
����
����	
�������
�����	����
������

����

��������	
��������������������
�������������������
��
�
��������������
�������������������
�
������

����		
���������������

��������
��	
���������������
����������
�� �!!"��� #��
�������#rt�i���

������������

����������� �!
�����"#��"����!�#� "��
�$�%�&�%
�%��%'�()���"! �



����������	
������
��������������
����������	������������������
����
���������������
��	����������
���������� ���
������������!�������"	�������#$��#��%�����%��&�'	���(�
�� ����	'��	��	��	'����������	)�*(�������
���	
�+��������	
��������
�,
 ���()

��������

-�	.	�����/)�#��%)����������
�0��	����
���)�1�������	'��	������
��2�����	����3�#��
�
!�4255���
�0��	����
��0��(�����)�0����
������������������
���)���������	
����������
���������
�������������������
����
��������������
�������������������
�
���6��)�6$���)
������)�51�"�%$�7%�7&&87$6#%7�)

�� ������ ���� 
	������� �� ������� �	� �����
�� ��������	
� � ��
��� ���'7��	���
�� �(�	� (� �	����
��
���(�
����)���	+������	�����	
������(�������������.��
��	����
����
������������
����	������'7
����������+(��(��� (��������	��(�������	���
��	'����	����
���������)�*(����������	
�	'����'7
���������������������� ����������������	���	
��(������������'��������(����!�� �����������	��55�
9!�4255�:���	������
��������	���������9�2�:���
���2������#�9�2#:)
5
��(����(�����5�(�������������(���	���	'�!�4255����2���
���2#�	
����������
����	����
�

���(�����)�������
 ����	���� '	���(�����	������(������� 5�����	������ �(��� �(�� �
���������'7��������
�����������	
��� �
����(������+������	�������+��(� �(������
������ �
���;	
����������	������	
)
<�� �
��� ;	
�� �� ������ �������� (� (� ������� 	'� �2�=�2#� �
�� !�4255��� ��  ����
 � �(��� �(��

	������� ��>����� (� (� �� �����	
)� !���(���� '������ ����� ��'����
�� �
� �2�=�2#� ���������
�
�������� ��������������� �	� ���(������ �	������� �	� �2�=�2#7��''����
�� '������ ����)� ?(�

�
����� ���
 �+(��(�������(	��	
����''���������(����������������������+��'	�
���(���	�������	���
	'��(��	�(��+����'�������������
���2�=�2#7��''����
�����������������(����������	
�	'��2��	
��
�������
����
�������(��������	����������������	����(�����)
5
�(���
������� 
�'���
���� ���������2���
��!�4255����������	
�+��� '	�
��	
��������� �


� �
 �+	��
������
	���
���
)�*(��������	
���������	��(���
�����������.�'	��+	��
��	������	�
���	����
���������������������������	����������	
�����������	��(����������	
�	'����'7��������
�� �����)� 5
� � �����
��� �	+��� �2��� �2#� �
�� !�4255�� ��������	
� +��� ���
� �
� �����
��� +��(
�(�����	������(�����)

!�
������ � ��	������ '	���	'� !�4255� �+��� ����� �	 ��
����� ��� �!�4255�@�� �������� �	 � ��
�� ���'7
��������� 5 A� �
��
��������� �	� ���������	����
�����(�����)�*������
��	'������+��(���������(��
���(������+������	�������+��(� ��������'7��������� 5 A��
���	������
���	
��>��
���� �������������
��  ����
 ��(����	������!�4255�������������������
	�����������
���
����(�����)

����
��������������	������
��������	����'�� �����������	��55������	����
�����(������
�(�����	������(�����

������ 
!
���"�����������
��	��������#
�������$�
�
��"�#
�������%����
�
��"�$
&
'()"������������������"��*+,'-./��������"�������

B�/�C���-�	.	����#��%

511"��6&�76#�8
51�"�%$�7%�7&&87$6#%7�
��
�
�
�����������7��%8#��9(����==��
).�)��=���	���D��
E��
�
�
�����������7��%8#�:



 
 

   TILL MIN ÄLSKADE JAN 
 



 

 



 

List of Papers 

This thesis is based on the following papers:  
 
 

I Prokopec, K.E.*, Carnrot, C.*, Råsbo, K., Karlsson, M. C. I., 
Kleinau, S. (2009) Marginal zone B cells are naturally reactive 
to collagen-induced arthritis. Manuscript in submission 

II Nilsson, K.E., Andrén, M., Diaz de Ståhl, T., Kleinau, S. 
(2009) Enhanced susceptibility to low-dose collagen-induced 
arthritis in CR1/2-deficient female mice –possible role of estro-
gen on CR1 expression. FASEB J. Aug; 23(8):2450 - 8 

III Prokopec, K.E., Rhodiner, M., Vrohlings, M., Matt, P., 
Lindqvist, U., Kleinau, S. (2009) Down-regulation of Fc and 
complement receptors on B cells in rheumatoid arthritis. Manu-
script 

IV Magnusson, S.E.*, Andrén, M.*, Nilsson, K.E., Sondermann, 
P., Jacob, U., Kleinau, S. (2008) Amelioration of collagen-
induced arthritis by human recombinant soluble Fc
RIIb. Clini-
cal Immunology May; 127(2): 225 - 233 

 
 
 
 
 
 
 
 

*Authors contributed equally to the work  
Reprints were made with permission from the respective publishers. 

 
 



 

 



 

Contents 

Introduction...................................................................................................11 

Background...................................................................................................12 
B lymphocytes..........................................................................................12 

Follicular B cells..................................................................................12 
Murine Marginal Zone B cells.............................................................13 

Human Marginal Zone B cells ........................................................15 
Antibodies ................................................................................................15 

Natural Antibodies...............................................................................16 
IgG and Fc
 Receptors.........................................................................16 

The Inhibitory Fc
RIIb ...................................................................18 
The Complement System .........................................................................18 

Complement Receptors on B cells.......................................................19 
CR1 .................................................................................................20 
CR2 .................................................................................................21 

Effects of the Complement System on the Adaptive Immune Response
.............................................................................................................22 

Autoimmunity and B cell tolerance..........................................................22 
Immune regulation by B cells .........................................................23 

Rheumatoid arthritis ............................................................................24 
B cells in rheumatoid arthritis .........................................................26 

Autoantibodies in rheumatoid arthritis .......................................26 
Collagen-Induced Arthritis .............................................................27 
Fc
RIIb in arthritis ..........................................................................28 
Complement and complement receptor 1 and 2 in arthritis ............29 

Present investigation .....................................................................................31 
Aim...........................................................................................................31 
Methods....................................................................................................31 

Collagen-induced arthritis ...................................................................31 
Mice .....................................................................................................32 
Patients and healthy controls ...............................................................32 
Cell isolation........................................................................................33 
Flow cytometry analysis ......................................................................34 
B cell proliferation assay .....................................................................34 
Enzyme-linked immunospot (ELISPOT) assay...................................34 



 

Enzyme-linked immunosorbent assay (ELISA) ..................................35 
Immunofluorescence............................................................................36 
Soluble Fc
RIIb treatment of CIA.......................................................37 
RNA protection assay ..........................................................................37 
Ovariectomy of female mice ...............................................................37 
Quantitative-PCR for sphingosine-1-phosphate receptor 1 .................37 
Statistical analysis................................................................................38 

Results and Discussion.............................................................................38 
Paper I. Marginal zone B cells are naturally reactive to collagen type II 
and initiate the immune response in collagen-induced arthritis...........38 
Paper II: Enhanced susceptibility to low-dose collagen-induced 
arthritis in CR1/2-deficient female mice - possible role of estrogen on 
CR1 expression....................................................................................40 
Paper III. Down regulation of Fc and complement receptors on B cells 
in rheumatoid arthritis..........................................................................41 
Paper IV. Amelioration of collagen-induced arthritis by human 
recombinant soluble Fc
RIIb...............................................................42 

General conclusion and reflection............................................................44 
CR1 and CR2 regulate arthritis susceptibility .....................................44 
What affects disease severity? .............................................................45 
B cells CR1/2 and Fc
RIIb expression in women ...............................47 

Populärvetenskaplig sammanfattning på svenska.........................................48 

Acknowledgement ........................................................................................52 

References.....................................................................................................54 

 



 

Abbreviations 

ACR American collage of rheumatology 
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T2 transitional stage 2  
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TCR T cell receptor 
TGF transforming growth factor 
TNF tumor necrosis factor 
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Introduction 

From the day we are born we are exposed to multiple microorganisms, some 
beneficial while others are potentially harmful. In order to defend ourselves 
against these pathogens, an immune system has evolved. The immune sys-
tem consists of proteins, cells and organs that in a coordinated immune re-
sponse protect us against disease.  

The immune response against foreign substances, or antigens, can be di-
vided into the early reactions of innate immunity and the later response of 
adaptive immunity. The innate immune response is rapidly activated by 
characteristic microbial and viral structures, but without creating a lasting 
memory of the pathogen. On the other hand, the adaptive immune response 
is slower, taking days until fully activated after the first encounter with the 
antigen. However, the adaptive immunity has the ability to form a memory 
of the antigen, responding more vigorously during a second encounter with 
the same antigen.  

The adaptive immunity can be divided into cell-mediated immunity and 
humoral immunity consisting of T and B lymphocytes, respectively. The 
lymphocytes need to be able to respond to an infinite number of different 
antigens and at the same time recognize and tolerate self-antigens. The abil-
ity to distinguish between self and non-self is encoded in the antigen-
recognizing B and T cell receptors (BCR/TCR) during maturation. As a re-
sult, all self-reactive lymphocytes that can be directly dangerous should be 
cleared from our body. However, despite several different highly regulated 
control mechanisms things can go wrong and self-reactive lymphocytes may 
mount an immune response against self-antigens, triggering an autoimmune 
response.  

 
This thesis will focus on B cells and their role in the autoimmune disease 
rheumatoid arthritis and the arthritis model collagen-induced arthritis. I will 
present the contribution from complement receptor 1 and 2, as well as 
Fc�RIIb, to B cell activation during autoimmune arthritis.  
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Background   

B lymphocytes 
B lymphocytes, or B cells, are the effector cells in the humoral immune re-
sponse. Once they have recognized and bound their specific antigen via the 
BCR, the B cell can present the antigen for further activation by antigen 
specific T cells, leading to antibody production. Antibodies are secreted 
BCR that have the same specificity as the original BCR, meaning they can 
only recognize the exact same structure on the antigen. Antibodies recognize 
the antigen and may neutralize or eliminate it.  
 
B cells can be separated into B-1 and B-2 B cells depending on their origin 
(Figure 1). B-1 cells are generated from fetal precursors, but are self-
renewed in adults, where they mainly populate the peritoneal cavity (re-
viewed in (1)). In addition, B-1 cells make up 2-3 % of the B cell population 
in the spleen (2). B-1 B cells spontaneously produce natural antibodies (see 
below), which are important for the early defense against microbes and vi-
ruses (3). The cells express a distinctive combination and levels of different 
cell surface receptors. B-1 B cells express high levels of immunoglobulin 
(Ig) M (i.e. IgMhigh), and are IgDlow, complement receptor (CR)2low, CD23low, 
and either CD5 positive (B-1a) or CD5 negative (B-1b). B-2 cells are the 
more conventional B cells and are produced in the bone marrow. During 
maturation they differentiate into transitional B cells and further into follicu-
lar or marginal zone B cells.  

Follicular B cells 
Follicular (FO) B cells are recirculating B cells defined as IgMlow, IgDhigh, 
CR2intermediate, CD1dlow, CD23high (4). When not recirculating, the FO B cells 
are located either in the follicles of the lymph nodes or in the white pulp of 
the spleen where they account for 80 - 90% of the splenic B cell population. 
Here the FO B cells can present antigens to neighboring T cells that in return 
stimulate the FO B cells to activation and antibody production. After activa-
tion a specific B cell clone may form a germinal center, a site for B cell 
maturation, where the FO B cell clone differentiates into memory B cells or 
plasma blasts. Memory cells are easily triggered recirculating long-lasting 
cells, whereas plasma blasts are high proliferating, antibody-producing cells 



 13

that can turn into plasma cells. The plasma cells will home to the bone mar-
row there they produce high affinity antibodies (Figure 1)(5, 6).  

