytokine 
IL-10 (65, 66). Moreover, the CD14lowCD16high subset is increased in many 
inflammatory conditions such as sepsis, HIV and RA (67-69). Consequently, 
this suggests a proinflammatory role for CD14lowCD16high monocytes.  

Rheumatoid arthritis 
RA is a chronic autoimmune inflammatory disease that often starts in pe-
ripheral joints such as fingers and toes, but as the disease progresses larger 
joints such as knees and shoulders may be affected. RA is also a systemic 
disease characterised by the presence of high serum auto-Ab levels.  

Inside the RA joint the synovial tissue becomes inflamed and the articular 
cartilage, subchondral bone, tendons and ligaments affected. Normally, the 
synovial tissue and fluid contain very few cells, but in RA a tissue, so called 
pannus, is formed by synoviocytes and infiltrating inflammatory cells, such 
as macrophages, neutrophils, MCs and T and B-cells (reviewed in (70)). In 
addition, there is an increased vascularisation of the synovial tissue, which 
contributes to augmented influx of inflammatory cells to the joint. All these 
events contribute to cartilage destruction and bone erosion of the joint.  
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RA also involves systemic inflammatory effects on organs such as the 
heart and lungs, though the severity of these extra-articular features varies 
from patient to patient (71). The most common extra-articular manifestations 
in RA are rheumatic nodules. These are moveable subcutaneous nodules 
consisting of fibrous tissue with macrophages surrounding a centre of fibri-
noid necrosis (reviewed in (72)). Due to the many different manifestations in 
RA several criteria need to be fulfilled to diagnose the disease. At least four 
out of seven defined criteria are required for diagnosis of RA (see Table 2) 
(73). 

Table 2. Classification criteria for the diagnosis of RA according to the revised 
criteria as defined by the American Rheumatism Association (ACR) (73). 

Classification criteria Definition 

1. Morning stiffness Morning stiffness in and around the joints lasting for at 
least one hour. 

2. Arthritis in three or more 
joints 

At least three joint areas with soft tissue swelling or 
fluid observed by a physician. 

3. Arthritis in hand joints At least one swollen area in a wrist, MCP or PIP joint. 
4. Symmetric arthritis Simultaneous involvement of the same joint area on 

both sides of the body. 
5. Rheumatic nodules Subcutaneous nodules over bony prominences, exten-

sor surfaces or in juxta-articular regions observed by a 
physician. 

6. Serum rheumatoid factor Presence of abnormal amounts of serum rheumatoid 
factor. 

7. Radiographic changes Radiographic changes typical of RA, which must in-
clude erosions or unequivocal bony decalcification. 

MCP = metacarpophalangeal joints, PIP = proximal interphalangeal joints 

RA etiology 
The prevalence of RA is about 1% in the population, making it the most 
common autoimmune disease. As in other autoimmune diseases more 
women than men are affected, i.e. about three times more women than men 
are diagnosed with RA (reviewed in (74, 75). The pathology of RA is com-
plex and the etiology is not yet known, however both genetic and environ-
mental factors such as smoking (76) and infections (77) have been associated 
with RA. The role of hormones has also been investigated as a consequence 
of the female bias in RA, thus women with RA often go into remission dur-
ing pregnancy while RA debut often coincide with menopause (reviewed in 
(78, 79). 

Several genes mapped to the MHC class II region, the human leukocyte 
antigen (HLA)-DR, have been associated with RA. Most RA patients ex-
press either the HLA-DR1, HLA-DR4 or HLA-DR10 allele (80). These al-
leles share the same amino acid motif in their third hypervariable region, 
termed the shared epitope (81). It is believed that this motif of MHC class II 
affects the way self-peptides are presented to T cells during positive and 
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negative selection in the thymus, which may allow self-reactive T cells to 
escape negative selection. Other reasons for the breakage of self-tolerance in 
RA may be infections, cross-reactivity between foreign Ag with self Ag and 
breaches in central check-points for B cell tolerance (reviewed in (82, 83)). 
In addition, FcγR genes have been associated with an increased risk for RA, 
as a polymorphism in FCGR3A has been linked to RA (13, 84, 85). 

Immunological key players such as T and B cells have a central role in 
RA, and the production of Abs and proinflammatory cytokines has been 
associated to the disease pathogenesis. The network and function of cyto-
kines in RA is very complex, and there is an increased production of many 
cytokines, both systemically and locally (reviewed in (86)). Overall, there is 
a skew towards proinflammatory cytokines compared to anti-inflammatory 
cytokines. Thus, proinflammatory cytokines such as IL-1, IL-6 and TNF was 
early implicated in RA pathogenesis (87-89). Many of the proinflammatory 
cytokines secreted in RA are produced by activated macrophages. Macro-
phages are readily activated by FcγRs when cross-linked by ICs, thus the 
presence of auto-Abs and ICs is one of the key signatures of RA. In animal 
models for RA it was shown that functional blockage of TNF, IL-1 and IL-6 
ameliorated arthritis (90-94) and today the therapeutic effects of anti-TNF 
treatment in RA have clearly demonstrated the impact of this cytokine on 
disease severity (95).  

Auto-antibodies in rheumatoid arthritis 
In RA auto-Abs are detected both in serum and synovial fluid and several 
types of auto-Abs directed against various self-proteins can be found. 

Rheumatoid factor 
Among the most studied auto-Abs in RA are the rheumatoid factors (RF) 
that were discovered already in the 1940s (reviewed in (96, 97)). These are 
Abs of IgM, IgA or IgG isotypes that are specific for the IgG Fc part. RF is 
present in 60 to 80% of all RA patients and the presence of serum RF is one 
of the criteria for RA diagnosis (73, 98). Most of the RF present in RA is of 
the IgM isotype. Furthermore, RA patients expressing high titers of RF, es-
pecially IgM and IgA RF, often have a more aggressive disease progression 
than patients with low or no RF titers, indicating an underlying pathogenic 
mechanism of RF (99). However, the occurrence of RF is not specific for 
RA, as RF is also found in other autoimmune diseases such as Sjögrens’ 
syndrome (100). Moreover, RF can be produced in ordinary infections, but 
this production is transient and does not reach the high titers seen in RA 
(reviewed in (101)). It is even believed that presence of RF can be beneficial 
in common infections as it contributes to clearance of the pathogen by creat-
ing large ICs that can easily be phagocytosed and removed from the circula-
tion (101). 
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Anti-cyclic citrullinated peptide antibodies 
Over the last years, a newly discovered type of auto-Ab has gained attention, 
i.e. the anti-cyclic citrullinated peptide (CCP) Abs (102). Compared to RF, 
anti-CCP Abs are exclusively expressed in RA and found in about 75% of all 
RA patients. Moreover, the presence of anti-CCP Ab can be detected years 
before disease onset in serum (103). Importantly, IgG anti-CCP Abs are 
associated with more severe radiological joint damage and high titers are 
related to disease severity compared to anti-CCP negative RA patients (104, 
105). Anti-CCP Abs were discovered when previously known auto-Abs 
displaying cross-reactivity with each other were investigated in more detail 
to find their common Ag. It was discovered that these auto-Abs recognised 
self-proteins that had undergone a deamination of the amino acid arginine to 
citrulline by the enzyme peptidyl arginine deaminase (PAD). Some of these 
self-proteins were fibrin and vimentin found in RA synovium, indicating that 
these auto-Ags are locally expressed (106, 107). Interestingly, citrullination 
of these proteins occurs during inflammation and cell death, which are 
common events in RA (reviewed in (108)). Previously the presence of IgG 
anti-CCP was mostly investigated, but new reports have shown that IgM and 
IgA anti-CCP is also present in RA serum (109). Furthermore, the presence 
of IgM anti-CCP is higher in early RA (71.4%) than in established RA 
(37.5%), indicating that the immune response against CCP is ongoing and 
includes isotype switching (109).  

Other auto-antibodies 
Other auto-Abs found in RA are Abs against collagen type II (CII) and glu-
cose-6-phosphate isomerase (G6PI) (110-112). Anti-CII Ab have been re-
ported in 30 up to 70% of RA patients, and patients with high levels of anti-
CII Ab also display elevated levels of C-reactive protein (CRP), TNF, IL-6 
and exhibit more severe symptoms (113, 114). Interestingly, the presence of 
anti-CII Ab in RA patients is strongly associated with the HLA-DR4 allele 
(115, 116). However, neither the presence of anti-CII Ab or anti-G6PI Ab is 
of diagnostic value since these auto-Abs are found in many other conditions 
too. Interestingly though, immunisation with either CII or G6PI can induce 
arthritis in mice with B and T cell activation against the Ag, implicating that 
auto-Abs against these Ags also can be pathogenic in RA (117-119). 

Auto-antibody subclasses in rheumatoid arthritis 
Not only the Ag specificity of auto-Abs is important, but the isotype also 
seems to be of significance for RA. Several reports indicate that IgG1 and 
IgG3 are the main subclasses involved in the disease pathogenesis (120, 
121). This is interesting as these are the IgG subclasses with the highest af-
finity for FcγRI as monomers, and in ICs they also bind low affinity FcγRs 
well (17). This implies that IgG1 and IgG3 auto-Abs are potent triggers of 
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FcγR expressing cells in RA. Accordingly, total IgG1 levels are significantly 
increased in RA patients compared to healthy individuals (120, 121) and RF, 
obtained either from RA patients or healthy individuals, mainly recognise 
IgG1 (122). The dominating subclasses of IgG anti-CII in RA are also of 
IgG1 and IgG3 isotypes (123). In addition, since IgG1 and IgG3 can activate 
complement (reviewed in (124)), they may also induce inflammatory re-
sponses via the complement pathway, further enhancing their pathogenicity 
in RA. 