 

 

Figure 1. Maturation of murine B cells and different subpopulations B-1 cells are 
derived from the fetal liver and populate the peritoneal cavity and the spleen. B-2 
cells are produced from hematopoietic stem cells (HSC) in the bone marrow. The 
earliest B cell linage committed cell is the pro-B cell that differentiates into a pre-B 
cell, expressing a pre-BCR. Further gene rearrangement may generate a fully func-
tional BCR, always of IgM type, defining the cell as an immature B cell. The imma-
ture B cells exit the bone marrow entering the spleen. In the spleen, the maturation 
continues via the transitional stage 1 (T1), transitional stage 2 (T2) into mature 
marginal zone B cells (MZ B), via T2-MZ B cell precursors (T2-MZP), or follicular 
B cells (FO B). The FO B cells, with the help form T cells, can respond to its anti-
gen, and form a germinal center, becoming a germinal center B cells (GC-B). The 
GC B cells start to proliferate and differentiate, generating high affinity long lasting 
memory cells as well as plasma cells, which will reside in the bone marrow. 

Murine Marginal Zone B cells 
In between the white pulp and the surrounding red pulp of the mouse spleen 
is the marginal zone (MZ). In the MZ reside metallophilic macrophages 
(MMM) and MZ B cells (reviewed in (7, 8)) (Figure 2). Murine MZ B cells 
are non-circulating cells. However, they are constantly migrating into and 
out of the white pulp, transporting antigen to the follicle (9). The MZ B cells 
share some receptor expression patterns with B-1 cells as they are IgMhigh, 
IgDlow, CD23low, but are CR1high, CR2high, CD1dhigh and CD9high (4, 10). In 
addition, the MZ B cells express high levels of the activation markers CD80 
and CD86, which are co-stimulatory molecules for T cell activation (11).  
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Figure 2. Murine splenic follicle Follicle surrounded by the metallophilic macro-
phages (MMM, green) and the MZ B cells (pink). Inside the metallophilic macro-
phages is the white pulp with FO B cells (red) and in the center the T cell zone (un-
stained) with follicular arterioles (blue).      

The MZ is constantly filtering blood passing the white and the red pulp in 
the spleen. The strategic location and the high levels of CR1 and CR2 (see 
below), make the MZ B cells efficient in responding to blood-borne antigens 
(12, 13). For example, MZ B cells are easily activated by thymus-
independent (TI) antigens, which are antigens with a repetitive structure such 
as polysaccharides that can activate B cells without T cell help (11-14). 
Within three days after TI antigen activation, the MZ B cells turn into 
plasma blasts, producing high amounts of IgM antibodies (12). This initial 
IgM response against TI-antigen from MZ B cells is important for the later 
IgG antibody response, as depletion of MZ B cells and IgM results in almost 
the complete absence of IgG3 and IgG2a against the given TI antigen (13). 

In addition, it is suggested that also the early IgM response against TD 
antigens originates from MZ B cells (13, 15, 16). TD antigens are protein 
antigens that require T cell help for maximal B cell activation. Early pro-
duced IgM in the MZ might trap more antigens thereby generating more 
immune complexes. IgM immune complexes can be coupled by complement 
fragments that further enhance the antigen presentation. Thus, MZ B cells 
facilitate the delivery of complement-coupled immune complexes from the 
MZ into the follicles by CR1 and CR2 binding. The IgM immune complexes 
are transported on to follicular dendritic cells (FDC), which play a crucial 
role in the triggering of further TD responses (17, 18). By presenting antigen 
to B cells inside the follicle the FDC promote affinity maturation and differ-
entiation of FO B cells into memory and plasma cells (Figure 1) (reviewed in 
(19)). Consequently, the MZ B cells seem essential for the initial TD antigen 
transport as without these B cells, less antigen will be delivered into the fol-
licle for further immune activation (9, 16, 20).   
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In addition, MZ B cells may have a direct effect on T cells inside the folli-
cles. Studies show that MZ B cells can function as potent antigen-presenting 
cells (APC), which efficiently activate naïve T cells possibly due to their 
high expression of the T cell stimulating CD80 and CD86 together with the 
major histocompatibility complex (MHC) class II, which presents antigen to 
T cells (11, 21).  

Human Marginal Zone B cells 
Human MZ B cells are somewhat different from their murine counterpart 
although they share many markers and properties. Human MZ B cells are 
defined by IgMhigh, IgDlow, CD23low/neg and CR2high, but instead of CD1dhigh, 
the human MZ B cells are CD1chigh. Anatomically the human spleen has a 
more loose structure, but still with a clear MZ located in the proximity of 
blood vessels. However, the human MZ B cells are not exclusively found in 
the spleen, as they circulate in the blood and can be found in lymph nodes, 
tonsils and in the gut-associated lymphoid tissue. Nevertheless, the spleen is 
still essential for their existence as splenectomized patients gradually loose 
their MZ B cells. In the blood, human MZ B cells appear indistinguishable to 
CD27+ IgM-producing memory B cells (defined as IgM+, IgD+, CD27+) al-
though they still express the above mentioned markers, therefore making 
them identical to murine MZ B cells. In the circulation the MZ B cells have 
rearranged their BCR via somatic mutations. This seems to be independent 
of antigen exposure, as MZ B cells in young children show the same phe-
nomenon. Questions still remain regarding their origin, BCR diversity and 
function (reviewed in (7, 22)).    

Antibodies 
There are several different types of antibodies; IgM, IgD, IgG, IgE and IgA 
depending on the constant region of the antibody (Figure 3). The first anti-
body produced against an antigen is IgM. After differentiation, the B cell 
may switch constant part to any other Ig without changing the specificity 
towards the antigen. The different Ig have slightly different effector mecha-
nisms. For example, IgG and IgM can as part of immune complexes, activate 
complement or Fc receptors. IgG may mark, or opsonize, an antigen for 
phagocytosis or, if the antigen is a cell, trigger antibody-dependent cell-
mediated cytotoxicity, resulting in the direct killing of the antibody-bound 
cell.  

That antibodies are produced only after antigen activation of the B cell is 
not completely true as some Ig are also produced without any previous anti-
gen exposure. They are called natural antibodies. 
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Figure 3 Antibody structure.  The antibody is composed of two heavy chains joined 
with two light chains. It has an Fc-part that is constant, which is bound by the Fc-
receptor and a Fab part with the antigen binding variable part. 

Natural Antibodies 
Natural antibodies are produced mainly by B-1 cells without any prior acti-
vation (reviewed in (2, 23)). There are both mono- and polyreactive natural 
antibodies that can be of the IgM, IgG and IgA isotype. Natural IgM are 
present in germ- and antigen-free newborn mice, demonstrating their inde-
pendence of antigen exposure (24). The natural antibodies have a low affin-
ity towards a wide range of non-self antigens, as well as self-antigen. For 
instance, they play a very important part of the early defense against bacteria 
and viruses (25, 26). They may neutralize the pathogen by forming immune 
complexes for antigen clearance or activation of complement, leading to 
complement mediated cell-lysis. For example, mice insufficient in secreting 
IgM thereby lacking natural IgM, have reduced viral clearance and conse-
quently higher mortality than mice with normal IgM secretion. (27). 

The self-reactive natural antibodies are most often of the IgM type but 
there are also IgG. However, self-reactive pathogenic IgG have only been 
seen produced by B-2 B cells and not by B-1 B cells (28). Interestingly, self-
reactive pathogenic IgM and IgG were shown to be produced by CD1high B 
cells from the spleen, a description that corresponds to MZ B cells (29). 

IgG and Fc
 Receptors  
IgG can be separated into four different subclasses. Humans display IgG1, 
IgG2, IgG3 IgG4 and mice IgG1, IgG2a, IgG2b and IgG3. The different IgG 
subclasses have different effector functions. Many of the antibody functions 
are dependent on the interaction between the antibody’s Fc-part and Fc re-
ceptors on immune cells, connecting the humoral immune response to cellu-
lar effector mechanisms. 
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The Fc-receptor for IgG, Fc
R, is a member of the Fc receptor (FcR) family, 
containing an additional four different FcR; Fc�R binding IgA, FcR bind-
ing IgD, Fc�R binding IgE and Fc�R binding IgM. The Fc
R is present in 
different subclasses with different IgG binding affinities and subclass speci-
ficities. In humans, Fc
RI (CD64) and Fc
RII (CD32) are present in three 
isoforms a, b and c, whereas Fc
RIII (CD16) is present in two isoforms a 
and b (30). The receptor setup is slightly different in mice as they have 
Fc
RI, Fc
RIIb, Fc
RIII and Fc
RIV (31, 32). The binding preferences and 
cell distribution of mouse and human Fc
R are summarized in table 1. 
 
Table 1. The cell distribution of human and murine Fc
R and their IgG sub-
class specificities  
 Affinity for IgG Cell expression 
HUMAN   
Fc
RI IgG3� IgG1 > IgG4 >> IgG2 M�, monocytes, DC, neutrophils, 

eosinophils 
Fc
RIIa IgG3 � IgG1 >> IgG2 > IgG4 M�, monocytes, neutrophils, 

eosinophils, LC, DC 
Fc
RIIb IgG3 > IgG1 > IgG4 > IgG2 B cells, mast cells, M�, neutro-

phils, eosinophils, LC, DC 
Fc
RIIc IgG3 > IgG1 = IgG4 >>> IgG2 NK cells 
Fc
RIIIa IgG1 = IgG3 >> IgG2 = IgG4 M�, monocytes, mast cells,  NK 

cells, eosinophils, LC, DC 
Fc
RIIIb IgG1 = IgG3 >> IgG2 = IgG4 neutrophils (eosinophils) 
   
MOUSE   
Fc
RI IgG2a >>> IgG1 = IgG2b = IgG3 M�, monocytes, 
Fc
RIIb IgG1 = IgG2a = IgG2b >>> IgG3 M�, monocytes (b1), B cells (b2), 

mast cells neutrophils, DC 
Fc
RIII IgG1 > IgG2a = IgG2b >>> IgG3 M�, monocytes, mast cells, NK 

cells, neutrophils, eosinophils, 
LC, DC 

Fc
RIV IgG2a = IgG2b >>> IgG1 = IgG3, (IgE)1 M�, monocytes, neutrophils, DC 
( M� = macrophages, LC = Langerhans cell, DC = dendritic cells, NK = natural 
killer) (30, 31, 33-35) 1(36) 

The Fc
R exist in a soluble and a membrane bound form. When membrane 
bound they can be either activating or inhibitory. These properties are de-
pendant on their intracellular signal motif, namely the immunoreceptor acti-
vating or inhibitory tyrosine-based motif (ITAM or ITIM, respectively). All 
Fc
R are activating receptors and are associated with an ITAM, except for 
Fc
RIIb that is associated with an ITIM and thereby inhibitory. Phosphoryla-
tion of ITAM mobilizes intracellular calcium and increases calcium influx 
from the extracellular space, while ITIM prevents this. Due to the large vari-
ety between the FcR binding affinity, cell distribution and signaling motifs, 
the Fc
R are important regulatory molecules in immune responses.   
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The Inhibitory Fc�RIIb  
In mice there are two isoforms of Fc
RIIb; the Fc
RIIb-b2 on macrophages 
and Fc
RIIb-b1 on B cells (Table 1). On B cells the Fc
RIIb functions as a 
potent inhibitor of BCR signaling that, when cross-linked by IgG immune 
complexes, dephosphorylates the coreceptor CD19, thereby inhibiting pro-
tein kinase signaling. As a consequence, simultaneous stimulation of the 
BCR and Fc
RIIb results in reduced antibody production (37-41). Thus, 
Fc
RIIb-deficient mice display dysregulated B cell responses with elevated 
levels of IgG antibodies (39, 42). On monocytes cross-linking of Fc
RIIb 
with activating Fc
R will inhibit cell activation. In all cases, Fc
RIIb needs 
to be co-ligated with an activating receptor to function as a inhibitory recep-
tor (reviewed in (43)). 

The Complement System 
The complement system consists of a combination of over 30 different se-
rum proteins, enzymes, regulators and cell surface receptors that can recog-
nize microbial pathogens, clear immune complexes and mediate inflamma-
tion and cell activation (reviewed in (44-46)). Once activated, a cascade of 
protein cleavages of inactive precursor proteins into active proteins takes 
place.  