Fc gamma receptors in rheumatoid arthritis 
Since auto-Abs are such a prominent feature of RA it is important to con-
sider the role of FcγR in RA. Thus, studies have been performed analysing 
the cellular expression of FcγR and genetic polymorphisms of FcγRs in rela-
tion to RA susceptibility have been investigated. Accordingly, the percent-
age of FcγRIIIa positive monocytes in peripheral blood is augmented (69, 
125) and the expression level of FcγRI, FcγRII and FcγRIIIa on RA mono-
cytes is increased compared to healthy individuals (126-128). An upregula-
tion of activating FcγRs has also been observed in RA synovial tissue com-
pared with synovia from trauma or osteo arthritis patients (129-131).  

As to the genetic factors, a polymorphism of human FcγRIIIa at amino 
acid position 158 has been linked to RA (85, 132-135), although conflicting 
data exists (136). The functional effect of this polymorphism is a stronger 
binding affinity of the FcγRIIIa 158 Val variant for IgG1 and IgG3 com-
pared to the 158 Phe variant (137, 138). Recently it was also reported that 
there is an association between the presence of RF and expression of the 
FcγRIIIa 158 Val variant in RA patients (139).  

Indirect proof of that FcγRs play a role in the pathogenesis of RA is that 
several effective RA therapies have modulatory effects on the FcγR expres-
sion. For example, infusions of infliximab, an anti-TNF Ab, reduced the 
expression of FcγRIIa on neutrophils in RA patients whereas the expression 
of FcγRIIb was induced (140). Infliximab treatment also reduced the expres-
sion of FcγRI on peripheral blood monocytes, while the expression of 
FcγRIIa and FcγRIIIa was unaffected (141). The reduction of FcγRI was 
accompanied by a decrease in the levels of the erythrocyte sedimentation 
rate and CRP, which are indicative of inflammation. Moreover, meth-
otrexate, a cytostatic widely used to treat aggressive RA, decreased the 
FcγRI and FcγRIIa expression on circulating monocytes (142). The decrease 
in FcγRI expression was correlated with a decline in CRP levels and increase 
in the wellbeing of the patients. Administration of glucocorticoids also has 
effects on FcγRs and reduces the expression of FcγRI and FcγRIIa on blood 
monocytes and decreases the amount of FcγRIIIa positive cells (126, 127, 
143). However, most data regarding the pathogenic role of FcγR in autoim-
mune arthritis is the result of experiments performed in animal models.  
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Experimental arthritis 
To study RA pathology several animal models, mainly in rodents, have been 
developed. In mice the most widely used model is the collagen-induced ar-
thritis (CIA) model, discussed below. Other models include adjuvant-
induced arthritis using either Freund’s complete adjuvant (FCA) or pristane 
injections to induce arthritis (144, 145). Further, antigen-induced arthritis 
(AIA) is a model induced by intra-articular injections of methylated bovine 
serum albumin (BSA) into the knee joints of animals previously immunised 
with the same Ag (146). However, this model is only monoarthritic, i.e. ar-
thritis develops only in the injected joint. Another model similar to AIA, is 
the passive IC-mediated arthritis (ICA) model. In ICA, mice are injected 
with lysozyme coupled to poly-L-lysine into the joint after previously been 
injected with anti-lysozyme Abs, which creates ICs in the joint and arthritis 
(147). A model supporting a role for infectious agents in the development of 
RA is the streptococcal cell wall (SCW) arthritis model where an intraperi-
toneal (i.p.) injection of SCW causes chronic arthritis (148, 149). A quite 
recent model that has gained a lot of attention is the spontaneous K/BxN 
arthritis model. This model was discovered when a mouse with a transgenic 
T cell receptor was crossed with a non-obese diabetic mouse and the off-
spring spontaneously developed autoimmune arthritis similar to RA (150). 
The arthritogenic Ag was shown to be G6PI, an enzyme of the glycolytic 
pathway that is expressed in most tissues. Importantly, injections of serum 
from arthritic K/BxN mice can transfer the disease to naïve mice of different 
genetic strains, indicating a vital role for B cells and Abs in this arthritis 
model (151, 152).  

Collagen-induced arthritis 
CIA was first established in rats by immunisation with autologous or het-
erologous CII in either Freund’s complete or incomplete adjuvant (153). A 
few years later CIA was also induced in mice of the DBA/1 strain, when 
immunised with bovine CII (BCII) in FCA (154). The DBA/1 mouse strain 
is preferably used since it is more susceptible to CIA than other mouse 
strains. This is due to that the DBA/1 strain has the MHC haplotype H-2q, 
which enables a good presentation of the CII arthritogenic epitopes by MHC 
class II to T cells (117, 155, 156). A similar presentation of the CII-molecule 
is seen in mice with MHC haplotype H-2r. Hence, the linkage of MHC hap-
lotype to arthritis susceptibility is similar to RA, where certain MHC class II 
alleles are linked to arthritis as discussed previously. Interestingly, serum 
auto-Abs against CII, found in both RA and CIA, share the same epitope 
specificity against evolutionary conserved CII structures in the CII molecule 
(157). 
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Polyarthritis is visible three to four weeks after one intradermal injection 
of CII emulsified in FCA at the base of the tail. The first symptoms are red-
ness and swelling of the toes and later the entire paw itself can become swol-
len. The disease can also affect the knee joints as the arthritis progresses. As 
in RA, the histopathology of CIA demonstrates cell infiltration into the 
synovial membrane, pannus formation, cartilage destruction and bone ero-
sion. The onset of CIA is associated with Ab production against CII, particu-
larly of the IgG subclasses (117). These auto-Abs are pathogenic as transfer 
of anti-CII Abs, or serum from CII immunised mice, to naïve mice results in 
arthritis (158, 159). Even single monoclonal IgG anti-CII Ab of different 
subclasses can induce persistent arthritis (160).  

It is clear that both humoral and cellular immunity is needed for CIA in-
duction (161). Hence, as in humans, several inflammatory cytokines such as 
IL-1, IL-6 and TNF are expressed in joints of arthritic mice (162, 163). IL-1, 
IL-6 and TNF have all been extensively studied for their role in CIA. Ac-
cordingly, different strategies of blocking IL-1 have proven to completely, or 
partly, inhibit CIA (164-166). Similar effects were found regarding blocking 
the function of TNF, as mice treated with anti-TNF Ab are protected from 
CIA (90, 91). Mice deficient in IL-6 are resistant to CIA, or have delayed 
disease onset and reduced CIA severity (93, 167). Interestingly, these mice 
also showed a marked reduction of IgG anti-CII Abs in the serum. Addition-
ally, IL-17 has recently received attention as a new proinflammatory cyto-
kine produced by a novel T helper cell subset, termed Th17 (reviewed in 
(168)). IL-17 has been found to have pathogenic effects in many autoim-
mune diseases, such as multiple sclerosis, systemic lupus erythematosus and 
RA (169-172). In CIA a vital role for IL-17 has been established, since IL-17 
deficient mice and mice treated with anti-IL-17 Ab display significantly 
reduced CIA with a clear reduction in bone erosion (173-176). Interestingly, 
a decrease in IgG anti-CII, especially IgG2a anti-CII, was found in both anti-
IL-17 treated mice and IL-17 deficient mice. This again demonstrates the 
significant role of Abs in CIA. Hence, the FcγRs that mediate the cellular 
effects of IgG Abs should be of importance in CIA.  

Fc gamma receptors in experimental arthritis 
Independent studies have shown that mice lacking the signalling FcRγ-chain 
or FcγRIII are protected from CIA and other arthritis models (177-183). This 
indicates that the presence of activating FcγRs is crucial for induction of 
autoimmune arthritis. Interestingly, it was recently shown that FcγRIII posi-
tive macrophages transferred into FcγRIII-deficient mice rendered the mice 
susceptible to CIA (184), again emphasizing the importance of FcγRIII in 
the pathogenesis of arthritis. Further, it has also been demonstrated that other 
FcγRs are important in experimental arthritis, as transgenic mice expressing 
the human activating FcγRIIa (185) develop CIA much earlier than wild type 
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(wt) mice, and normally arthritis resistant mice become susceptible to arthri-
tis when expressing FcγRIIa (186). Additionally, FcγRI deficiency in mice 
results in reduced uptake of IgG-ICs and decreased cartilage destruction in 
ICA (187), whereas upregulation of FcγRI leads to increased cartilage de-
struction in arthritic mice (188). The inhibitory FcγRIIb has also shown to be 
of great importance in regulating inflammation in CIA, as FcγRIIb defi-
ciency leads to increased arthritis susceptibility (177, 189), while over-
expression of FcγRIIb on B cells resolves CIA earlier compared to wt mice 
(190). However, FcγRIIb over-expression on macrophages do not have any 
effect on CIA, implying that FcγRIIb is mostly involved in the negative 
regulation of B cells (190).  