The cascade can be activated by three different pathways; the classical 
pathway, the alternative pathway and the lectin pathway (figure 4). The clas-
sical pathway is activated by IgM- or IgG-immune complexes formed by 
natural antibodies or antibodies released upon a humoral response. The im-
mune complex structure facilitates the binding of complement component 
(C) 1 to the antibody. This induces a confirmation change in C1 that leads to 
enzymatic activation and further cleavage of complement proteins. The acti-
vation of alternative pathway and the lectin pathway is antibody-
independent. The alternative pathway is initiated by a “tick over”, a sponta-
neous hydrolysation of C3 into C3b, which attaches to cell surfaces and al-
lows binding of the protein Factor B, setting off the cascade. However, it is 
suggested that the alternative pathway may function more as an amplifica-
tion loop after generation of C3b from the two other activation pathways 
(47). The lectin pathway is initiated by mannose-binding lectin interacting 
with mannose residues on polysaccharides. Although slightly different in 
their initial activation and early complement components, the three pathways 
join in the formation of the enzymatic protein C3 convertase. 
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Figure 4. Schematic picture of the complement system The three activation path-
ways join in the formation of C3 convertase. The C3 convertase cleaves C3 into C3a 
and C3b. C3b is then used in the formation of the C5 convertase, which splice C5 
into C5a and C5b. Further, C5b is the initial step in the formation on the membrane 
attack complex.(MBL = mannose binding lectin, MASP = MBL-associated serine 
protease) 

The C3 convertase cleaves C3 proteins into the activated fragments C3a and 
C3b that, together with degraded C3b fragments, are accountable for several 
of the biological functions of the complement system. Thus, they facilitate 
phagocytosis by opsonization, attract and activate inflammatory cells and 
modulate B cell responses. Further, the complement cascade may also lead 
to the formation of the membrane attack complex on pathogens. The com-
plex triggers cell death by the formation of a channel into the microbial 
membrane.  

All the effects of complement, with the exception of the formation of the 
membrane attack complex, are dependant on the interaction with CR.  

Complement Receptors on B cells 
CR type 1 (CR1, CD35) and type 2 (CR2, CD21) are the only two CR ex-
pressed on B cells and since they are the main focus of this thesis, these two 
CR will be the only ones discussed here.  

Although there are many similarities, CR1 and CR2 differ somewhat be-
tween man and mouse. Human CR1 and CR2 are products of separated 
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genes, whereas murine CR1 and CR2 originate from the same gene, termed 
Cr2 where CR2 is a spliced product of CR1 (Figure 5). As a consequence, 
there have been difficulties using mouse models in order to study the sepa-
rate functions of CR1 and CR2. The receptors are always co-expressed and 
no antibodies are available for the detection of only murine CR2. Mice lack-
ing Cr2 are therefore designated CR1/2-deficient. 

CR1 
In mice CR1 is expressed on B cells and FDC, while in humans the receptor 
is present on erythrocytes, monocytes, neutrophils, eosinophils, B cells, FDC 
and a subset of T cells (48-50). In addition, low levels of a soluble form of 
human CR1 can be found in the blood due to proteolytic cleavage of the 
receptor from cell membranes (51, 52).  

CR1 binds activated fragments of C3 and C4; C3b and C4b and with 
lower affinity C3dg and iC3b as well as C3d in mice (53, 54)(Figure 4). On 
human erythrocytes CR1 plays an important role in the clearance of C3b- 
and C4b- opsonized immune complexes that are transported to the liver for 
degradation or to the spleen for antigen presentation (55-58). On monocytes 
the receptor induces phagocytosis and is involved in antigen presentation of 
complement-coupled particles (59). In addition, CR1 functions as an impor-
tant inhibitor of the complement cascade by promoting dissociation of the 
C3 convertase and the subsequent C5 convertase as well as by acting as a 
cofactor for C3b and C4b cleavage (60, 61). Further, CR1 is the only cofac-
tor able to cleave C3b into C3dg, a ligand for CR2 (62).  

CR1 can also influence B cell activation. Early studies by Daha et al in 
1984 reported that B cells stimulated by pokeweed mitogen together with 
anti-CR1 antibodies resulted in an increased antibody production (63). The 
general conclusion made from this paper and by others using similar setups, 
were that the anti-CR1 antibodies functioned as a ligand that mediated a 
stimulatory effect on B cell differentiation and proliferation (64, 65). How-
ever, whether the antibody might have a blocking effect of the normal ligand 
binding, thereby resulting in less inhibition by CR1, was never considered. 
As a matter of fact, the use of the anti-CR1 antibodies did not influence the 
intracellular calcium levels, normally a sign of activation (65, 66). Instead, 
Tsokos et al reported that the natural CR1 ligand C3b may have an inhibi-
tory effect on B cells (67). In agreement, more recent data from Jozsi et al 
demonstrates that BCR-stimulated B cells clustered with heat-aggregated 
C3, mimicking C3b binding to CR1, inhibited proliferation and decreased 
intracellular calcium levels (68). Further, simultaneous binding of the BCR 
and CR1 were shown to decrease antibody production in vitro (69). CR1 is 
therefore considered to have an inhibitory function on B cells. 
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Figure 5. CR structure Murine and 
human CR1 and CR2 with their respec-
tive ligand interactions. 

CR2 
CR2 is expressed on B cells and FDC as well as on a subset of T cells in 
humans. The receptor binds C3d, C3dg and iC3b. On FDC, CR2 is important 
in the C3d-coated antigen trapping, resulting in efficient antigen uptake and 
prolonged retention of the antigen (17, 70).  Further, the retention of antigens 
on FDC is central in the formation of memory B cells. Thus, it is suggested 
that CR2 plays a role in the long-term B cell response (71, 72). 

Antigen trapping via CR2 is also important for the antigen presentation by 
B cells, as CR2 can bind virtually any complement-coupled antigen inde-
pendent of the BCR-specificity. The antigen is bound by CR2, internalized, 
and presented to T cells (73, 74). 

In contrast to CR1, CR2 has a stimulatory effect on the B cell. This was 
demonstrated by the cross-linking of IgM and CR2 that resulted in enhanced 
B cell activation and proliferation (66, 75). In addition, when blocking the 
CR2-ligand binding by anti-CR1/2 antibodies prior to antigen injection, re-
duced antibody titers to the same antigen was seen (76). Further, Dempsey et 
al demonstrating that the interaction between C3d-coupled antigen and CR2 
lowers the threshold for B cell activation. By fusing antigen with up to three 
C3d molecules and testing the effect of C3d-CR2 ligation on B cell activa-
tion, it was demonstrated that C3d enhanced BCR-signaling and multiple 
C3d were most efficient (77).  

CR2 is expressed in a complex together with CD19 and CD81 on the B 
cell surface. It is believed that activating signals into the cell are mediated via 
this complex as the intracellular part of CR2 is considered too short for signal 
transduction (78-80). CR2 can also be expressed together with CR1, but the 
functional importance of this complex is still unknown (reviewed in (80)).  
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Effects of the Complement System on the Adaptive Immune 
Response  
Ever since Pepys discovered that mice depleted of C3 by cobra venom factor 
treatment had a diminished antibody response, it has been clear that the 
complement system is involved in the regulation of the humoral immune 
response (81). Many investigations have been done using knock out mice for 
different parts of the complement system. For example, C3- and C4-deficient 
mice display an impaired antibody production towards TD and TI antigens 
(82-84). It was speculated whether the results from the C3- and C4-deficient 
mice were associated with decreased binding of C3 and C4 fragments to 
their receptors. In accordance, CR1/2-deficient mice showed a defective 
immune response towards TD antigens, especially during the later stages 
after immunization. (71, 85-87). However, there are mixed opinions whether 
this reduced immune response is due to the lack of CR1/2 on B cells or FDC.  

As discussed above, the lack of CR2 on the B cell might result in a subop-
timal B cell activation and thereby lower antibody titers (77). Regarding the 
involvement of CR1/2 on FDC it is known that CR2 is important for antigen 
uptake on to the FDC (71). FDC facilitates the formation of germinal centers 
by presenting antigen, resulting in the maturation and differentiation of B 
cells (17, 70). Consequently, decreased numbers of germinal centers might 
be a probable cause for an impaired immune response. In agreement, CR1/2-
deficent mice have smaller and fewer germinal centers compared to normal 
mice. In addition, the lack of antigen retained on the FDC results in the loss 
of memory B cells, probably contributing to the impaired antigen response 
over time (71, 72).  

It is important to remember that the humoral response is not only regu-
lated by the complement system. The complement system is affected by the 
humoral response since immune complexes may activate complement via the 
classical pathway. Natural antibodies might be forming the first immune 
complexes, which may trigger the complement cascade, leading to further 
activation of the immune response. 

Autoimmunity and B cell tolerance  
Autoimmunity is the failure of recognizing one’s own cells and proteins 
resulting in the break-down of self-tolerance (reviewed in (88)). Any disease 
caused by autoimmunity is called an autoimmune disease. An autoimmune 
disease can either be organ specific (for example type 1 diabetes mellitus) or 
systemic (as in the case of rheumatoid arthritis or systemic lupus erythema-
tosus (SLE)). It is often characterized by high levels of autoantibodies, i.e. 
antibodies against self-proteins, reflecting the activation towards self-
antigens.   
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In order to maintain inactivity towards self-antigens, B cells responding to 
self-antigens are negatively selected during bone marrow maturation by ei-
ther alteration of their BCR or deletion, obtaining central tolerance. Autore-
active B cells that escape negative selection can still be deleted in the pe-
riphery when encountering its self-antigen, known as peripheral tolerance 
(89). The development of B cell tolerance is related to the BCR signaling 
strength. As a consequence, changes in the negative regulators of BCR sig-
naling, for example Fc
RIIb or CR1/2, are associated with autoimmunity 
(90, 91). 

The involvement of CR1/2 in self-tolerance was investigated by Prodeus 
et al who used transgenic mice expressing soluble hen egg-lysozyme (HEL) 
and a BCR against HEL. Consequently, in this setup soluble HEL was seen 
as a self-protein. When these mice were crossed with CR1/2-deficient mice 
the anti-HEL autoreactive B cells were accumulated in the spleen and re-
sponded to the self-antigen (90). 

Further, the importance of Fc
RIIb in B cell tolerance has also been dem-
onstrated. Fc
RIIb-deficient mice of a particular genetic background display 
self-reactive B cells that produce high amounts of anti-nuclear antibodies, 
which resulted in lethal kidney inflammation associated with massive im-
mune complex deposition (91). These experiments and others suggest that 
Fc
RIIb is important for maintenance of tolerance in the periphery (91-94). 
When the B cell binds immune complexes with low affinity, such as immune 
complexes formed by self-antigens, Fc
RIIb will be able to inhibit activation 
and induce peripheral tolerance. In agreement, spontaneous autoimmune 
mouse strains had lower levels of Fc
RIIb on peripheral germinal center B 
cells prior to onset of disease (93). This may enable the activation of autore-
active B cells, resulting in autoimmune disease. Further, it has been shown 
that approximately 40 % increase of Fc
RIIb expression on B cells in 
Fc
RIIb-deficient mice is enough to restore B cell tolerance (95). Thus dem-
onstrating its potential as a negative regulator and preventer of autoimmunity. 

Immune regulation by B cells 
Although B cells play a part in the pathology of autoimmune disease, not all 
B cells are bad guys. In mice, there are regulatory B cells that mediate their 
inhibitory function by producing interleukin (IL) -10, a suppressive cytokine, 
which inhibits the production of inflammatory cytokine from activated 
macrophages and T cells (96, 97). 

B-1 cells in the peritoneal cavity are a known source of IL-10 (98). 
Recently, it was found that also MZ B cells may produce high levels of IL-10 
upon lipopolysaccharide stimulation. It is suggested that the IL-10 production 
from these cells is important for a normal immune response as the lack of IL-
10 might cause inflammation of the colon (99). Further, T2-MZ precursors 
(T2-MZP) that are present in naïve spleens have also been seen to produce 
IL-10. In collagen-induced arthritis (CIA), the cell numbers of T2-MZP 
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fluctuated with inflammation, as reduced amounts were seen at the peak of 
inflammation, while increased amounts were found during arthritis remission. 
Interestingly, cell transfer of T2-MZP extracted from mice in the remission 
phase was able to protect recipient mice from arthritis. The regulatory 
function was dependant on the IL-10 production, as B cells from IL-10-
deficient mice were not able to prevent arthritis development (100). 

Whether humans have regulatory B cells is still not fully investigated. We 
have IL-10 producing mature B cells and the IL-10 production is impaired in 
patients suffering from the autoimmune disease multiple sclerosis (101). 
However, in the same study it was concluded that the low IL-10 production 
was due to higher numbers of memory B cells, which don’t secrete IL-10, 
rather than changes in a regulator IL-10 secreting B cell population. The pos-
sible existence of a regulatory B cell population in humans might call for a 
note of caution when using long term B cell depletion therapy, an increas-
ingly popular treatment against autoimmunity. In particular as mice immu-
nized with myeline basic protein, triggering a model for multiple sclerosis, 
failed to undergo spontaneous remission when they were lacking B cells 
(102).  