The dominating IgG subclass produced during an autoimmune response 
in mice may affect the severity of the disease. Hence, murine IgG subclasses 
display, as human IgG subclasses, certain preferences for binding to differ-
ent murine FcγR. Accordingly, IgG1 is preferentially bound by FcγRIII, 
IgG2a is strongly bound by FcγRI and IgG2b is foremost bound by FcγRIIb 
and FcγRIV (12, 191). All murine FcγRs display very low, or no, affinity for 
murine IgG3. Moreover, IgG1, as well as IgG2b, seem to be the most arthri-
togenic Ab subclasses in CIA (160, 192-194). However, other reports also 
suggest IgG2a as being the main arthritogenic IgG subclass (194, 195).  

Mast cells in autoimmune arthritis 
It has been known for a long time that MCs accumulate in RA synovial tis-
sue where they become activated and contribute to synovial inflammation 
(196-200). An early in vitro study demonstrated that activated MCs co-
cultured with chondrocytes degraded cartilage proteoglycans, implying that 
activated MCs may be involved in the joint degradation in RA (201). Also in 
experimental arthritis increased MC numbers in arthritic synovia have been 
observed (202). Moreover, there are interesting data pointing to that MCs 
have a central role in antibody-mediated arthritis, as naturally MC-deficient 
(KitW/KitW-v) mice are protected from arthritis when injected with serum from 
K/BxN arthritic mice (29). When the MC population was reconstituted in 
these mice, the mice became susceptible to arthritis. The arthritogenic effect 
was later related to IL-1 secretion by MCs activated by IgG anti-G6PI bound 
to FcγRIII (203). However, when another strain of naturally MC-deficient 
mice, the KitW-sh-mice, received arthritogenic anti-CII Abs they developed 
full arthritis while the KitW/KitW-v-mice still were arthritis resistant (204). A 
possible explanation for this discrepancy is that KitW-sh-mice have a larger 
neutrophil population than KitW/KitW-v-mice do. This is essential since neutro-
phils are important in the pathogenesis of arthritis (205-207). Therefore, this 
implies that other cell types than MCs also play significant roles in antibody-
mediated arthritis.  
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Activated MCs have many effects on the immune system that are medi-
ated by the granular release of inflammatory cytokines and proteases. Thus, 
activation of MCs in explant tissue cultures of RA synovia leads to MC se-
cretion of TNF, IL-1β and IL-1 receptor antagonist (Ra) (208). Further, it 
was reported that the newly described proinflammatory cytokine IL-33, be-
longing to the IL-1 family, activates MCs in mouse synovium, causing re-
lease of inflammatory cytokines and increasing CIA severity (209). Fur-
thermore, the presence of IL-33 in RA synovium was also demonstrated, 
suggesting a role for IL-33 in RA pathogenesis also (209).  

The massive storage of various proteases is unique for MCs and may con-
tribute to the pathogenicity of MCs in arthritis. Thus, it was recently shown 
that mice lacking the tryptase mMCP-6 develop less severe arthritis than wt 
mice (210, 211). However, it was concluded that mMCP-7, also a tryptase, 
did not contribute to arthritis severity. Other MC specific proteases implied 
to be involved in arthritis are the chymases, as arthritic mouse joints express 
mMCP-4 (212) and increased mMCP-4 activity is found in the skin and 
paws of arthritic mice (202). It has also been reported that administration of 
human α-chymase, or mMCP-4, into the skin of laboratory animals induces 
recruitment of neutrophils, monocytes, eosinophils and lymphocytes into the 
injection site (41, 213).  

Overall these studies implies that MCs play an important role in arthritis 
development and that MC proteases may be important factors for recruit-
ment of inflammatory cells in arthritis. 

Monocytes and macrophages in autoimmune arthritis 
Monocytes and macrophages are strongly implicated in RA pathogenesis as 
their number and activation status are enhanced in RA patients (214, 215). 
They can be activated by different inflammatory pathways, for example via 
FcγRs and complement receptors expressed on their cell surface (125, 129, 
216). This implies that monocytes and macrophages are triggered by the 
inflammatory milieu in RA, which contains auto-Ab, complement products, 
cytokines etc. (89, 98, 102, 217-219).  

The proinflammatory CD14lowCD16high blood monocyte population, men-
tioned earlier, is increased in RA patients (69, 125, 127, 220). This increase 
is associated with higher erythrocyte sedimentation rate and CRP levels 
(220), indicating that CD14lowCD16high monocytes contribute to the inflam-
matory status of RA patients. Thus, CD16high monocytes are good producers 
of proinflammatory cytokines such as TNF and IL-12 (65, 221). Further, the 
CD16high monocytes in RA patients express the chemokine receptor 
CX3CR1 that binds fractalkine, which is elevated in RA synovial fluid. This 
suggests that there may be an enhanced cell migration of CD14lowCD16high 
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monocytes into RA joints, where they can mature into inflammatory tissue 
macrophages (222, 223). 

In the joint there are two types of synovial tissue macrophages: the type A 
synoviocytes residing in the synovial lining layer and interstitial macro-
phages distributed throughout the synovium (224). Together these cells 
make up about 20% of the cells in the synovium (225). The inflammatory 
capacity of macrophages in RA joints has been well studied and the amount 
of synovial macrophages correlates with articular destruction and disease 
activity (226, 227). Activated synovial macrophages are involved in joint 
inflammation by secreting a vast number of different inflammatory media-
tors such as cytokines, growth factors and MMPs (228, 229). These factors 
may then contribute to cell activation, angiogenesis and tissue degradation. 
Except from being activated by soluble molecules, synovial macrophages 
can also be activated by T cells through direct cell to cell contact in the 
synovia, indicating that there are ongoing immune responses by T cells in 
the joint (230).  

Monocytes and macrophages also contribute to disease pathogenesis in 
experimental arthritis. Accordingly, monocytes in rats display an activated 
phenotype before clinical signs of synovitis are visible in the AIA model 
(231, 232). The synovial macrophages are also activated, reflected by their 
high expression of MHC class II and secretion of inflammatory cytokines in 
the joint (232-234). Moreover, as in humans, murine synovial macrophages 
express FcγRs, indicating that they may be activated by IgG-ICs in experi-
mental arthritis (178). Accordingly, transfer of peritoneal FcγR expressing 
macrophages renders arthritis resistant FcγRIII deficient mice susceptible to 
CIA (184). 
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Present Investigation 

Aims 
The general aim of this thesis has been to increase the knowledge behind the 
mechanisms involved in autoimmune arthritis, especially those concerning 
FcγR and MC function.  

Thus, the expression and function of FcγRs was investigated in RA pa-
tients and compared to healthy individuals. Further, the therapeutic effect of 
a soluble human FcγR on established CIA was studied to see if a soluble FcR 
can ameliorate an IgG-mediated disease.  

Finally, the role of mast cell chymase in CIA was investigated using 
mMCP-4 deficient mice in an attempt to define a possible mechanism behind 
the pathological role of MCs in autoimmune arthritis. 

Experimental methods 
All methods used for the experimental work in this thesis are described in 
detail in the respective paper. Below follows an overview of key material 
and methods used. 

Patients and healthy controls (paper I and II) 

Synovial tissue (paper I) 
Synovial biopsies from healthy volunteers and RA patients, diagnosed ac-
cording to the ACR criteria (73), were obtained through the Rheumatology 
clinic at the Karolinska hospital in Stockholm. The biopsies were obtained 
by an arthroscopic technique described previously (235) and were when 
possible taken from areas with synovitis adjacent to the cartilage-pannus 
junction. Synovial tissue was also obtained at articular surgery. The ethics 
committee at the Karolinska hospital approved all experiments on human 
tissue and informed consent was obtained from all study subjects. Patients 
were divided into three groups; I: healthy, II: early RA, diagnosed for less 
than 18 months and III: late RA, diagnosed for more than 18 months. Fur-
ther, biopsies from glucocorticoid treated arthritic patients were grouped into 
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before and after treatment (≥14 days). The biopsies were snapfrozen in liquid 
isopentane, chilled with dry ice, and stored at -70°C until sectioned. 

Peripheral blood monocytes (paper II) 
Blood samples were collected in EDTA-treated tubes from RA patients at 
the Rheumatology unit at the University hospital in Uppsala. All patients 
were RF positive and diagnosed according to ACR criteria (73). The RA 
patients were divided into active or non-active groups depending on their 
disease status when visiting the clinic. Active disease was defined as ongo-
ing inflammation in at least one joint. EDTA-treated blood was also col-
lected from healthy donors at the blood donor central at the University hos-
pital, Uppsala. All experiments on human blood were approved by the local 
ethics committee in Uppsala, and informed consent was obtained from all 
individuals. 

Peripheral blood mononuclear cells (PBMCs) were purified from the 
blood by density centrifugation using Ficoll-Paque and cells were collected 
and washed with PBS containing EDTA. The PBMCs were then further 
purified using magnetic-activated cell sorting (MACS) and to obtain a pure 
monocyte population anti-CD14 labelled magnetic beads were used accord-
ing to the manufacturer’s protocol.  

Immunohistochemistry and immunofluorescence (paper I) 
Immunohistochemistry and immunofluorescence was performed to analyse 
the expression of different cell surface markers on synovial biopsies. We 
especially looked at the expression patterns in the synovial lining and sublin-
ing layers, vessel area and lymphocyte infiltrates (schematic overview in 
Figure 5). 

Frozen biopsies were embedded in OCT compound and sectioned into 7 
μm sections using a cryostat onto slides. The slides were air dried, fixed with 
formaldehyde in phosphate buffered saline (PBS), washed in PBS, left to air 
dry and stored at -70°C.  
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Figure 5. A schematic overview of a joint and its synovial tissue. 

For immunohistochemistry the slides were thawed and washed in PBS with 
saponin (PBS/Sap). Saponin is a mild detergent that allows for intracellular 
staining if necessary. Any endogenous tissue peroxidase was blocked using 
H2O2 in PBS/Sap to avoid background staining. The sections were then 
washed repeatedly in PBS/Sap. Primary Abs diluted in PBS/Sap were added 
to the tissue and left at room temperature (RT) over night in the dark. After 
several washing steps with PBS/Sap, the sections were incubated with nor-
mal horse serum in PBS/Sap to block unspecific binding of secondary Abs. 
The serum was removed and biotinylated horse anti-mouse secondary Ab 
added. The sections were washed and an avidin-biotin-complex was added. 
This complex is an enzyme conjugate that will bind to the biotinylated sec-
ondary Ab. After further washing, positive staining was developed using the 
substrate diaminobenzidine (DAB). Finally, the sections were counterstained 
with haematoxylin, rinsed with tap water, dehydrated in alcohol and 
mounted. 

For immunofluorescent staining tissue slides were washed in PBS/Sap 
and then incubated with BSA in PBS/Sap to block unspecific binding. If 
necessary, normal human serum diluted in PBS/Sap, was first added to block 
unspecific binding of the primary Ab before further blocking with BSA. 
Fluorescently labelled, or un-labelled, primary Ab diluted in PBS/Sap with 
BSA was added and incubated. The slides were then washed in PBS/Sap. 
For non-conjugated Abs, a biotinylated or fluorescently labelled secondary 
Ab was added followed by washing. Streptavidin conjugated to either alexa-
red or alexa-green was added if a biotinylated secondary Ab was used. Fi-
nally, the sections were washed in PBS, air dried and mounted in 
PBS/glycerol or Mowiol. Mowiol was used to decrease the rate of which the 
fluorescence fades when the slides are analysed under the microscope. 
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Flow cytometry (paper I and II) 
Flow cytometry was used to define the FcγR expression on peripheral blood 
monocytes and cell lines. The Abs used for staining were conjugated to ei-
ther fluorescein isothiocyanate (FITC) or phycoerythrin (PE) and can be 
found in the respective paper. Briefly, the cells were washed prior Ab stain-
ing with FACS buffer (PBS containing BSA). The cells were then diluted in 
FACS buffer, the Ab added and incubated for 20-30 minutes on ice in the 
dark. The cells were washed twice and if necessary a second Ab staining 
step was performed. After the final wash, the cells were diluted in FACS-
buffer and analysed in a FACScan. 

Rosetting (paper II) 
To study the binding of IgG1- or IgG3-ICs by FcγR-expressing monocytes, 
rosetting was performed. IgG1 and IgG3 specific ICs were made by incubat-
ing human red blood cells (RBCs) positive for the Rhesus factor D (RhD) 
Ag with human IgG1 or IgG3 anti-RhD Abs. Non-opsonised RBCs were 
used as negative control. RBCs, IgG1- or IgG3-ICs were mixed with purified 
monocytes and incubated at 37°C. In order to visualize bound ICs, the dye 
Sedi-stain was added to the cells. The cell suspension was applied to glass 
slides and the rosettes counted using a light microscope. A rosette was de-
fined as a monocyte binding three or more ICs. A minimum of 100 cells per 
glass slide was counted. All tests were made at least in duplicates and the 
identity of the slides blinded to the assessor. 

IgG cross-linking (paper II) 
In order to study TNF production by monocytes stimulated by IgG1 or IgG3 
cross-linking, purified monocytes were plated on microtiter wells coated 
with immobilized human IgG1 or IgG3. IgG-F(ab)2-fragments and LPS 
were used as negative and positive control, respectively. All stimulations 
were done in triplicate wells. The cells were incubated in a humidified CO2-
chamber at 37°C over night for 20 hours. The supernatants were harvested, 
the triplicates pooled and stored at -20°C for further analysis using TNF-
specific ELISA described below. 

Mice (paper III and IV) 
Wt DBA/1 mice were used to investigate soluble FcγRIIb (sFcγRIIb) treat-
ment of CIA in paper III. For paper IV, mMCP-4 deficient (mMCP-4-/-) and 
mMCP-4+/+ littermate mice on DBA/1 background were used for CIA and 
antibody-mediated arthritis experiments. The mMCP-4-/- DBA/1 mice were 
generated from C57BL/6 mice, deficient in mMCP-4 as described by 
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Tchougounova et al. (44), and backcrossed to the DBA/1 strain for nine gen-
erations. All mice were bred and maintained at the Uppsala Biomedical Cen-
tre animal facility at Uppsala University and fed rodent chow and water ad 
libitum. All animal experiments were approved by the local ethics committee 
in Uppsala (permission C 275/2, C 62/5 and C61/5). 

Collagen-induced arthritis (paper III and IV) 
BCII, prepared from pepsin digestion of nasal bovine cartilage as previously 
described (236), was emulsified in a one to one ratio in FCA. Mice were 
immunised intradermally at the base of the tail with 50 μg CII in FCA. After 
a latency period of 21 days the mice were examined every second day for 
arthritis development. In paper IV one CIA experiment was monitored 
blindly. The clinical severity of the arthritis was evaluated using a scoring 
system ranging from 0-15 per paw, giving a maximum arthritis score of 60 
per mouse. No swelling in any joint gave a score of zero, one swollen toe 
joint a score of one, thus giving a total score of 10 if all joints in one paw 
were swollen. An additional score of 5 was given for each paw if the back of 
the paw, wrist or ankle also was swollen.  

Antibody-mediated arthritis (paper IV) 
To investigate the role of mMCP-4 in antibody-mediated arthritis, a cocktail 
of commercially available monoclonal IgG anti-CII antibodies was trans-
ferred intravenously (i.v.) to mMCP-4 deficient and wt mice. Totally 4 mg 
IgG anti-CII was administered on two consecutive days. On the fourth day 
the mice received an i.p. injection of LPS to boost the immune response. As 
negative control, mice of both genotypes were injected with LPS only. The 
arthritis development was monitored blindly and examined daily. The same 
arthritis scoring system was used as described above for CIA. 

Soluble Fc gamma receptor IIb treatment of CIA (paper III) 
To study the therapeutic effect of soluble FcγR in CIA, arthritic DBA/1 mice 
were treated i.v. in the tail vein with 200 μg of sFcγRIIb or control protein at 
five occasions with two days intervals. Two different experiments were per-
formed using two different control proteins. In the first experiment, BSA 
diluted in sterile PBS was used, while recombinant phosphopantothenoylcys-
tein-synthetase (rPPC-synthetase), an irrelevant protein produced and puri-
fied in the same way as sFcγRIIb, was used in the second experiment. The 
treatment started when CII-immunised mice had developed an arthritic score 
of at least one. Prior to the injections, the animals were grouped according to 
their arthritic score so that both treatment groups had the same mean arthritic 
score at the start of therapy in each experiment. 
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Histopathology (paper III and IV) 
Paws from arthritic and healthy mice were removed post mortem for histopa-
thological analysis. Briefly, paws were fixed in formaldehyde phosphate 
buffer and decalcified in Parengy decalcifying liquid followed by extensive 
washing in tap water. The paws were thereafter processed and embedded in 
paraffin, sectioned sagitally (5 μm) and stained with hematoxylin and eosin. 
The sections were analysed in regard of synovial proliferation, cell infiltra-
tion, cartilage destruction and bone erosion. 

RNAse protection assay (paper III) 
RNAase protection assay (RPA) was used to investigate mRNA levels of 
different inflammatory cytokines in tissues from sFcγRIIb or control protein 
treated mice. The mouse multi-probe template set, mCK-3b, detecting 
mRNA of TNF-β, lymphotoxin-β, TNF, IL-6, IFN-γ, IFN-β, transforming 
growth factor (TGF)-β1, TFG-β2, TGF-β3 and macrophage migration in-
hibitory factor (MIF) was used according to the instructions of the manufac-
turer. Quantification of cytokine mRNA expression was determined using a 
PhosphoImager, and the amount of mRNA transcripts was quantified by 
Image Gauge V3.45 software. A relative value for each cytokine mRNA 
transcript was obtained by dividing each transcript with the corresponding 
transcript of the house-keeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). 

T cell proliferation assay (paper IV) 
Individual spleen cell suspensions were prepared from mMCP-4+/+ and 
mMCP-4-/- mice 11-12 days after CII immunisation and the proliferative 
response to CII analysed. The splenocytes were cultured in triplicate wells 
with or without native CII as stimulator. As a positive control splenocytes 
were stimulated with concanavalin A (Con A). The cells were kept in a 37°C 
humidified CO2-chamber for three days. To measure the proliferation rate, 
[3H]thymidine was added to the cell cultures for the last 16-18 h of culture. 
The [3H]thymidine incorporation was measured using a β-scintillation 
counter. To compare the proliferation rate between the mice, a stimulation 
index (SI) was calculated by dividing the cpm value of stimulated cells with 
that of non-stimulated cells for each mouse. 