Rheumatoid arthritis  
One of the most common autoimmune diseases worldwide is rheumatoid 
arthritis (RA) with a prevalence of approximately 1% of the population. The 
patients suffer from chronic joint inflammation of the synovial tissue, often 
initiated in small finger joints that later progresses into larger joints, for ex-
ample the knee and shoulder joints.  
In the arthritic joint, the normally translucent synovial fluid is full of proteins 
and cells. In addition, the synovial tissue is inflamed with a thickened syno-
vial lining associated with infiltration of activated inflammatory cells, such 
as T cells, B cells, neutrophils, mast cells and macrophages together with the 
formation of new blood vessels. This forms a pannus, an abnormal prolifera-
tive synovial tissue that in many cases cause degradation of cartilage and 
bone in the joint. The joint becomes swollen and stiff, especially in the 
mornings, causing pain that result in movement and function limitations. The 
morning stiffness is one of the seven different diagnostic criteria where at 
least four criteria need to be fulfilled for RA diagnosis (see Table 2)(103).  

Except for joint inflammation, the majority of RA patients are also af-
fected by extra-articular manifestations. One common manifestation, which 
is also included in the diagnostic criteria for RA (Table 2), is the formation 
of nodules. Nodules are firm benign painless swellings that occur subcutane-
ously. While nodules might seem like a harmless extra-articular manifesta-
tions, RA patients have an increased risk of developing lung and heart prob-
lems as well as the autoimmune disease Sjögren’s syndrome (104). Further-
more, another common feature, and also a part of the diagnostic criteria, is 
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the presence of rheumatoid factors (RF), antibodies against the Fc part of 
IgG that are present in up to 70 - 80 % of all RA patients (105). RF and 
autoantibodies in RA will be discussed in a separate section (see below). 

Table 2. Diagnostic criteria for rheumatoid arthritis by the American college of 
rheumatology (ACR) (103) 

Classification criteria Definition 

1   Morning stiffness Morning stiffness in and around the joints, lasting at 
least one hour before maximal improvement 

2   Arthritis in three  
     or more joint areas 

At least three joint areas simultaneously having had 
soft tissue swelling or fluid observed by physician 

3   Arthritis of hand joint At least one area swollen (as defined above) in a 
wrist, MCP or PIP joint 

4   Symmetric arthritis Simultaneous involvement of the same joint area 
(as defined by 2) on both sides of the body  

5   Rheumatoid nodules Subcutaneous nodules, over bony prominences, 
extensor surfaces or in juxtaarticular regions, ob-
served by a physician  

6   Serum rheumatoid factor Demonstration of abnormal amounts of serum rheu-
matoid factor 

7   Radiographic changes Radiographic changes typical of rheumatoid arthritis 
on the hand and wrist, which must include erosions 
or unequivocal bony decalcification 

MCP = metacarpophalangeal joints, PIP = proximal interphalangeal joints 
 
RA, like many other autoimmune diseases, is more common among women 
than men, suggesting a role of sex hormones in disease susceptibility (re-
viewed in (106)). Many studies using animal models have investigated the 
link between arthritis and sex hormones. For example, estrogen has been 
demonstrated to delay disease onset and suppress disease, while castration of 
female mice enhanced disease susceptible (107-109). Further, during preg-
nancy the levels of estrogen are highly increased and arthritic pregnant fe-
males, both in mice and humans, often display disease regression (110-113). 
In humans, disease amelioration is most profound during the third trimester 
when the levels of estrogen are at its highest. Unfortunately, 90 % of all RA 
patients experience a relapse post-partum, a time when the estrogen levels 
drop. This effect is also seen in mice where the outbreak of arthritis can be 
totally abolished by injecting estrogen (114). In addition, it has been shown 
that healthy women have an increased risk of developing RA during the 
post-partum period and around menopause, two time points when the estro-
gen levels decline (115, 116). 

The improvement of the disease during high levels of estrogen led to the 
investigation of possible improvement from estrogen replacement therapy 
(ERT). The results haven’t been overwhelming, but the use of ERT has been 
beneficial to some degree in post menopausal RA patients (117, 118). Oral 
contraceptive, on other hand, has been shown to reduce the risk of develop-
ing RA (119, 120).  
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T cells play an important role in RA by producing numerous of cytokines, 
regulating a broad range of pathogenic processes. The activation of T cells is 
dependant on antigen presentation via the MHC structure expressed by the 
APC. Predisposition of RA is in fact correlated with the MHC class II genes 
human leukocyte antigen (HLA)-DR1, HLA-DR4 and HLA-DR10 that all 
share a structural motif called the shared epitope. The shared epitope influ-
ences the binding of antigens during T cell maturation, thereby shaping the T 
cell repertoire (121). The presence of the shared epitope is highly predictive 
to RA, especially in combination with autoantibodies against cyclic citrulli-
nated peptides (CCP) (122). 

RA has been associated with the production of T helper cell (Th) 1 type 
cytokines such as proinflammatory interferon (IFN)-
 and tumor necrosis 
factor (TNF)-� (123). IFN-
 in turn may activate macrophages in the joint, 
which subsequently secrete additional TNF-� and IL-1 (124).  

Interestingly, a possible explanation for estrogen’s suppressive effect in 
RA is through changes in the cytokine environment from Th1 towards Th2, 
as pregnant women display down-regulated IFN-
 and TNF-� levels (113, 
125). Further, estrogen was demonstrated to increase the number of regula-
tory T cells, a T cell type that suppresses T cell activity ((126, 127) and re-
viewed in (128)).   

B cells in rheumatoid arthritis 
Structures resembling germinal centers containing self-reactive B cells have 
been observed in the inflamed synovial of RA patients (129). Further, the 
presence of autoantibodies and the clinical improvement of RA as a result of 
B cell depleting therapy have clearly shown the involvement of B cells in 
RA. The autoantibodies can be found years before disease onset pointing 
towards an early break in B cell tolerance (122). 

Autoantibodies in rheumatoid arthritis 
RA patients express numerous different autoantibodies, however, only two, 
RF and anti-CCP antibodies, are considered clinically useful as disease 
markers (reviewed in (105)). RF are probably the most studied autoantibody 
in RA. As mentioned, RF are antibodies against the Fc part of IgG. They are 
usually of IgM type, but can also be of IgG, IgA and IgE type (130). In gen-
eral, patients with a more active disease have high titers of IgA and IgM RF, 
where IgA RF is associated with bone erosion, suggesting a role for RF in 
the RA pathogenesis (131). However, RF have also been detected in patients 
with the autoimmune diseases Sjögren’s syndrome and SLE, as well as in up 
to 10% of all healthy individuals (105, 130, 132).  
 
The most specific autoantibodies for RA are the anti-CCP antibodies. Citrul-
line is a nonstandard aminoacid incorporated in peptides formed from argin-
ine by the enzyme peptidylarginine deiminase. Anti-CCP antibodies are pre-
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sent in 40 - 75 % of all RA patients, depending on the isotype, and they can 
be detected several years before onset of RA (122, 133, 134). In addition, 
citrullinated peptides can be found in the synovial fluid of RA patients and 
the presence of anti-CCP antibodies is associated with more severe joint 
damage (135-137). The titers of anti-CCP-antibodies seem to correlate with 
disease progression, as antibody titers decline in patients responding to ther-
apy (137).   

 
Further, autoantibodies against collagen type II (CII) are of particular inter-
est to us. Antibodies to native or denaturated CII are found in up to 30% of 
RA patients (138, 139). As RF and anti-CCP antibodies, anti-CII antibodies 
are found both in serum and in the synovial fluid (140, 141). Interestingly, 
some patients only show levels of anti-CII antibodies in the synovial fluid 
and not in the serum, suggesting the synovium is the site for autoantibody 
production (141-143). The presence of CII-reactive T cells in the RA joint 
supports the idea of a local immune reaction (144). Furthermore, the local 
IgG anti-CII antibody production has been demonstrated to be associated 
with the RA associated gene HLA-DR4, again highlighting the importance 
of genetics to RA susceptibility (143). 

Collagen-Induced Arthritis  
One of the most commonly used animal models for RA is the CIA model. 
This animal model was created by Trentham, Townes and Kang in 1977. 
They discovered that CII from human, chicken or rat in complete or incom-
plete Freund’s adjuvant (CFA/IFA) triggered a RA-like inflammation in rats 
(145). The arthritis could be passively transferred into naïve rats by spleno-
cytes from immunized rats (146), and it was later shown that IgG anti-CII 
antibodies were the arthritis trigger (147). Following the example of Cour-
tenay et al, most researchers today use mice instead of rats in CIA (148). 
 
The joint inflammation of CIA resembles RA both clinically and immunopa-
thologically. Approximately three weeks after immunization with CII in 
CFA the mice start to develop polyarthritis, initially with redness and swell-
ing in the small toe joints. The inflamed joints show cell infiltration, pannus 
formation, bone and cartilage degradation (148). It is believed that the anti-
bodies formed against the injected CII cross-react with the mouse CII, form-
ing immune complexes in the joints that initiate the disease. In fact, arthritis 
is correlated with high levels of anti-CII antibodies where different IgG sub-
classes are more arthritogenic than others (149-151). The pathogenicity of 
these antibodies have been demonstrated, as both transfer of serum from 
arthritic mice and injections of purified anti-CII antibodies cause CIA in 
naïve recipients, although transient (151-154). Interestingly, human anti-CII 
antibodies recognize the same epitope on CII as murine anti-CII antibodies, 
suggesting a similar mechanism for human anti-CII antibodies (155).  
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Similar to RA, the susceptibility to CIA in mice is associated with certain 
MHC class II haplotypes. It is essential that the mice carry the H-2q or H-2r 
haplotype related to MHC class II A-Iq or A-Ir in order to be susceptible to 
CIA (149, 156). Interestingly, human HLA-DR1 and HLA-DR4 can replace 
A-Iq or A-Ir as a requirement for CIA susceptibility, suggesting a similar 
function of A-Iq and A-Ir in mice as HLA-DR in humans (157).   

CIA has always been regarded as a Th1 cytokine-related disease and large 
quantities of IFN-
 producing cells can be found before onset of arthritis 
(158, 159). Disease onset is also associated with increased titers of the proin-
flammatory cytokines IL-1 and TNF-� (159). Both cytokines are crucial for 
joint inflammation and cartilage degradations in CIA. Mice given TNF-� or 
IL-1 into the joint display an accelerated onset of CIA (160, 161), while anti-
TNF or anti-IL-1 treatments ameliorate the disease (162-164).  

However, the classification of CIA as a Th1-related disease is question-
able. Enhanced levels of the Th2 cytokines IL-4 and IL-6 have also been 
found around disease onset (158, 165). In addition, the “novel” proinflam-
matory Th17 cells, T cells secreting IL-17, have been associated with disease 
as IL-17-deficient mice or anti-IL-17 treated mice demonstrate reduced CIA 
(166, 167). 

Fc�RIIb in arthritis  
The important role of Fc
RIIb in maintaining peripheral tolerance is also 
seen when studying its involvement in CIA. For example, Fc
RIIb-depletion 
of mice on the otherwise non-susceptible H-2b background, make them sus-
ceptible to CIA (168). Further, Fc
RIIb deficient DBA/1 mice develop a 
more severe CIA that appears earlier and with augmented IgG anti-CII titers 
(169, 170). The increased antibody titers point towards a lack of B cell regu-
lation by Fc
RIIb. However, it is also likely that the absence of Fc
RIIb is 
associated with decreased inhibition of the activating Fc
R. In agreement, 
Fc
RIIb-deficient mice injected with anti-CII antibodies, avoiding the con-
tribution of Fc
RIIb-deficiency on B cell activation, still develop a more 
aggressive and prolonged arthritis. Macrophages from Fc
RIIb depleted 
animals showed a higher IL-1� production when stimulated with immune 
complexes, indicating that Fc
RIIb also plays a role in macrophage activa-
tion by increasing the threshold for activation by immune complexes (151, 
168).  

Except for the direct effect of Fc
RIIb in arthritis, Nakamura et al found 
that the number of T2 B cells was enhanced in naïve Fc
RIIb-deficient mice. 
After immunization, the numbers of T2 and MZ B was further increased, 
suggesting that Fc
RIIb deletion also causes changes in the peripheral B cell 
development and that these changes might be relevant to disease develop-
ment (170). 
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Complement and complement receptor 1 and 2 in arthritis  
The involvement of complement in arthritis is confirmed by the presence of 
C3 in the arthritic joints (152, 171). Consequently, many studies have been 
conducted in order to investigate the role of complement in arthritis. Early 
studies using cobra venom factor, which depletes C3, resulted in delayed 
onset of arthritis, while the disease emerged simultaneously with the return 
of complement activity (172, 173). Further, studies using C3-deficient ani-
mals confirmed that the presence of C3 was necessary for the development 
of unrestrained CIA. C3-deficiency leads to a marked decrease in IgG anti-
CII antibody titers. However, repeated immunizations were able to trigger 
anti-CII antibody production and consequently arthritis (174, 175). These 
results imply that a high antigen dose, or booster injections, can overcome 
initial complement deficiency and generate a sufficient immune response.  

Further, while C3 is a central component for all three complement activa-
tion pathways, Factor B-deficient mice have been used to investigate the 
importance of the alternative pathway for arthritis development as Factor B 
is an early component in this pathway (figure 4). It was shown that Factor B-
deficient mice were almost protected from CIA, although not to the same 
extent as C3-deficient mice (174). However, further studies using anti-CII 
antibodies to directly trigger arthritis, thereby bypassing the induction phase 
of CIA, revealed that Factor B and the alternative pathway, and not the clas-
sical pathway, was required for joint inflammation (176). Despite this, con-
tradicting data using the same model for arthritis, suggested that also the 
classical pathway played an important role in the effector phase of arthritis 
(175). However, both concluded that the initial complement activation was 
most likely triggered via the classical pathway. Whereas the alternative 
pathway played a more important role in the effector phase and contributed 
to disease severity (175, 176).  

  
Increased antigen dose or secondary immunizations can partly correct the 
otherwise impaired antibody response caused by CR1 and CR2 deficiency 
(76, 86, 177). Experiments with CR1/2-deficient mice in CIA demonstrated 
an almost complete protection from the disease that was associated with 
reduced anti-CII antibody titers (178, 179). These two articles associated 
their findings with the lack of CR2, thereby increasing the threshold for B 
cell activation. (Del Nagro et al even named their knock-out CD21-/-, al-
though both CD21 (CR2) and CD35 (CR1) were absent). However, also 
CR1 most likely plays a part in CIA. Thus, soluble CR1 given either by in-
travenous injection or intra muscular as a plasmid, have a proven therapeutic 
effect in CIA (180, 181).   
Differences in CR1 and CR2 levels have also been seen in RA patients. For 
instance, arthritic patients have reduced CR2 mRNA in synovial lympho-
cytes (182). Initially it was believed that this was associated with shedding 
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of the receptor, but this seems not to be the case. RA patients shed the same 
amounts of CR2 as healthy individuals and they even display reduced levels 
of soluble CR2 (183). The reduced CR2 in synovial B cells might instead be 
due to enhanced differentiation of B cells into plasma blasts, which express 
lower CR2 levels, while soluble CR2 might be consumed during immune 
complex clearance. Further, RA patients have reduced CR1 levels on eryth-
rocytes (184). Since CR1 on erythrocytes are important in immune complex 
clearance, low CR1 levels might lead to augmented immune complex titers 
in the circulation, as suggested for SLE (185). 

 
Complement fragment C5 has been proven to be important for CIA 
induction. C5-deficient DBA/1 mice or SWR mice, having the CIA 
susceptible H-2q background but being naturally C5-deficient, produce equal 
levels of arthritogenic anti-CII antibody levels following CII-immunization 
as DBA/1 mice but they are not susceptible to CIA (186, 187). However, 
when the SWR mice are supplemented with C5-containing sera from DBA/1 
mice, they become susceptible to arthritis (188).  Further, treatment with 
anti-C5 monoclonal antibodies can almost totally abolish CIA and even 
interrupt disease progression when given after arthritis onset. The positive 
results of anti-C5 treatment are likely associated with inhibition of C5a and 
C5b-9 production, which normally would promote the release of 
inflammatory cytokines and molecules (189). 

In humans, there is an association between the C5 gene and anti-CCP 
positive RA patients. However, it is not known whether this association in-
fluences RA susceptibility (190).  
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Present investigation 

Aim 
The general aim of this thesis is to gain more knowledge about the underly-
ing mechanisms of autoimmune arthritis, especially those concerning B cell 
activation and its regulation by complement receptors and Fc
RIIb.  

We started investigating the initial B cell response to CII in different or-
gans in CIA. Further, we explored the physiological role of CR1/2 in CIA by 
using CR1/2-deficient mice and low dose of CII and found enhanced CIA 
susceptibility in CR1/2-deficient female mice. Therefore, we continued to 
investigate the expression of CR1 and CR2 as well as Fc
RIIb in RA pa-
tients. Finally, we studied the therapeutic effect of soluble Fc
RIIb in estab-
lished CIA in order to inhibit immune complex-mediated inflammation.  

Methods 
All methods used are explained in more detail within the respective paper. 
The following is a short description of key methods and materials used. 

 
Figure 6. The experimental setup of CIA At week zero the mice are immunized in 
the base of their tail with CII. From week two or three the mice are inspected three 
times a week for signs of joint inflammation. Blood samples are taken at regular 
time points in order to analyze complement, anti-CII antibody titers and receptor 
expression. 

Collagen-induced arthritis 
For the induction of CIA bovine CII was prepared from bovine nasal carti-
lage by pepsin digestion as described previously (191). The bovine CII was 
thereafter diluted in acetic acid to either 0.8 mg/ml or 2 mg/ml and further 
emulsified in an equal volume of CFA. The mice were immunized intrader-
mally in the base of the tail with 50 μl of the emulsion. After a latency pe-
riod of two to three weeks the mice were inspected three times a week for 
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signs of inflammation (Figure 6). The numbers of inflamed paw joints were 
calculated generating an arthritic score for each mouse. Every inflamed joint 
generated a score of one and an inflamed ankle, or ankylosis, generated a 
score of five resulting in a maximum score of 60 per mouse (Figure 7). The 
incidence of arthritis was calculated by dividing the number of mice with 
active arthritis as well as mice in remission out of all immunized mice. The 
mice experiments were approved by the local ethics committee in Uppsala. 

 
Figure 7. Example of arthritic scores (A) A swollen joint on the little toe, generat-
ing a score of one. (B) A swollen hind paw generating a score of five.  

Mice 
The arthritis susceptible DBA/1 mice were used as wild type (wt) mice. Cr2-
deficient mice were backcrossed with DBA/1 mice for 7 - 10 generations, 
generating CR1/2-deficient DBA/1 mice. In addition, NOD, Balb/c and 
C57Bl/6 mice were used. All mice were bred and maintained in the animal 
unit at the Uppsala Biomedical center, Uppsala, Sweden with the exception 
of the Balb/c mice that were maintained at the National Veterinarian Insti-
tute, Uppsala, Sweden. All mice were fed rodent chow and water ad libitum. 

Blood samples were taken form the tail vein by a small incision. The 
blood was either diluted in heparinized PBS for further cell analysis or left to 
coagulate for the collection of serum. In addition, pooled axillary and ingui-
nal lymph nodes and spleens were pressed through a steel net into a single 
cell suspension and bone marrow cells were removed by rinsing both femurs 
with Hank’s balanced salt solution. The viability of the splenocytes was ap-
proximately 90%, the cells extracted from the lymph nodes 80% and bone 
marrow 75%. 

Patients and healthy controls 
Peripheral blood samples were collected from healthy blood donors or RA 
patients from Uppsala University hospital, Sweden. All patients were RF 
positive and diagnosed according to ACR criteria (table 2) by a rheumatolo-
gist. The experiments on human blood were approved by the local ethics 
committee in Uppsala and an informed consent was obtained from all par-
ticipants.  
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The blood was collected in EDTA-treated tubes and the plasma was removed 
by centrifugation. The peripheral blood mononuclear cells (PBMC) were 
thereafter purified using Ficoll-plaque and density centrifugation. 

Cell isolation 
In order to isolate and analyze B cells we used magnetic-activated cell sort-
ing (MACS) or fluorescent-activated cell sorting (FACS) or a combination 
of both.  

 
In MACS, cells are labeled with magnetic beads attached to antibodies 
against a cell-specific antigen. After incubation with the bead-conjugated 
antibodies and a wash, the cells are put on a column situated inside a mag-
netic field. The cells attached to magnetic beads will remain in the column, 
while unbound cells will pass through the column. The cells exiting the 
magnetic column are referred to as the negative fraction.  

The column can thereafter be removed from the magnetic field and by 
rinsing the column, also cells with magnetic beads can be collected. These 
cells are referred to as the positive fraction.   

 
In FACS, cells are labeled with fluorophors attached to antibodies against 
cell antigens. After incubation in the dark with the fluorophor labeled anti-
bodies, the cells are washed to remove unbound antibodies. The cells are 
thereafter analyzed in a flow cytometer by passing the suspension through a 
laser beam detecting the size and granulation of the cells. In addition, if a 
fluorophor is attached to the cell it will emit light, which also will be de-
tected. By FACS it is possible to analyze the presence of cell surface anti-
gen, as well as the amount of antigen expressed on a single cell. Further, cell 
populations can be selected and sorted, using a flow cytometer with sorting 
appliance. In this case, a small charge is put on the single cell before passing 
it through a magnetic field, steering it towards one tube or the other. When 
analyzing cells by FACS, isotype controls are used. That is, antibodies of the 
same isotype and subclass, purified from the same host and with the same 
fluorophor attached, in order to compensate for any unspecific binding. 

 
In order to obtain purified human B cells, PBMC were labeled with anti-
CD2 and anti-CD14 beads. The cells were thereafter added on to a MACS 
column and the negative fraction was collected, resulting in about 89% pure 
B cells. 

 
Murine MZ and FO B cells were isolated from splenocytes either directly by 
FACS using anti-B220, anti-CD1d and anti-CD23 antibodies or by MACS 
using anti-CD43 beads, collecting the negative fraction and thereafter sorted 
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by FACS. The negative fraction was separated into MZ and FO B cells using 
anti-CD1d and anti-CD23 labeling (Figure 8).  
 

 
Figure 8. Isolation of MZ and FO B cells Lymphocytes were defined according to 
their size and granulation (a) and further separated into B cells by an anti-B220 
antibody staining (b). B220-positive B cells were further separated by their CD1d 
and CD23 expression into MZ B cells (blue)(CD1dhigh, CD23low) and FO B cells 
(purple)(CD1dlow, CD23high)(c).  

Flow cytometry analysis 
To analyze CR and Fc
RIIb expression on human B cells, PBMC were la-
beled with anti-CR1, anti-CR2 or anti-Fc
RIIb antibodies in combination 
with anti-CD19 antibodies.  

 
CR expression was analyzed on murine B cells by anti-CR1 or anti-CR1/2 
antibodies in combination with anti-B220 antibodies. Further, the Fc
RIIb 
expression was analyzed on MZ and FO B cells by an anti-CD23, anti-CD1d 
and anti-Fc
RIIb antibody staining.  

B cell proliferation assay 
One hundred thousand MACS-separated human B cells were plated in each 
well in 96-well plates in complete RPMI medium supplemented with 10% 
fetal calf sera. The B cells were stimulated with IL-2, CpG and anti-IgM 
antibodies, either whole IgG or as F(ab)2-fragments, in different combina-
tions. The cells were incubated for 6 days at 37 �C where radiolabeled 
thymidine was added for the last 22 hours of incubation. Thymidine, which 
incorporates during cell division thereby reflecting cell activation, was meas-
ured in a liquid scintillator counter.  

Enzyme-linked immunospot (ELISPOT) assay 
The numbers of murine B cells secreting antigen-specific antibodies were 
measured using ELISPOT. One million B cells in complete DMEM medium 
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supplemented with 10% fetal calf sera were plated per well in 96-well mi-
crotiter plates pre-coated with antigen. Cells from both unimmunized and 
immunized mice were used. The cells were incubated for 20 – 22 hours at 
37�C, 5% CO2, and the cells were thereafter washed away. The reactivity 
towards the antigen on a single cell level was detected by visualizing the 
antibodies bound to the antigen coat. This was done by incubating the plates 
with anti-mouse IgG or IgM conjugated to alkaline phosphatase or biotin-
labeled anti-mouse IgG1, IgG2a, IgG2b or IgG3. When analyzing isotype 
specific B cells against the antigen, a second incubation using streptavidin-
alkaline phosphatase was performed. After washes, all plates were incubated 
with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium chloride 
(BCIP/NBT) forming a colored complex, seen as a spot where the antigen 
specific antibody-forming B cell had been present. 