Gelatine zymography (paper IV) 
To measure the amount and activity of MMP-2 and MMP-9 in knee joints of 
mMCP-4+/+ and mMCP-4-/- mice with Ab-mediated arthritis, mice were sac-
rificed 21 days after the first IgG anti-CII injection. The synovial fluid was 
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extracted with PBS from both knees and pooled. The protein content of the 
samples was separated by SDS-PAGE. The gel was washed twice in Tris-
HCl containing Triton X-100, twice in Tris-HCl and then incubated at 37°C 
for 20 h in Tris-HCl containing CaCl2 and Triton X-100. The gel was stained 
with Coomassie Blue R-250 and then destained. The positions of the differ-
ent forms of MMP-9 and MMP-2 in the zymogram were determined by 
comparison with the migration of pro- and mature MMP-9 and MMP-2 pre-
sent in conditioned medium of human HT-1080 cells.  

Enzyme-linked immunosorbent assay (paper I, II, III and IV) 

Human FcγRIIb specific ELISA 
In order to confirm the specificity of the anti-FcγRIIb Ab (clone GB3) 
ELISA was done. A microtiter plate was coated with recombinant human 
FcγRIIa or FcγRIIb and incubated over night. The plate was washed with 
Tween 20 in PBS (PBS-Tw) and the GB3 Ab added in different dilution 
steps and incubated. After washing, sheep anti-mouse IgG conjugated to 
alkaline phosphatase was added and incubated. The result was visualised 
using p-nitrophenyl phosphate substrate and the absorbance measured at 405 
nm in an ELISA reader. 

Human TNF ELISA 
Monocyte supernatants harvested from IgG cross-linking experiments were 
analysed for TNF content. Microtiter plates were coated with monoclonal 
mouse anti-human TNF Ab and left over night in a humid chamber. The 
plates were washed with PBS-Tw and blocked with BSA in PBS. After fur-
ther washing, supernatants or recombinant TNF standard were added in du-
plicate wells and incubated. After washing, biotinylated goat anti-human 
TNF Ab was added and the plates were incubated. To visualise bound TNF, 
streptavidin-horseradish peroxidase (HRP) was added and incubated. A sub-
strate solution (3,3’,5,5’-tetramethylbenzidine) was then added to develop 
the colour reaction, which was stopped with H2SO4. The absorbance values 
were determined at 450 nm in an ELISA reader and TNF titers were calcu-
lated using a recombinant TNF standard with known concentration. 

Human IgG anti-CPP ELISA 
A semi-quantitative anti-CCP ELISA was used to determine the amount of 
IgG anti-CCP in RA and healthy plasma according to a commercial kit. 
Samples of ≥25 units of anti-CCP Abs were regarded as positive and sam-
ples of <25 units as negative. In addition, we also studied the absorbance of 
subclass-specific IgG1 and IgG3 anti-CCP ab in RA plasma. For this the 
ELISA protocol was modified and anti-human IgG1 and anti-human IgG3 
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conjugated to HRP were used as detection Ab instead of the anti-human 
IgG-HRP Ab from the original protocol. 

IgM and IgG anti-CII specific ELISA 
Mice were bled from the tail vein at several different occasions after BCII-
immunisation and total IgM or IgG anti-CII Ab in individual serum samples 
were measured. Microtiter plates were coated with native BCII and incu-
bated over night. The plates were washed with PBS-Tw and blocked with 
BSA in PBS. After washing, serially diluted sera was added in duplicates 
and incubated at RT. The plates were washed and sheep anti-mouse IgM or 
IgG, conjugated to alkaline phosphatase, were added and incubated at RT. 
The bound anti-CII Ab was visualised using p-nitrophenyl phosphate sub-
strate. The absorbance was measured at 405 nm in an ELISA reader and IgG 
Ab titers were calculated using an IgG anti-CII Ab standard with known 
concentration. The polyclonal IgG standard was obtained from pooled sera 
of BCII-hyperimmunised mice purified by affinity chromatography. 

Enzyme-linked immunospot (paper IV) 
The number of B cells secreting IgG anti-CII-specific Ab in wt and mMCP-4 
deficient mice after BCII immunisation was determined using an ELISPOT 
assay. Single cell suspensions were prepared from axillary and inguinal 
lymph nodes from CII-immunised mice. Cells were washed in PBS and re-
suspended in complete RPMI medium. The cell suspension was added to a 
microtiter plate previously coated with BCII or BSA (negative control) and 
kept at 37°C in a humidified CO2-chamber over night. To detect IgG anti-CII 
producing cells, sheep anti-mouse IgG F(ab´)2 conjugated to alkaline phos-
phatase was added and incubated. The plate was washed and BCIP (bromo-
chloro-indolyl phosphate) added to develop positive spots. When the devel-
opment of spots was done the plate was washed with distilled water and left 
to dry. The mean number of IgG anti-CII producing spots per million cul-
tured cells was calculated for each mouse. 

Results and discussion 
Paper I. High synovial expression of the inhibitory 
FcgammaRIIb in rheumatoid arthritis  
In this paper we have investigated the expression of the inhibitory FcγRIIb in 
relation to the amount of activating FcγRs in synovial tissue of RA patients 
in comparison to healthy synovial tissue. The relationship between FcγRIIb 
and activating FcγRs is important, since it is believed that FcγRIIb regulates 
all activating FcγRs. In addition, the FcγR expression pattern in early RA 
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compared to late RA was studied. We also investigated if glucocorticoid 
steroids have effects on the synovial FcγR expression. Hence, synovial biop-
sies were analysed two weeks after one intra-articular glucocorticoid injec-
tion of arthritic joints. 

Surprisingly, the immunohistochemical stainings revealed that FcγRI was 
completely absent in healthy synovium (n=10) while a pan anti-FcγRII Ab, 
detecting both the FcγRIIa and FcγRIIb isoforms, stained the tissue positive, 
as did the anti-FcγRIII Ab (Figure 6). Interestingly, FcγRIIb was almost not 
expressed in healthy synovial tissue (n=5), as only faint positive cells were 
observed in the sub-lining layer and in scattered cells of the synovium in a 
few biopsies. This indicates that the positive staining seen by the pan anti-
FcγRII Ab was mostly the effect of FcγRIIa expression in the healthy joint. 
Thus, the main FcγRs expressed in healthy synovia are FcγRIIa and FcγRIII. 
It seems like there is no need for strong FcγRIIb expression in healthy syno-
via, possibly due to the lack of inflammation. The RA synovia (n=26) how-
ever, displayed significantly higher expression FcγRI, FcγRII and FcγRIII 
and FcγRIIb compared to healthy tissue. All activating FcγRs were ex-
pressed in the synovial and sub-synovial lining layers (Figure 6). Though, 
while FcγRII and FcγRIII were expressed in lymphocyte infiltrates, FcγRI 
was not. FcγRIIb expression was readily seen in the synovial and sub-
synovial lining layers and in lymphocyte infiltrates in all RA biopsies stud-
ied (n=10). There was no difference in the synovial FcγR expression pattern 
in early and late stages of RA, indicating that the FcγRs are activated early in 
the disease and that they are important throughout the disease process. Fur-
thermore, it appears that the upregulation of activating FcγRs in RA tissue is 
accompanied by an increase in FcγRIIb expression. The staining patterns of 
healthy and RA synovia implies that there is a constant presence of activat-
ing FcγRs in healthy and RA synovium, although the expression is much 
higher in RA synovia. In contrast, there appears to be a need for FcγRIIb 
expression in RA synovium compared to healthy tissue. This is possibly an 
attempt of the immune system to inhibit further cell activation by the activat-
ing FcγRs in the RA joint.  
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Figure 6. Immunohistochemical staining of consecutive sections of healthy and RA 
synovia using Abs to FcγRI, FcγRII and FcγRIII. Note the intense FcγR staining in 
RA tissue compared to healthy tissue. 

Further, we hypothesised that macrophages are major FcγR expressing cells 
in the RA synovium. To investigate this, biopsies were stained with fluores-
cently labelled Ab against CD163, a macrophage marker, in combination 
with Abs towards FcγRI, FcγRII, FcγRIIb or FcγRIII. All FcγRs were ex-
pressed along with CD163, although a small number of macrophages were 
negative for FcγRIIb. This indicates that there is a subpopulation of macro-
phages not able to regulate their activating FcγRs due to the lack of FcγRIIb 
expression. Furthermore, the amount of CD163 expression was significantly 
correlated with expression of FcγRI, FcγRII and FcγRIII, when consecutive 
sections were analysed. In addition we observed that FcγR expressing cells 
often co-localised with CD3, a marker of T cells. The analyses showed that 
CD3 expression was significantly correlated with FcγRI, FcγRII and FcγRIII 
in RA synovia. This suggests that there is ongoing communication between 
FcγR expressing macrophages and T cells in the RA synovium. 

When the effects of intraarticular glucocorticoids on synovial inflamma-
tion were analysed, we found that FcγRI was significantly downregulated by 
the glucocorticoid injection and that FcγRII was slighty decreased. Impor-
tantly, these effects were not due to macrophages disappearing from the 
synovium, as the amount of macrophages was unchanged after treatment. 
Consequently, it is possible that decreased joint inflammation after glucocor-
ticoid treatment is partly due to less macrophages being activated by FcγRI. 

Together these results clearly show that FcγRs play an important role in 
the joint pathology of RA. Hence, it is important to elucidate the functional 
effects of Abs bound by FcγRs in the joint and also systemically. 
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Paper II. Reduced IgG1-immune complex binding and low TNF 
production characterise monocytes in rheumatoid arthritis and 
correlates with disease status 
FcγR expressing macrophages present in the joints are most likely derived 
from circulating blood monocytes. Although the monocytes are less mature 
than macrophages they express FcγRs and in RA this expression is increased 
(69, 125-128, 237). However, the monocyte FcγRIIb expression and the 
functional response of activating FcγRs in RA monocytes, has not been stud-
ied in detail.  

Accordingly, we characterised the FcγRIIb expression on RA monocytes 
in relationship to the activating FcγR expression, and compared this to 
healthy monocytes. The cellular effects of IgG1- and IgG3-IC binding were 
also investigated. Further, we studied the possibility that RA patients in an 
active state of disease may have a different FcγR expression, and conse-
quently an altered FcγR function, compared to RA patients with non-active 
disease. 

All investigated subjects, non-active RA patients (n=18-20), active RA 
patients (n=17-20) and healthy individuals (n=24-33), displayed positive 
expression of FcγRI and FcγRII on a majority of their monocytes. In con-
trast, FcγRIIb was generally expressed only on a few monocytes in all indi-
viduals, although non-active RA patients had significantly more FcγRIIb 
positive monocytes (6.8 ± 1.4%) compared to healthy individuals (3.8 ± 0.5 
%). Active RA patients also displayed fewer FcγRIIb positive monocytes 
(4.5 ± 1.0%) compared to non-active RA patients, though this was not sig-
nificantly different. Furthermore, there was a tendency of active RA mono-
cytes having a larger FcγRIII positive population (81 ± 3.6%) compared to 
both healthy (75 ± 3.1%) and non-active RA monocytes (72 ± 5%).  

When the amount of FcγR expression i.e. the mean fluorescent intensity 
(MFI) on positive cells in the three groups was compared, several differ-
ences were found. Active and non-active RA monocytes displayed signifi-
cantly higher MFI values for FcγRI and FcγRII compared to healthy mono-
cytes. Interestingly though, the non-active RA monocytes displayed the 
highest FcγRIIb and FcγRIII MFI values, while the active RA monocytes 
had the lowest MFI values for both these receptors. This suggests that there 
is a connection between the expression of the activating FcγRIII and inhibi-
tory FcγRIIb, possibly important in the regulation of inflammation. Hence, it 
corresponds well that the non-active RA patients with no current inflamma-
tion display this type of monocyte phenotype. 

FcγRIII positive monocytes with a high FcγRIII expression and low CD14 
expression (CD14lowCD16high monocytes) are attributed proinflammatory 
capacities in RA (62, 65, 69). Therfore, we thought that it was relevant to 
study this population, as well as its counterpart, the CD14highCD16low popula-
tion, in non-active (n=17) and active (n=17) RA patients. Unexpectedly, the 
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CD14highCD16low population, and not the CD14lowCD16high population, was 
significantly increased in active RA patients compared to non-active RA 
patients. This is possibly an effect of CD14lowCD16high monocytes in the 
blood of active RA patients rapidly leaving the circulation and maturing into 
macrophages in the inflamed joint. This may leave an increased need for a 
larger pool of CD16low monocytes in the active RA patients to compensate 
for this cell migration. 

Since we found a general increase of activating FcγRs on active RA 
monocytes we hypothesised that this could be an effect of high amounts of 
circulating auto-Ab in the patients. Thus, we measured IgG anti-CCP Abs, 
the most specific RA auto-Ab described, in all individuals. There was a ten-
dency of more active RA patients (n=26) having higher plasma levels of IgG 
anti-CCP compared to the non-active RA patients (n=24). However, the 
variation within both groups was too large for any significant differences to 
be found. Furthermore, most anti-CCP Abs were of IgG1 type, as we almost 
did not find any IgG3 anti-CCP present in RA plasma, while high absorb-
ance values were observed for IgG1. All healthy subjects (n=22), except one 
that had low Ab values, were negative for IgG anti-CCP. Interestingly, we 
found that the monocyte FcγRIII MFI was significantly correlated with the 
amount of IgG anti-CCP in RA patients (non-active and active). We also 
investigated the amount of IgG bound on monocytes by flow cytometry and 
found that the RA patients displayed a higher IgG MFI compared to healthy 
monocytes. These data support the idea that the increased FcγR expression 
seen in RA monocytes is a result of increased amounts of circulating IgG.  

To test the FcγR function of the RA monocytes, rosetting was performed 
using IgG1- and IgG3-ICs. Interestingly, active RA monocytes had a signifi-
cantly decreased IgG1-IC binding compared to both non-active RA and 
healthy monocytes. The IgG3-IC binding, however, was similar in all 
groups. This supports the notion that FcγRs may be saturated with IgG1 Abs. 
Furthermore, when the TNF production after IgG1 or IgG3 crosslinking by 
monocytes was evaluated, active RA monocytes were found to be poor TNF 
producers, further indicating that active RA monocytes cannot respond to 
additional IgG-stimuli. 

In conclusion, the monocyte FcγR phenotype seems to be dependent on 
the inflammatory status of the RA patient since our harsh classification of 
the patients into active or non-active RA revealed significant differences in 
FcγR expression and IgG-binding. This difference in FcγR function may be 
due to higher levels of circulating IgG auto-Ab and reduced FcγRIIb mono-
cyte expression in active RA compared to non-active RA patients. 
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Paper III. Amelioration of collagen-induced arthritis by human 
recombinant soluble FcgammaRIIb  
The high levels of serum IgG auto-Ab found in RA patients likely have sig-
nificant consequences for RA pathogenesis (102, 121, 123). Also in experi-
mental arthritis IgG anti-CII Abs are vital for CIA induction (158-160). 

We therefore hypothesised that a therapeutic agent with possibility to in-
terfere with pathogenic IgG-ICs binding to FcγR on inflammatory cells 
would be of value in the treatment of RA. Hence, we explored the therapeu-
tic effects of human sFcγRIIb in CIA. 

Human sFcγRIIb was produced recombinantly in E.coli and purified by a 
three-step procedure described previously (238). We first performed in vitro 
studies of sFcγRIIb to confirm that it could bind mouse IgG, which would 
suggest that it can also absorb pathogenic IgG anti-CII IC in vivo. The 
sFcγRIIb was able to bind both purified mouse IgG anti-CII and serum from 
CII-immunised mice in a dose dependent fashion.  

We wanted to know if sFcγRIIb treatment could arrest or reverse CIA and 
therefore we chose to start the treatment after the onset of clinical signs in 
the mice. Thus, when clinical signs of arthritis were visible, 200 μg of 
sFcγRIIb, or control protein, was given i.v. at five occasions with two days 
intervals, and the mice were monitored for 21 days. Two experiments were 
performed with two different control proteins, BSA or rPPC-synthetase. 
rPPC-synthetase was used in the second experiment as it is an irrelevant 
protein, produced and purified in the same way as sFcγRIIb.  

In the first experiment sFcγRIIb significantly reduced CIA severity in 
sFcγRIIb treated mice (n=10) compared to control treated mice (n=11). 
Similar results were seen in the second experiment when rPPC-synthetase 
was used as control, as sFcγRIIb treated mice (n=12) displayed significantly 
decreased arthritis severity compared to control mice (n=11) at several time 
points. Furthermore, the sFcγRIIb treated mice had significantly less IgG 
anti-CII at day 14 after the first treatment compared to control mice, indicat-
ing that sFcγRIIb can absorb and remove pathogenic IgG from the circula-
tion. However, a certain amount of sFcγRIIb in the body may have to be 
reached, as decreased serum IgG anti-CII was found first after repeated 
sFcγRIIb injections. When arthritic joints were examined histologically, the 
joints of sFcγRIIb treated mice displayed less cell infiltration into the syno-
vium, reduced pannus formation, cartilage destruction and bone erosion than 
joints of control treated mice. Interestingly, we also found significantly 
lower mRNA levels of TNF and IL-6 in the lymph nodes of sFcγRIIb treated 
mice compared to control mice, suggesting that the treatment also had sys-
temic effects on inflammation. When synovial tissue was examined for 
mRNA expression of inflammatory cytokines we found reduced, however 
not significant, levels of TGF-β and MIF, suggesting a local anti-
inflammatory effect of the treatment in the joints. 
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To conclude, intravenous sFcγRIIb treatment was able to ameliorate es-
tablished CIA by reducing the amount of pathogenic auto-Ab and systemic 
inflammatory cytokines leading to reduced joint swelling. In another recent 
study, sFcγRI was also able to reduce Ab-mediated CIA and inhibit cellular 
IgG-ICs activation (239). However, this treatment was started prior visible 
signs of arthritis, which is in contrast to the therapy employed in our investi-
gation. Consequently, our results imply that sFcγRIIb may be useful as a 
therapeutic agent for both local and systemic inflammation in RA. 