Enzyme-linked immunosorbent assay (ELISA) 
ELISA was used to detect antibodies or antigens in sera. Initially, microtiter 
plates were coated with either a capturing antibody (sandwich ELISA) or 
antigen (indirect ELISA) (Figure 9). Unbound coat was washed away and 
the plates were incubated with an irrelevant protein to block unspecific bind-
ing to the plastic. After washes the serum samples containing the antigen or 
antibody of interest was added and incubated. After additional washes a de-
tection antibody specific for the antigen (sandwich ELISA) or a secondary 
antibody (indirect ELISA) is added. The antibodies were either unconju-
gated, biotinylated or directly conjugated to the enzyme alkaline phos-
phatase. The unconjugated antibody was followed by an additional incuba-
tion with a polyclonal anti-specie antibody conjugated to alkaline phos-
phatase while the biotinylated antibody was followed by an additional incu-
bation with streptavidin conjugated to alkaline phosphatase. Finally, when 
incubated with nitrophenyl phosphate substrate, the alkaline phosphatase 
transforms the colorless substrate to a yellow product. The optical density of 
the color was measured in a spectrophotometer at 405 nm after 20 -120 min-
utes.   
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Figure 9. A schematic picture over sandwich and indirect ELISA (A) In the sand-
wich ELISA microtiter plates are coated with a capturing antibody. The serum sam-
ple, containing the antigen of interest, is added. A detection antibody conjugated 
with an enzyme is thereafter added. The enzyme will convert a colorless substrate to 
a colored product. (B) In the indirect ELISA, the microtiter plates are coated with 
antigen. The serum sample with antigen-specific antibodies is added. An enzyme-
conjugated secondary antibody, which binds the serum antibodies, is thereafter 
added. The enzyme will convert a colorless substrate into a colored product.   

Fc�RIIb specific sandwich ELISA: To investigate the binding of soluble 
human recombinant Fc
RIIb to murine IgG, purified mouse IgG or mouse 
sera were added to Fc
RIIb coated microtiter plates. Anti-mouse IgG conju-
gated to alkaline phosphatase was used as a secondary antibody.  
 
C5-specific sandwich ELISA: Microtiter plates were coated with anti-C5 
monoclonal capturing antibodies and individual serum samples were added. 
A second incubation with rabbit anti-C5 detection antibody was performed. 
In addition, a third antibody, goat anti-rabbit IgG conjugated to alkaline 
phosphatase was added.  

 
Indirect antigen specific IgM, IgG or subclass IgG ELISA: In order to 
measure antibodies against CII and ovalbumin (OVA), serial diluted indi-
vidual serum samples were added to pre-coated microtiter plates with re-
spective antigen. Anti-mouse IgG or IgM conjugated to alkaline phosphatase 
or biotin-labeled anti-mouse IgG1, IgG2a, IgG2b or IgG3 was used as sec-
ondary antibody. Biotinylated antibodies were further incubated with strep-
tavidin conjugated alkaline phosphatase.   

Immunofluorescence 
Mouse spleens were removed and embedded in cryostat embedding medium 
and snap frozen in liquid nitrogen. The spleens were cut into 8 – 10 μm sec-
tions onto slides using a cryostat. The slides were left to air dry and thereaf-
ter stored in -70�C. Before use, the slides were fixed in acetone and treated 
with diluted goat sera to prevent unspecific antibody-binding to the tissue. 
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The sections were stained for visualization of follicles, MZ B cells, FO B 
cells and T cells by anti-B220, MOMA-1, anti-CD9 and anti-CD3 antibodies 
(Figure 2). The sections were mounted in fluoromount and analyzed using a 
confocal microscope. 

Soluble Fc
RIIb treatment of CIA 
CII immunized DBA/1 mice with an arthritic score of one or more were 
given intravenous injections of soluble human recombinant Fc
RIIb 
(sFc
RIIb) or either one of the control proteins; the recombinant phospho-
pantothenoyl-cystein-synthetase protein (rPPC-synthetase) purified as the 
sFc
RIIb or bovine serum albumin. The mice received a total of five injec-
tions of 200 μg sFc
RIIb or control protein every third day. All groups had 
the same initial mean arthritis score before the initiation of the treatment. 

RNA protection assay 
To investigate changes in cytokine production after sFc
RIIb treatment an 
RNA protection assay was performed on the spleen, lymph nodes and syno-
vial tissue from sFc
RIIb or rPPC-synthetase treated mice. The mRNA was 
purified and TNF-�, lymphotoxin-�, TNF-�, IL-6, IFN-
 IFN-�, transform-
ing growth factor (TGF)-�1, -�2, -�3 and macrophage migrating inhibitory 
factor (MIF) mRNA was detected using the multi-probe template set, mCK-
3b. The mRNA expression was quantified using PhosphoImager. The rela-
tive amount mRNA for each cytokine was adjusted according to the corre-
sponding house-keeping gene; glyceraldehydes-3-phosphate dehydrogenas 
(GAPDH). 

Ovariectomy of female mice 
To test the influence of sex hormones on CIA, female mice were anesthe-
tized and their ovaries were removed by minor incisions on their back. In 
addition, female mice were sham operated using the same procedure how-
ever leaving the ovaries intact. The mice were left to rest for a minimum of 
three weeks before the induction of CIA or further FACS analysis. 

Quantitative-PCR for sphingosine-1-phosphate receptor 1  
The mRNA level for sphingosine-1-phosphate receptor 1 (S1P1R) was ana-
lyzed on MACS and FACS sorted MZ and FO B cells. mRNA was extracted 
from a minimum of 3 x 105 cells and reverse transcriptased into complimen-
tary cDNA. A quantitative PCR detecting S1P1R and the house keeping gene 
hypoxanthine-phospho-ribosyl-transferase (HPRT) was conducted on each 
sample and the relative amount of S1P1R mRNA was determined. 
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Statistical analysis 
The Student t-test was used for analyzing differences in receptor expression, 
antibody-forming cells, mRNA levels and antibody titers. A Mann-Whitney 
U test was used for arthritis severity and the arthritis incidence was analyzed 
using the �2 test. The correlation between age and receptor expression was 
analyzed using the Pearson’s test. 

Results and Discussion 

Paper I. Marginal zone B cells are naturally reactive to collagen 
type II and initiate the immune response in collagen-induced 
arthritis  
B cells are important in CIA and antibodies against CII are essential for dis-
ease development. How and where the autoimmune B cell response is initi-
ated in CIA is not fully known. In this study we wanted to explore the loca-
tion and the B cell population involved in the autoimmune response. Mice 
were immunized with CII or OVA, as a control antigen, and selected lym-
phoid organs were removed at different time points after immunization. 
 
The number of antibody-forming cells in the spleen, lymph nodes and bone 
marrow of CII- or OVA-immunized mice were analyzed by ELISPOT using 
respective antigens. CII-reactive B cells in unimmunized mice were also 
analyzed.  

Interestingly, we found that splenocytes from unimmunized mice had a 
reactivity to CII as they produced IgM, but also IgG anti-CII antibodies (Fig-
ure 10). Further, the numbers of anti-CII antibody producing cells were in-
creased in the spleen after immunization. The spleen contained most of the B 
cells forming IgM and IgG antibodies until four weeks after immunization. 
At this time point, the lymph nodes were the organs containing the highest 
frequency of B cells producing anti-CII antibodies. At four and nine weeks 
after immunization, anti-CII producing cells were also seen in the bone mar-
row indicating the presence of CII-reactive plasma cells.  
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Figure 10. The number of antigen specific IgM and IgG antibody forming cells in 
different organs after CII or OVA immunization.  

In contrast, OVA-immunized mice did not develop an early and strong IgM 
antibody response in the spleen. Instead, OVA-immunized mice displayed an 
early IgM and IgG anti-OVA response in the lymph nodes. However, four 
weeks after immunization the majority of the anti-OVA antibody producing 
cells resided in the spleen.  

When analyzing the antibody response in the blood towards the different 
antigens we saw a quite slow increase of both IgM and IgG anti-CII. The 
IgM anti-CII antibodies increased up to four weeks after immunization, 
while the IgG anti-CII antibodies continued to increase throughout the ex-
periment. On the contrary, the maximum level of IgM anti-OVA antibodies 
was measured already one week after OVA-immunization. The anti-OVA 
IgM rapidly declined thereafter simultaneously as the IgG anti-OVA anti-
body titers increased. The IgG anti-OVA antibody titers were generally 25 
times higher than those seen after CII immunization. 

 
As different IgG subclasses are more arthritogenic than others we tested the 
subclass specificity of the anti-CII and anti-OVA antibodies produced by the 
respective antigen-reactive B cells. We found that IgG2b in the spleen and 
IgG2a in the lymph nodes were the dominant B cell subclasses after CII-
immunization, while OVA-immunization mainly generated IgG1 antibody-
forming cells. Further, this trend was also seen in the serum titers as CII 
immunization resulted in IgG2a, IgG2b as well as IgG1 anti-CII antibodies, 
while OVA-immunization resulted almost exclusively in IgG1 anti-OVA 
antibodies.   
 
We also tested whether the reactivity to CII in naïve DBA/1 mice was seen 
in other mouse strains. Both naïve NOD and Balb/c mice displayed splenic B 
cells reactivity to CII, while C57Bl/6 mice showed almost no CII-reactive B 
cells, indicating that the genetic background may influence the natural CII 
reactivity.  
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As the first anti-CII response appeared in the spleen we wanted to further 
investigate the CII reactivity of the different splenic B cell populations. The 
splenocytes were separated into MZ and FO B cells and tested for CII reac-
tivity in ELISPOT. We found that the initial cells producing IgG anti-CII 
antibodies came from the MZ B cell population. However, at the time of 
disease onset, the majority of the IgG anti-CII producing cells belonged to 
the FO B cell population. When performing an immunoflourecent staining of 
spleen sections, we found that CII immunization increased the number of 
MZ B cells inside the follicle. This suggests an enhanced migration of MZ B 
cells after immunization from the MZ into the follicle. MZ B cell shuttling is 
related to antigen transportation into the follicle (9). This migration in linked 
to the degree of S1P1R expression on MZ B cells (20). Indeed, when we 
investigated the S1P1R mRNA expression by quantitative PCR we observed 
increased levels on S1P1R in MZ B cells following CII immunization, how-
ever, it did not reach significance.  

 
In conclusion, we demonstrate that naïve mice display B cell reactivity to 
CII in the spleen and that the immune response to self-antigens is initiated by 
splenic B cells, while an immune response to a foreign protein antigen origi-
nates from the lymph nodes. The autoimmune response to CII is derived 
from MZ B cells that upon CII immunization are spontaneously activated. 
Based on these findings we propose that the MZ B cells initiate the re-
sponses against CII, which might activate T cells and FO B cells, giving rise 
to pathogenic IgG anti-CII antibodies. 

Paper II: Enhanced susceptibility to low-dose collagen-induced 
arthritis in CR1/2-deficient female mice - possible role of 
estrogen on CR1 expression 
Deficiency in the complement system may lead to autoimmunity (192). In 
arthritis, C3 has been seen deposited on joint cartilage and C5-deficient mice 
are resistant to CIA (171, 174, 187). These findings point towards an asso-
ciation between complement and arthritis. The biological functions of com-
plement are mediated by CR. Thus, CR2 modifies B cell activation while 
CR1 is an inhibitory receptor for B cells and for complement activation. In 
this study, we wanted to investigate the influence of CR1 and CR2 on CIA, 
induced by a low antigen dose, as a high antigen dose may surpass the ef-
fects of CR1/2 (76, 86, 177).  
 
We found that when CR1/2-deficient and wt mice were immunized with a 
low dose of CII, CR1/2-deficient female mice were highly susceptible to 
CIA, while wt female mice were not. However, no difference was seen be-
tween the male wt and CR1/2-deficient mice. The difference in CIA suscep-



 41

tibility seen in the females was not related to any difference in IgG anti-CII 
titers. However, the female knock-outs had a prolonged IgM anti-CII re-
sponse. Augmented IgM titers may result in increased IgM immune complex 
levels that in turn may active complement. In accordance, when C5 levels 
were analyzed in serum we observed that CR1/2-deficient female mice had 
higher C5 levels. This might have resulted from insufficient regulation of 
complement activation by the lack of the complement regulatory CR1 mole-
cule. 

 
We questioned whether this difference in CIA susceptibility in female mice 
might be associated with sex hormones, as estrogen can suppress CIA (193). 
Thus, female wt and CR1/2-deficient mice were ovariectomized to remove 
their ovaries and thereby also their production of estrogen. Interestingly, the 
wt ovariectomized female mice became as susceptible to CIA as CR1/2-
deficient female mice. This was accompanied by increased C5 levels, simi-
larly seen in the CR1/2-deficient female mice. When analyzing the B cells 
from ovariectomized wt mice, we found reduced CR1 expression on MZ and 
FO B cells, suggesting a correlation between estrogen levels and CR1 ex-
pression. In accordance, when analyzing CR1 expression in healthy human 
blood donors we saw a decreased CR1 expression on B cells that correlated 
with increased age in women, but not in men. The decreased CR1 expression 
in women might be associated with decreased estrogen levels in aging 
women. This may contribute to women’s increased risk of developing RA 
after menopause, a time point when the estrogen levels drop (116).   

 
In conclusion, our finding provides insight to the increased frequency of 
arthritis in post-menopausal women. Low estrogen levels might result in 
impaired CR1 expression, which hampers CR1 function. As a consequence, 
this might generate dysregulated B cells and increased complement activa-
tion, leading to autoimmunity. 