Paper IV. Mast cell chymase contributes to the antibody 
response and the severity of autoimmune arthritis. 
MCs are implicated in RA pathology as the number of MCs is significantly 
increased in RA joints (196-200). Furthermore, MCs have recently gained a 
lot of attention regarding their role in arthritis pathogenesis, as it was discov-
ered that MC deficient mice are protected from Ab-mediated arthritis (29). 
However, the exact mechanisms by which MCs contribute to the disease are 
not known, but it is probable that their expression of potent granular prote-
ases play a role.  

Therefore, we wanted to investigate if the lack of a single MC specific 
protease, mMCP-4, the functional homologue to human chymase, contrib-
utes to experimental arthritis. We also studied where in the autoimmune 
response mMCP-4 might play a role. Consequently, two arthritis models, 
CIA and IgG anti-CII mediated arthritis, were investigated in mMCP-4+/+ 
and mMCP-4-/- DBA/1 mice. Three separate CIA experiments were per-
formed that rendered similar results, thus the results were pooled. 

The mMCP-4+/+ (n=21) and mMCP-4-/- (n=42) mice developed CIA with 
a similar mean day of arthritis onset (∼day 40). However, the mMCP-4-/- 
mice had significantly fewer paws involved and lower clinical scores than 
the mMCP-4+/+ mice. Histopathology revealed that mMCP-4+/+ joints had 
more severe pannus formation, worse cartilage destruction and bone erosion 
than the joints of mMCP-4 deficient mice. Importantly, the mMCP-4+/+ mice 
also had significantly more MCs in their paws. These MCs were also de-
granulated to a higher extent than MCs found in the mMCP-4-/- paws. This 
suggests that mMCP-4 contributes to activation and recruitment of MCs. 

Interestingly, when sera of the mice were investigated for IgM and IgG 
anti-CII content, we found a tendency of reduced IgM and IgG anti-CII in 
the mMCP-4-/- mice, 11-12 days after CII-immunisation. Strikingly, at 5 and 
10 weeks after immunisation the serum IgG anti-CII in mMCP-4-/- mice was 
significantly decreased compared to mMCP-4+/+ mice. This points to 
mMCP-4 having effects on the adaptive immune response against CII. Thus, 
to further study how the adaptive immunity against CII was impaired in 
mMCP-4-/- mice, an anti-CII T cell proliferation assay and IgG anti-CII spe-
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cific ELISPOT were performed. Splenocytes from mMCP-4-/- mice had a 
lower proliferative response against native CII compared to mMCP-4+/+ 
mice, 11 to 12 days after CII immunisation. Cells from both groups prolifer-
ated equally well against Con A. The ELISPOT, detecting IgG anti-CII pro-
ducing B cells in lymph nodes, showed a tendency of less IgG anti-CII pro-
ducing B cells in mMCP-4-/- mice compared to mMCP-4+/+ mice, 8 to 10 
weeks after immunisation. These results imply that lack of functional 
mMCP-4 can have effects on T and B cell responses against CII in CIA, 
leading to decreased auto-Ab production and reduced arthritic scores. 

The effects of mMCP-4 deficiency on the immune response in CIA, 
prompted us to study if mMCP-4 also play a role in the effector phase of 
arthritis when pathogenic Abs are already present. Thus, equal amounts of 
IgG anti-CII Ab were given i.v. to mMCP-4-/- (n=6) and mMCP-4+/+ (n=6) 
mice. All mice developed arthritis, however the mMCP-4 deficient mice had 
significantly lower clinical scores compared to mMCP-4+/+ mice. This indi-
cates that mMCP-4 plays a disease-aggravating role also in the late phase of 
CIA, when equal amounts of pathogenic auto-Ab are present in the mice. A 
possible reason to the decreased arthritis severity in the passive model may 
be a reduced activation of other proteases by mMCP-4 in the joint. Thus, it is 
known that mMCP-4 is capable of cleaving proMMP-2 and -9 into their 
active form in vivo, which can lead to degradation of the extracellular matrix 
(43). Moreover, MMP-9 deficient mice develop less severe Ab-mediated 
arthritis than wt mice (240). Accordingly, we thought it was relevant to 
study the amount of pro and active MMP-2 and -9 in knee synovial fluid of 
mice with Ab-mediated arthritis using gelatine zymography. There was a 
tendency of both more pro- and active MMP-2 and -9 in the mMCP-4+/+ 
mice that might explain why these mice had more sever Ab-mediated arthri-
tis than mMCP-4-/- mice. However, the ratios between the pro- and active 
forms did not seem to differ between the two genotypes. 

We have found that impairment of a single MC protease, mMCP-4, leads 
to significantly decreased active and passive CIA. It is likely that mMCP-4 
has a role in triggering adaptive immune responses, as mMCP-4 deficient 
mice display lower IgG anti-CII titers than mMCP-4+/+ mice. The functions 
of mMCP-4 in autoimmune arthritis may be many, but activation and re-
cruitment of inflammatory cells seems likely, as a decrease in the early im-
mune response might explain the reduced arthritis severity. Accordingly, it 
has been shown that administration of human chymase leads to migration of 
eosinophils and neutrophils in vivo (41).  

Conclusions 
It is clear that activating and inhibitory FcγRs are vital parts of RA patho-
genesis. Consequently, FcγRs are strongly upregulated on macrophages in 
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synovial tissue and blood monocytes in RA patients. Even so, FcγR-
mediated IgG1-IC binding is impaired in active RA monocytes, possibly due 
to IgG saturation. Accordingly, it seems that the monocyte FcγR expression 
and function in RA is dependent on inflammatory activity, i.e. Ab produc-
tion. Hence, intravenous administration of human recombinant sFcγRIIb in 
arthritic mice leads to decreased circulating IgG anti-CII Abs and clinical 
scores. Another FcγR expressing cell, also important in RA, is the MC to-
gether with its proteases. Hence, mMCP-4 deficient mice display reduced 
arthritic scores and pathogenic serum IgG anti-CII levels compared to wt 
mice in CIA. Thus, one of the disease aggravating functions of MCs in ar-
thritis is mediated by mMCP-4. An overview of the findings presented in 
this thesis is given in figure 7, with experimental arthritis as an example. 

 
Figure 7. FcγRs and mMCP-4 in experimental arthritis (1) When injecting an 
immunogenic agent such as CII (white dots), MCs become activated via for example 
complement receptors. This leads to release of inflammatory mediators such as 
mMCP-4 (black dots) and cytokines (gray dots) (2). This will attract inflammatory 
cells such as neutrophils, eosinophils and macrophages, leading to further release 
of cytokines and activation of dendritic cells to endocytose the CII (3). (4, 5) The 
dendritic cells then migrate to the lymph nodes to present CII to T helper cells that 
activate B cells, leading to IgG anti-CII Ab production. (6) IgG anti-CII Abs enter-
ing the circulation can be targeted by a therapeutic agent such as sFcγRIIb (U-
shaped) before reaching the joint, thus abrogating the inflammatory reaction. (7) 
However, if the Abs reach the joint they can bind cartilage CII, forming ICs that 
activate FcγR expressing macrophages to release cytokines into the joint. MCs are 
also present in the joint where they can be activated via FcγRs to release mMCP-4 
directly into the joint, enhancing the inflammation. 



 45

Reflections 

The research regarding possible causes of RA is extensive. Even though a lot 
of effort has been put into solving this enigma, the cause(s) of RA is still not 
known. However, today we know much more than we have previously, and 
it has become clear that there is no universal answer to the origin of RA. 
Hence, the RA research is very diverse and is focused on many different 
biological aspects connected to this complex disease. My research, presented 
in this thesis, has focused on different mechanisms in both innate and adap-
tive immunity that contribute to inflammation in RA and experimental ar-
thritis. 

As implied many times throughout this thesis, I believe that FcγRs are key 
elements in the regulation of inflammatory processes involving IgG auto-Ab. 
The importance of auto-Abs in RA has previously been overlooked, as it has 
been difficult to find a joint specific Ag, which auto-Abs from RA patients 
react to. However, since the discovery of anti-CCP Abs, the role of Abs in 
RA pathogenesis has been re-evaluated. However, even though the Ag-
specificities of auto-Abs are important, as this has impact on where in the 
body the Ab binds, all cellular effects by Abs are exerted via their Fc parts 
when bound by FcRs. Thus, maybe some of the focus that has been directed 
towards the Ag specificity of auto-Abs, should instead be directed to the Ig 
isotype and the amount of auto-Abs present in patients. It is possible that it is 
the total Ab load that determines the outcome of inflammatory responses in 
RA. Consequently, when FcγRs are constantly being activated by high 
amounts of IgG auto-Abs, the FcγR expressing cells respond by producing 
proinflammatory cytokines leading to activation of other potent immune 
cells, which contributes to both systemic and joint inflammation. 

Accordingly, our sFcγRIIb study in CIA showed that the reduction of cir-
culating IgG auto-Abs leads to decreased amount of TNF and IL-6 mRNA in 
the lymph nodes of sFcγRIIb treated mice. This effect probably has clinical 
impact on CIA, as the sFcγRIIb treated mice displayed lower arthritic scores 
than control treated mice. Consequently, it would be interesting to study if 
the lack of FcγR expression in lymph nodes by using FcγR knock-out mice, 
would abolish the systemic effects of inflammatory cytokines in CIA. Hypo-
thetically, there would be no FcγR expressing cells, such as dendritic cells, 
macrophages and MCs, available to produce inflammatory cytokines via 
FcγR cross-linking by ICs. Accordingly, this might be a contributing factor 
to the reduced CIA observed in FcγR knock-out mice. On the other hand, it 
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would also be interesting to investigate if the FcγR expression in CIA is af-
fected by sFcγRIIb treatment, as we in our human studies have indications of 
that the amount of circulating IgG auto-Ab correlates with monocyte FcγR 
expression. Hence, a decrease in circulating IgG, due to sFcγRIIb treatment, 
might also lead to downregulation of activating FcγR expression due to the 
lack of ligands.  

Studies in different FcγR knock-out mice have been able to pinpoint the 
different functions of FcγRs in relation to IgG subclasses in mice. While 
these investigations have been valuable for understanding the FcγR biology 
in murine arthritis, we now need to study the human FcγRs individually to-
gether with specific human IgG subclasses. This is necessary since mouse 
and human FcγR do not always behave in the same way regarding IgG bind-
ing affinities etc. Therefore, I would like to continue studying the function of 
specific FcγRs in RA monocytes, from both blood and synovial fluid. By 
using specific FcγR blocking Abs it might be possible to sort out which acti-
vating FcγR that contributes the most to arthritis in response to specific IgG 
subclasses in RA. If we knew what FcγR and IgG subclass interaction that is 
most inflammatory in RA, it might be possible to develop therapeutic solu-
tions to block this interaction. 

In my studies of the role and function of the chymase mMCP-4 in CIA, 
we tried to find an explanation to the previously described pathogenic role of 
MCs in arthritis. The results from our study showed that events early in the 
immune response can have great effects later on the effector phase of CIA. I 
believe that mMCP-4 contributes to CIA by attracting immune cells, such as 
neutrophils, macrophages and dendritic cells, to the CII/FCA injection site 
where they become activated with help of mMCP-4 and cytokines secreted 
by the MC. These cells will then take part in the generation of IgG anti-CII 
Abs, which travel to the joint where they create ICs with the joint collagen. 
Moreover, it is likely that mMCP-4 also plays a pathogenic role inside the 
joint, as MCs present in the joint can be activated by IgG anti-CII via their 
FcγR expression. Therefore, it would be interesting to more extensively 
study the role of mMCP-4 in the joint. One possible experiment would be to 
stimulate MCs extracted from joint tissue with IgG anti-CII to see if mMCP-
4 is secreted. If so, the secreted mMCP-4 may contribute to the joint in-
flammation in CIA, by recruiting more cells into the synovium, continuing 
the viscous inflammatory circle. Furthermore, it is of course critical to inves-
tigate the function of human chymase in RA. Hence, a similar experiment as 
the one just described could be done for human MCs in response to IgG 
from RA plasma. 
 
I hope that the research presented in this thesis has helped in sorting out 
some of the mechanisms in autoimmune arthritis and that it might be valu-
able for future studies in RA. 
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Sammanfattning på svenska 

Kroppens immunförsvar och dess celler har utvecklats för att vi ska kunna 
försvara oss mot olika inkräktare som till exempel virus, bakterier och para-
siter. Men ibland blir immuncellerna förvirrade på grund av felaktiga bioke-
miska signaler. Då kan olika former av autoimmunitet uppstå, dvs. kroppens 
immunförsvar börjar attackera sina egna vävnader. I min forskning har jag 
arbetat med en av de vanligaste autoimmuna sjukdomarna, reumatoid artrit 
(RA), i folkmun mer känd som ledgångsreumatism. 

RA är en inflammatorisk sjukdom som främst påverkar lederna i händer 
och fötter. Inflammationen i lederna beror på att vävnader som till exempel 
ledhinnor, brosk och ben blir inflammerade och skadade av immunförsvarets 
celler, så kallade leukocyter. En speciell sorts leukocyt, B-cellen, tillverkar 
antikroppar som i RA spelar en viktig roll i sjukdomspatogenesen. Normalt 
är antikroppar av godo, då de neutraliserar virus och bakterier som infekterat 
vår kropp. Men, vid en autoimmun sjukdom som RA är antikroppar ofta av 
ondo, då de känner igen kroppsegna proteiner. Dessa antikroppar benämns 
som autoantikroppar. Det finns normalt olika typer av antikroppar och de 
som jag har studerat kallas IgG antikroppar. IgG antikroppar kan aktivera 
immunförsvarets celler genom att binda till specifika antikroppsreceptorer, 
så kallade Fc gamma receptorer (FcγR) på cellerna. Det finns flera olika 
FcγR. De flesta har cellaktiverande funktioner, medan en receptor har cellin-
hiberande funktioner. Det cellulära uttrycket och funktionen av olika FcγR 
vid RA utgör en stor del av mitt avhandlingsarbete. FcγR uttrycks på cell-
ytan av många olika leukocyter och en av dessa är monocyten. Monocyter 
finns normalt i blodet och ingår i immunförsvaret. Vid en inflammation 
vandrar monocyten ut från blodet till olika vävnader där den mognar ut till 
att bli en makrofag. En annan viktig leukocyt i immunförsvaret som jag har 
studerat är mastcellen. Mastcellen innehåller många kraftfulla proteiner som 
kan skada kroppen om de aktiveras på ett felaktigt sätt, som till exempel vid 
RA. Ett av dessa mastcellsspecifika proteiner kallas för kymas. Kymas kan 
klyva andra potenta proteiner så att de i sin tur blir aktiva. Kymas kan också 
bryta ner vävnader och rekrytera inflammatoriska leukocyter till olika väv-
nader. 

I delarbete I och II har jag undersökt uttrycket av olika FcγR på blodmo-
nocyter och makrofager i ledhinna från RA-patienter och friska frivilliga 
individer. Genom att jämföra grupper av patienter och friska individer med 
varandra, fann jag att uttrycket av aktiverande FcγR var ökat på både mono-
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cyter och makrofager från RA-patienter. Dessa fynd visar att det vid RA 
finns en ökad möjlighet för dessa celler att bli aktiverade av autoantikroppar 
av IgG-typ på grund av sitt höga FcγR-uttryck. Vidare fann jag att den inhi-
berande FcγR typen var lågt uttryckt på monocyter i blod från både RA-
patienter och friska personer. Det fanns dock ett ökat uttryck av denna recep-
tor på RA monocyterna jämfört med friska monocyter. I ledhinnan fann vi 
hos friska personer ett mycket lågt uttryck av den inhiberande FcγR, medan 
ledhinna från RA-patienterna uppvisade ett högt uttryck av denna receptor. 
Detta indikerar att det i ledhinnan hos RA-patienter finns ett större behov av 
den inhiberande FcγR för att kunna nedreglera funktionen av de aktiverande 
FcγR, jämfört med friska individer. 

I delarbete III undersökte jag möjligheten att med en löslig FcγR typ be-
handla experimentell artrit i möss. Den experimentella artriten induceras 
genom att kollagen, som finns normallt i ledbrosk, sprutas in under huden på 
möss. B-celler i mössen kommer då att bilda IgG antikroppar mot kollage-
net. Dessa anti-kollagen antikroppar kommer sedan att reagera med ledbro-
skets kollagen. Detta leder till inflammation i leden då anti-kollagen anti-
kropparna blir bundna av FcγR uttryckta i leden. Möss med tydliga tecken på 
artrit i tassarna behandlades sedan med löslig FcγR eller ett kontrollprotein. 
Vi fann att den lösliga FcγR-behandlingen var lyckosam eftersom behandla-
de möss uppvisade lägre kliniska tecken på artrit jämfört med kontrollbe-
handlade möss. Intressant nog fann vi även att nivåerna av de farliga anti-
kollagen antikropparna i blodet var reducerade i möss behandlade med löslig 
FcγR. Dessa resultat pekar på att löslig FcγR-terapi även skulle kunna an-
vändas vid RA. 

I det sista delarbetet (IV) har jag studerat mastcellkymasets roll vid expe-
rimentell artrit med hjälp av samma modell som beskriven ovan. Målet med 
denna studie var att hitta en av förklaringarna till varför mastcellen bidrar till 
artrit. Experimentell artrit inducerades i möss som saknade genen för kymas 
och i normala möss med kymasgenen. Möss som saknade kymasgenen ut-
vecklade betydligt lägre sjukdomsgrad av artrit jämfört med normala möss. 
De kymasdefekta mössen hade även lägre nivåer av anti-kollagen antikrop-
par i blodet vilket delvis förklarar den minskade sjukdomen. Detta var ett lite 
oväntat resultat då man tidigare inte sett en koppling mellan mastceller och 
B-cellers produktion av antikroppar. Vi tror att kymas släpps ut från mastcel-
len när den blir aktiverad vid början av sjukdomsförloppet och att kymas då 
bidrar till inflammation genom att aktivera inflammatoriska leukocyter och 
proteiner. Dessa celler och proteiner kan sedan påverka inflammationen i 
leden. 
 
Sammanfattningsvis har jag i min avhandlig visat att autoimmun ledinflam-
mation påverkas av FcγR, uttryckta på monocyter och makrofager, och av 
mastcellskymas. Jag hoppas att dessa fynd kan bidra till att lösa en del av 
gåtan kring RA. 
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