Paper III. Down regulation of Fc and complement receptors on B 
cells in rheumatoid arthritis.  
Autoantibody production that precedes RA is a sign of an early break in B 
cell tolerance and today’s positive results from B cell depletion therapy in 
RA show that B cells play an important role in the disease. B cell activation 
is influenced by regulatory co-receptors such as the inhibitory Fc
RIIb or 
CR1 and activating CR2. To elucidate the role of these receptors in RA we 
investigated differences in receptor expression on B cells from RF positive 
RA patients compared to healthy blood donors.   

 



 42 

The basal levels of Fc
RIIb, CR1 and CR2 on B cells were first analyzed in 
healthy female and male blood donors. We found that healthy women had 
significant lower expression of the inhibitory Fc
RIIb than men and that the 
receptor expression decreased with age in women but not in men. This might 
be a contributing factor for RA onset in women, as reduced Fc
RIIb expres-
sion in mice is associated with enhanced susceptibility to arthritis (39, 42, 
168, 169). In accordance, RA patients had lower numbers of Fc
RIIb posi-
tive B cells, as well as lower Fc
RIIb expression than healthy individuals. In 
addition, RA patients expressed reduced levels of both CR1 and CR2 on B 
cells compared to healthy controls. These results could not be related to dis-
ease activity, as no difference was seen in receptor expression between pa-
tients with an active joint inflammation and patients in remission. This sug-
gests that the decrease in receptor expression might be associated with dis-
ease susceptibility and not with inflammatory status.  

Further, we analyzed whether different receptor expressions, observed in 
healthy and RA patients, had an effect on B cell activation. Thus, purified B 
cells were stimulated in vitro with IL-2, CpG, anti-IgM, whole IgG or as 
F(ab)2 fragments and B cell proliferation was measured by thymidine incor-
poration. Interestingly, we found that B cells from RA patients proliferated 
more frequently than healthy controls when stimulated with IL-2, indicating 
that the RA B cells might already be primed with antigen, which enhances 
the IL-2 receptors affinity for IL-2. By comparing the stimulation of B cells 
by IgG anti-IgM with F(ab)2 fragment anti-IgM we were able to investigate 
the inhibition of Fc
RIIb on the B cell surface as IgG anti-IgM will interact 
with the Fc
RIIb while the anti-IgM F(ab)2 fragment will not. We found that 
although B cells from RA patients had lower levels of Fc
RIIb, the receptor 
was still able to inhibit B cell activation when stimulated with IgG anti-IgM, 
although not to the same extent as in healthy B cells. 

 
In conclusion, we found that RA B cells express reduced levels of Fc
RIIb, 
CR1 and CR2. Decreased expression of these receptors has also been associ-
ated with the autoimmune disease SLE (194-197). This implies that modified 
receptor expression likely contributes to a break in self-tolerance leading to 
dysregulated B cells that may generate autoantibodies and autoimmunity. 
Lower Fc
RIIb expression in healthy women that decreases with age might 
be a susceptibility factor to autoimmunity in elderly women. 

Paper IV. Amelioration of collagen-induced arthritis by human 
recombinant soluble Fc
RIIb 
IgG autoantibodies may form IgG immune complexes that are believed to 
play a role in the joint inflammation during RA. In the CIA model, IgG anti-
CII antibodies have been proven to be highly pathogenic. IgG immune com-
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plexes can interact with Fc
R and thereby activate inflammatory cells and 
stimulate cytokine production (151, 152). We wanted to test whether the 
inhibition of the interaction between pathogenic IgG-immune complex and 
membrane bound Fc
R might be used as a therapy for RA. Therefore, hu-
man sFc
RIIb was tested as a treatment regime in CIA. The human sFc
RIIb 
was produced recombinantly in Escherichia coli. A control protein, rPPC-
synthetase, was produced and purified using the same procedure. Firstly we 
needed to verify that the human sFc
RIIb was able to bind mouse IgG. 
Hence, a sandwich ELISA was performed demonstrating binding of the hu-
man sFc
RIIb to purified IgG anti-CII antibodies or serum from CII-
immunized mice.  

 
As RA patients normally contact their physician after physiological signs of 
arthritis, we found it important to start the sFc
RIIb treatment after the first 
signs of joint inflammation in the CIA mice. Once arthritic, the mice were 
given five injections with sFc
RIIb or a control protein (bovine serum albu-
min or rPPC-synthetase). We found that the sFc
RIIb treatment ameliorated 
CIA. After treatment, the group given sFc
RIIb had significantly lower ar-
thritic scores, less cell-infiltration and pannus formation, as well as reduced 
bone and cartilage destruction in the joints compared to mice given the con-
trol protein. This reduced joint inflammation was associated with decreased 
IgG anti-CII serum levels and lower TNF-� and IL-6 mRNA levels in the 
lymph nodes, two cytokines known to be secreted upon immune complex-
stimulation and that are related to RA (198, 199). Furthermore, although not 
statistically significant, the synovial tissue showed decreased mRNA levels 
of TGF-�1, -�2, -�3 and MIF, otherwise increased in arthritic tissue and 
absent in healthy synovia (200).  

 
In conclusion, sFc
RIIb treatment of established arthritis was proven effec-
tive. The reduced joint inflammation was associated with lower levels of 
pathogenic IgG autoantibodies as well as decreased inflammatory cytokines, 
suggesting that sFc
RIIb may be used as a novel treatment in arthritis. 
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General conclusion and reflection 
Many studies are conducted in order to find answers on why some people 
develop RA. However, autoimmune diseases are very complex. A person can 
be genetically pre-dispositioned for RA or have known autoantibodies without 
developing disease. Thus, RA is a multifactor disease with no single trigger. I 
have focused my research on the involvement of B cells in arthritis related to 
CR1 and CR2 as well as Fc
RIIb in an attempt to add a piece to the puzzle. 

CR1 and CR2 regulate arthritis susceptibility 
I believe that my studies, both in human and in mice, show that CR1 and 
CR2 play a role in arthritis susceptibility, while the severity of disease might 
not be directly linked to these receptors. This is supported by our findings in 
humans were RA patients had lower levels of CR1 and CR2 than healthy 
individuals and no differences was seen in the receptor levels between pa-
tients with an active disease compared to patients with a quiescent disease. 
Thus, this suggests that CR1 and CR2 receptor expression is not associated 
with the severity of arthritis but rather associated with disease development.  

Furthermore, the same phenomenon was seen in the mouse model. Fe-
male CR1/2-deficient mice had an earlier disease onset and a higher arthritis 
incidence than wt female mice, without affecting the pathogenic IgG anti-
body levels or the arthritic scores. Also here the results suggest that the re-
ceptors play a role in disease susceptibly, but not in severity. Further, when 
the ovaries were removed from the otherwise fairly arthritis resistant female 
wt mice, they became as susceptible to CIA as the CR1/2-deficient mice. 
This was accompanied by reduced CR1 expression on the B cells without 
changing the pathogenic antibody levels, suggesting again that CR1 might 
influence the incidence of disease. 
 
There are several different explanations for the suppressive effect of CR1 
and CR2 on arthritis induction. One possible explanation may be due to the 
inhibiting effect of CR1 on complement activation. Accordingly, increased 
susceptibility to CIA was related to higher levels of complement. Further, we 
saw a sustained IgM response after CII immunization in the CR1/2-deficient 
mice, which probably generated more IgM anti-CII immune complexes, both 
locally and systemically. Consequently, the complement cascade may be 
activated via the classical activation pathway and perhaps more vigorously 
without the inhibitory effect of CR1. In addition, the lack of CR1 expression 
might also change the threshold for B cell activation without affecting the 
antibody production. CR1 has been shown to inhibit B cell proliferation 
when stimulated with a low antigen dose (68). Another explanation could be 
related to the antigen presentation capacity by B cells in the absence of CR1 
and CR2. When CII is injected into the mice we see a rapid activation of the 
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splenic B cells. The initially responding B cells activated by CII are the MZ 
B cells, likely due to their strategic location and their BCR that is easily trig-
gered by repetitive structures such as CII. CII may be bound in immune 
complexes formed either by IgM produced upon MZ B cell activation or pre-
existing natural antibodies. However, as CR1/2-deficient mice have reduced 
levels of natural antibodies but normal levels of IgM (201), this implies that 
MZ B cells and their IgM production is probably more important than natu-
ral antibodies in the initiation of arthritis. The activation of MZ B cells is 
also associated with increased shuttling of the cells back and forth to the 
follicle (9, 21). In the presence of CR1/2 the antigen is delivered onto FDC 
for antigen presentation (18). However, when CR1/2 is lacking, the transpor-
tation onto FDC is impaired and the MZ B cell might instead present the 
antigen by MHC class II directly to naïve T cells in the follicles, which in 
turn may stimulate FO B cells. Interestingly, T cells activated by MZ B cells 
tend to secrete low levels of IL-4, IL-5 and high levels of IFN-
, implying 
that antigen presentation to T cells by MZ B cell can regulate the production 
of cytokines toward the arthritis associated Th1-like cytokines (21).  

Is it possible that an abnormal antibody response is generated when the 
antigen is presented by MZ B cells instead of FDC, as suggested in CR1/2-
deficient mice? In agreement, Fc
RIIb-deficient mice display decreased 
antigen trapping on FDC and Fc
RIIb-deficiency is associated with an ab-
normal antigen response (169, 202, 203). The Th1 cytokine environment 
induced by antigen presentation by MZ B cells may affect the switching of B 
cells into IgG2a. Indeed, IgG2a anti-CII antibodies have arthritogenic prop-
erties (204). Nevertheless, this is just speculation and whether the origin of 
the antigen presenting cell influences the immune response is still not fully 
known. However, FDC are important for affinity maturation and conse-
quently antibodies produced without the antigen retention on FDC are of 
lower affinity (205). This suggests that autoantibodies produced without the 
involvement of FDC might be of such low affinity that they cannot form 
immune complexes stable enough for further immune activation. Then again, 
the use of adjuvant, which releases low amounts of antigen during a longer 
period, may surpass this effect and high affinity antibodies might still be 
produced (205). In CIA adjuvant is essential for disease induction whereas in 
humans repeated stimulation by self-antigens might be enough for the pro-
duction of high affinity autoantibodies. 

What affects disease severity? 
In mice Fc
RIIb-deficiency is connected to the susceptibility to CIA (168). 
However, Fc
RIIb depletion results in augmented anti-CII antibody titers, 
resulting in a more rapidly progressing CIA and clinically more severe arthri-
tis. This implies that Fc
RIIb is involved in the regulation of disease severity 
and affects the level of autoantibodies produced by the B cell (169, 203).  
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We found that RA patients have decreased expression of Fc
RIIb on B cells 
compared to healthy individuals. In agreement, all our patients were RF 
positive, indicating a link between autoantibody production and low Fc
RIIb 
expression also in humans. However, this effect was seen regardless of the 
inflammatory status, suggesting an underlying defect in RA patients.  

 
Fc
RIIb on B cells might affect the autoantibody production, likely influenc-
ing the disease severity. However, I believe that Fc
R on monocytes are of 
more importance for disease severity. After B cell activation and the follow-
ing autoantibody production, immune complexes are formed. The immune 
complexes may interact with Fc
R on immune cells and activate, for exam-
ple, monocytes and macrophages. The potency of immune complexes-Fc
R 
interactions were demonstrated in the CIA model. We found that the injec-
tion of sFc
RIIb had a suppressive effect on CIA by reducing the levels of 
circulating IgG anti-CII antibodies thereby decreasing the amount of im-
mune complexes that can interact with Fc
R on monocytes and macro-
phages. Consequently, decreased cytokine production was seen as well as 
less joint destruction.  

RA patients with an active disease have higher levels of immune com-
plexes and higher expression of the activating Fc
RI, Fc
RII and Fc
RIII on 
monocytes during RA compared to healthy individuals and patients with a 
quiescent RA, who still have increased Fc
R expression compared to healthy 
controls ((206-209) and S. Magnusson, manuscript in preparation).  

The activation of monocytes via Fc
R can influence the pro- and anti-
inflammatory cytokine production, as well as cell activation and migration 
towards the site of inflammation and consequently affecting the severity of 
disease.  
 
When discussing the activation of monocytes via Fc
R, it is almost impossi-
ble not to mention the regulation by Fc
RIIb on the activating Fc
R. How-
ever, does Fc
RIIb really regulate Fc
R activation on human monocytes? 
This is questionable. When analyzing the Fc
RIIb expression on monocytes 
from healthy and RA patients, extremely low levels of the receptor was ob-
served and only 10-25 % of the monocytes expressed the receptor at all (S. 
Magnusson manuscript in preparation and own observation). If Fc
RIIb 
plays a crucial role in the regulation of monocyte activation, wouldn’t the 
expression be more abundant? In agreement, overexpression of Fc
RIIb on 
mouse monocytes does not affect the outcome of CIA, suggesting that 
Fc
RIIb has minor effects on these cells. However, and on the contrary, 
overexpression of Fc
RIIb on B cells decrease CIA severity (210). 

 
CR1, on the other hand, is expressed on more than 75 % of human mono-
cytes and it seems to be upregulated on monocytes during arthritis ((206, 
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208) and own observation). Further, the receptor shows a positive correlation 
with all activating Fc
R (own observation). Could this be an important nega-
tive regulator for monocyte activation and thereby modulating the disease 
severity? The evidence however, points in the opposite direction. CR1 has 
been suggested to be involved in phagocytosis of complement-bound im-
mune complexes (211-213) and higher CR1 expression on monocytes may 
stimulate more phagocytosis and the production of the pro-inflammatory 
cytokine IL-1 (214). CR1 might have a disease modulating effect, however, 
in that case a stimulatory one.  

B cells CR1/2 and Fc
RIIb expression in women 
In RA there is a clear gender bias. My results contribute with some data to 
why women might be more prone to develop arthritis. Aging women tend to 
lose their CR1 and Fc
RIIb expression, two receptors that are important for 
the regulation of B cells. Since I think that the initial break in self-tolerance 
occurs in the B cell population, the two receptors must surely play a role. 
Indeed, low Fc
RIIb or CR1 expression on B cells has been reported to be 
associated with autoimmunity both in humans and in mice (93, 168, 194). 
Estrogen is suggested to uphold the CR1 expression, but whether the female 
sex hormone is associated with the maintenance of Fc
RIIb on B cells is still 
to be explored.  
 
My story ends here but I hope that my results have contributed to a better 
understanding of disease mechanism leading to RA and may inspire future 
experiments that may add another piece to the RA puzzle. 
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Populärvetenskaplig sammanfattning på 
svenska 

Kroppen har ett immunförsvar som ska skydda oss mot främmande ämnen. 
Immunförsvaret måste utveckla själv-tolerans för att kunna särskilja främ-
mande protein från våra egna och därigenom minimera risken att aktiveras 
mot kroppsegna proteiner. Trots hård reglering kan det finnas brister i denna 
kontroll och immunförsvaret kan aktiveras mot den egna vävnaden. Då kan 
en autoimmun sjukdom uppstå.  

Den autoimmuna sjukdom som jag har studerat är reumatoid artrit, RA, 
även kallad ledgångsreumatism. Det är en kronisk ledinflammationssjukdom 
som drabbar ungefär 1 % av befolkningen, men som är två till tre gånger 
vanligare bland kvinnor än män. RA debuterar oftast i småleder, såsom 
finger- och tåleder, men kan sprida sig till större leder. Lederna blir svullna 
och ömma vilket gör att RA patienten får svårt att röra dem. I den inflamme-
rade leden ses infiltration av celler och protein som normalt är involverade i 
immunförsvaret som till exempel B celler och komplement. Komplement är 
små proteiner som, via bindning till komplementreceptorer (CR), bidrar till 
att rena kroppen från främmande ämnen, så kallade antigen. Komplement 
kan också påverka B celler. B celler är immunceller som vid aktivering pro-
ducerar antikroppar, som i sin tur kan neutralisera antigen. Antikroppar kan 
också via interaktioner med antikroppsreceptorer, även kallade Fc-
receptorer, aktivera andra immunceller. Skadliga antikroppar som reagerar 
mot kroppsegna proteiner kan detekteras i blodet flera år innan RA bryter ut, 
vilket pekar på en tidig aktivering av självreaktiva B celler. Jag har studerat 
B cellens roll i artrit, speciellt i samband med komplement receptor typ 1 
(CR1) och komplement receptor typ 2 (CR2) samt den hämmande Fc-
receptorn, Fc- gamma(
)-receptor IIb (Fc
RIIb).  
 
Till hjälp har vi använt ett modellsystem för RA, kollagen-inducerad artrit 
(CIA). CIA induceras i möss genom en injektion av kollagen typ II. Kolla-
gen typ II finns normalt i ledbrosk och i våra studier har vi använt oss av 
bovint kollagen typ II, dvs. från ko. Efter en injektion av bovint kollagen typ 
II utvecklar mössen ett immunsvar mot det kroppsfrämmande bovina kolla-
genet och anti-kollagenantikroppar av bland annat IgG typ bildas. Eftersom 
det bovina kollagenet strukturmässigt är mycket likt musens egna kollagen 
typ II kan inte antikropparna särskilja de båda kollagenen åt. Detta resulterar 
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i att anti-kollagenantikropparna binder till musens egna broskkollagen och 
framkallar en ledinflammation. IgG anti-kollagenantikropparna är så pass 
skadliga att om man ger dem till obehandlade möss utvecklar de ledinflam-
mation. Precis som i RA ses immunceller, komplement och antikroppar även 
i musens inflammerade leder. 
  
Inledningsvis ville vi spåra härkomsten av de första kollagen-reaktiva B 
celler som aktiveras i CIA. B celler från olika lymfoida organ analyserades 
för kollagen-reaktivitet och vi fann att B celler från mjälten producerade 
antikroppar mot kollagen till och med innan musen blivit exponerad för äm-
net. Detta verkade vara en naturlig antikroppsproduktion mot kollagen, utan 
föregående antigenaktivering. Efter kollageninjektionen såg vi en expansion 
av B celler reaktiva mot kollagen i mjälten. Dessa verkade tillhöra en B cells 
population som kallas marginalzons B celler. Man vet sedan tidigare att de är 
reaktiva B celler som kan aktivera andra immunceller. Marginalzons B celler 
har tidigare rapporterats vara kopplade till autoimmunitet och våra fynd pe-
kar på att marginalzons B celler även spelar en roll i det initiala skedet i au-
toimmun artrit.  

En bidragande orsak till marginalzons B cellens snabba aktivering av kol-
lagen kan vara dess kraftiga uttryck av CR. När vi studerade CR1 och CR2 
(CR1/2) medverkan i CIA fann vi att honmöss, som fick en låg dos av kolla-
gen, i mycket högre grad utvecklade ledinflammation om de saknade CR1/2. 
Detta var oberoende av artrit-framkallande IgG anti-kollagenantikroppar, 
eftersom honmöss utan CR1/2 producerade lika stor mängd antikroppar som 
honmöss med CR1/2. Vad vi i stället såg var mer komplementprotein i de 
CR1/2-defekta honmössen. Eftersom hanmöss inte visade någon skillnad i 
artritutveckling vare sig de hade CR1/2 eller inte, funderade vi på om fyndet 
i honmössen kunde vara kopplat till könshormoner. För att kontrollera detta 
avlägsnades äggstockarna från två grupper av honmöss; med eller utan 
CR1/2. Som kontroll utfördes liknade operationer men där mössens ägg-
stockar lämnades intakta. Vad som slog oss var att de annars artrit-resistenta 
honmössen med CR1/2, utan äggstockar blev de lika mottagliga för artrit 
som de honmöss som saknade CR1/2. Vi fann att avlägsnandet av äggstock-
arna var sammanlänkat med ett minskat uttryck av CR1 på B celler. CR1 har 
föreslagits vara en inhiberande receptor för både komplement och B cells 
aktivering så avsaknad av receptorn skulle kunna resultera i minskad re-
glering av B celler och ohämmad komplementaktivering. Det verkade som 
om äggstockarna, troligen via produktion av könshormon såsom östrogen, 
var viktiga i upprätthållandet av CR1 regulatoriska funktioner på B cellen. 
Utan äggstockar och CR1 ökade risken att utveckla artrit. För att undersöka 
om detta även var relevant för människor analyserade vi CR1 uttrycket på B 
celler från friska, frivilliga blodgivare. Det visade sig att CR1 receptorut-
trycket minskade med ökad ålder hos kvinnor, men inte hos män. Det mins-
kade CR1 uttrycket kan vara till följd av reducerad östrogenproduktion i 
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åldrande kvinnor. Detta skulle kunna tänkas bidra till kvinnors ökade 
mottaglighet för RA runt menopausen. 

För att ytterligare studera CR1 och CR2 fortsatte vi våra studier i männi-
ska där vi jämförde uttrycket på B celler hos RA patienter med friska frivil-
liga. Förutom CR1 och CR2 analyserade vi även uttrycket av Fc
RIIb. 
Fc
RIIb spelar en viktig roll i B cells-aktivering och avsaknad av receptorn i 
möss resulterar i en aggressivare CIA med högre anti-kollagen-
antikroppsnivåer. När vi analyserade nivåerna av receptorena på B celler 
fann vi att friska kvinnor hade ett lägre Fc
RIIb-uttryck än män, vilket även 
sågs minska med ökad ålder. Det minskade Fc
RIIb uttrycket skulle kunna 
vara ytterligare en bidragande orsak till den ökade mottagligheten för RA i 
kvinnor. I enighet med detta fann vi att RA patienter hade ett minskat uttryck 
av Fc
RIIb, samt CR1 och CR2 på B celler. Skillnaden i receptoruttryck var 
oberoende av sjukdomsstatus då RA patienter med aktiv sjukdom inte skiljde 
sig från RA patienter med lägre sjukdomsaktivitet. För att studera den fysio-
logiska relevansen av det minskade receptoruttrycket på B celler hos RA 
patienter, testade vi cellernas förmåga att svara på olika stimuli. Vi fann att 
B celler från RA patienter jämfört med friska personer uppvisade en högre 
cell-delningsförmåga till följd av IL-2 stimulering. IL-2 är en molekyl som 
normalt inducerar celldelning efter att B cellen bundit antigen. Detta skulle 
kunna betyda att RA B celler redan har interagerat med antigen i blodet och 
därigenom ökat sin mottaglighet för IL-2 stimuli. Trots att RA patienter hade 
lägre uttryck av den hämmande receptorn Fc
RIIb på sina B cells fann vi att 
uttrycket fortfarande var tillräckligt högt för att kunde hämma B cells-
aktiveringen, men inte i lika stor utsträckning som hos friska frivilliga. Det 
är troligt att minskat uttryck av Fc
RIIb samt CR1 och CR2 på B celler bi-
drar till att självtolerans bryts vilket kan ge upphov till självreaktiva B celler 
och slutligen autoimmunitet. 
 
Självreaktiva IgG antikroppar som bildas vid autoimmunitet bildar skadliga 
immunkomplex med kroppseget protein. Som immunkomplex kan IgG an-
tikroppar interagera med Fc gamma(
)-receptorer (Fc
R) och inducera pro-
duktion av proinflammatoriska molekyler, så som cytokiner. I den avslutan-
de studien undersökte vi om inhibering av interaktionen mellan IgG immun-
komplex och Fc
R skulle kunna mildra artrit och möjligen fungera som en 
behandling vid ledinflammation. Till vår hjälp hade vi lösligt rekombinant 
humant Fc
RIIb.  

Först säkerställde vi att det humana proteinet kunde binda till mus IgG. 
Därefter delade vi upp möss med CIA i två grupper och gav dem antingen 
injektioner av löslig rekombinant humant Fc
RIIb eller med ett kontrollpro-
tein. Vi fann att Fc
RIIb-behandling minskade ledinflammationen både kli-
niskt, genom minskad svullnad, och på cellnivå, genom minskad cellinfiltra-
tion samt ben- och brosknedbrytning i leden. Förbättringen i de Fc
RIIb-
behandlade mössen var förknippad med minskad mängd artritframkallande 
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anti-kollagenantikroppar, samt lägre cytokinproduktion. Dessa resultat pekar 
på att behandling med lösligt humant Fc
RIIb skulle kunna fungera som en 
terapi mot artrit.  
 
Utifrån en samlad bild av mina olika projekt skulle jag vilja föreslå att CR1 
och CR2 verkar vara involverad i mottagligheten av artrit. Denna slutsats 
drar jag utifrån musstudierna där avsaknaden av CR1 och CR2 påverkar 
sjukdomsinträdet, men inte svårhetsgraden, samt att ett lågt receptoruttryck 
inte verkar vara associerat med sjukdomsstatus i RA patienter. Slutligen, 
borttagandet av äggstockarna ökade mottagligheten av artrit hos honmöss i 
samband med minskat CR1 uttryck. 
 
Att uttrycket av de två inhibitoriska receptorerna, Fc
RIIb och CR1, minskar 
på B celler med ökad ålder i kvinnor kan vara en bidragande orsak till den 
ökade risken för kvinnor att utveckla autoimmunitet. 
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