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Animals deficient in complement components C1q, C4, C3, and CR1/2 have severely impaired
antibody responses. C1q is primarily activated by antibody-antigen complexes. Antigen-specific
IgM in complex with an antigen is able to enhance the antibody response against that antigen.
This is dependent on the ability of IgM to activate complement. Naïve mice have very low
amounts of specific antibodies and therefore it is surprising that classical pathway activation
plays a role for primary antibody responses. It was hypothesized that natural IgM, present in
naïve mice, would bind an antigen with enough affinity to activate C1q. To test this, a knock-in
mouse strain, Cm13, with a point mutation in m heavy chain, making its IgM unable to activate
complement was constructed. Surprisingly, the antibody responses in Cm13 were normal.
Puzzled by the finding that the ability of IgM to activate complement was required only for
some effects, the immunization protocol was changed to mimic an infectious scenario. With this
regime, Cm13 mice had an impaired antibody response compared to wildtype (WT) mice. The
antibody response in WT mice to these repeated low-dose immunizations was also enhanced.
These observations suggest that IgM-mediated enhancement indeed plays a physiological role in
initiation of early antibody responses. IgM-mediated enhancement cannot however compensate
for the dependecy of T-cell help. Although IgM from WT mice enhanced the antibody response,
the T-cell response was not enhanced. The connection between classical pathway activation and
CR1/2 is thought to be generation of ligands for CR1/2. In mice, CR1/2 are expressed on B
cells and follicular dendritic cells (FDC). Although CR1/2 are crucial for a normal antibody
response, the molecular mechanism(s) are not understood. To investigate whether CR1/2 must
be expressed on B-cells or FDC to generate a normal antibody response, chimeric mice between
WT and CR1/2-deficient mice were constructed. The results show that CR1/2+ FDC were crucial
for the generation of antibody responses. In the presence of CR1/2+ FDC, both CR1/2+ and
CR1/2- B cells were equally good antibody producers. However, for an optimally enhanced
antibody response against IgM-antigen complexes, both B cells and FDC needed to express
CR1/2.
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ADCC
aHUS
APC
BCR
BM
CD
CR1/2
CTL
CVF
CRP
DC
DZ
ELISA
ELISPOT
Fc
FDCs
FO B
GC
IC
IgM, G..
IgM-IC
KLH
LZ
mAb
MASP
MAC
MBL
MHC
MZ
NKT
NK
OVA
PBS
PFC
PNH
SAP

antibody-dependent cell-mediated cytotoxicity
atypic hemolytic uremic syndrome
antigen presenting cell
B-cell receptor
bone marrow
cluster of differentiation
complement receptor 1 and 2
cytotoxic lymphocytes
cobra venom factor
c-reactive protein
dendritic cell
dark zone
enzyme linked immunosorbent assay
enzyme linked immunospot assay
fragmen crystallizable
follicular dendritic cells
follicular B-cell
germinal centre
immune complex
immunoglobulin M, G…
antigen-specific IgM in complex with its antigen
keyhole limpet hemocyanine
light zone
monoclonal antibody
mannose associated serine protease
membrane attack complex
mannose binding lectin
major histocompability complex
marginal zone
natural killer T-cell
natural killer cells
ovalbumin
phosphate buffered saline
plaque forming cell assay
paroxysmal nocturnal hemoglobinurea
serum amyloid P component

SHM
SIGN-R1
SRBC
TCR
TH
TD
TNP
TI
WT

somatic hypermutation
specific intracellular adhesion molecule-grabbing non-integrin
related gene 1
sheep red blood cells
T-cell receptor
T-helper cell
T-dependent antigen
2, 4, 6-trinitrophenol
T-independent antigen
wild type

Introduction

In a time when immune related illnesses, such as allergies and autoimmunity, are increasing and the power of antibiotics is decreasing, it is of great
importance to gain knowledge about the underlying molecular mechanisms
in the generation of normal immune responses. Many therapies against e.g.
cancer and autoimmunity are also directly dependent on the immune system
and the immuxne response. Knowledge of the basic immunological mechanisms may provide insights into how to better tackle the issue of choice.
The immune system is roughly divided into the innate and the adaptive
immune systems. The innate immune response is rapid, has a short duration,
little diversity on antigen recognition and no memory whereas the adaptive
has a slow onset, can respond to a large range of antigens and develops a
memory that upon repeated encounter with the same antigen reacts more
rapidly.
This thesis deals with the interaction between the innate and the adaptive
immune system (more specifically between the complement system and
antibody responses) and what regulatory properties IgM has on the antibody
response. The model lymphoid organ studied is the mouse spleen.

The mouse spleen
The spleen is the largest secondary lymphoid organ in the body and its main
functions are to remove damaged/old erythrocytes and pathogens from the
blood stream and to initiate an adaptive immune response against these
blood-borne antigens. Individuals that for some reason have been splenectomized are highly susceptible to pneumococcal and meningococcal infections (i.e. encapsulated bacteria).
There are two main compartments in the spleen, the red and white pulp
(Figure 1A). In the red pulp, the blood is filtered through sinusoids, which
slows down the blood circulation and makes it possible for the macrophages
to remove opsonized antigens, damaged cells and microbes. The white pulp
is where the leukocytes home and is the area where the adaptive immune
responses against blood borne pathogens are initiated. The white pulp is
largely divided into the marginal zone (MZ) that constitutes the border between red and white pulp, the B-cell follicle and the T-cell zone (Figure 1B).
The blood enters the spleen through the central splenic artery, and is further
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transported into the trabecular arteries from where the central arteriole that
passes through the white pulp stems. The central arteriole is further divided
into several follicular arteriola which all end up in the marginal sinuses that
circle around the white pulp (Figure 1C). The different compartments in the
white pulp consist of different types of leukocytes with distinct functions
(Figure 1C). B-cells that home in the MZ has a different phenotype from the
B-cells in the follicle (FO). The MZ B-cells can circulate from the MZ into
the FO and back again (1) whereas FO B-cells can recirculate between the
peripheral blood and the FO (2). The MZ have an outer layer of MZ macrophages (MARCO+, SIGN-R1+), and an inner layer of metallophilic macrophages (MOMA+, CD169+) (3). This inner layer forms a tight ring around
the FO B-cells and can thus be used as a line, separating the MZ from the FO
in histological pictures. One other important cell population in the FO is the
follicular dendritic cells (FDCs). These cells are stromal cells (4) and not
leukocytes and are not to be mixed up with the dendritic cells (DC). The
FDCs use their dendrites to form a tight network within the B-cell follicle.
The T-cells surround the central arteriole, explaining why the T-cell
zones also are named periarteriolar lymphoid sheath (PALS). The T-cell
zone in turn is on one side surrounded by FO B-cells and on the other side
by the MZ bridging channel.
In this thesis, the B-cell compartments are being studied. After antigen
encounter, germinal centers (GCs) will be generated in the B-cell follicle. In
these somatic hypermutation and affinity maturation occur.
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Figure 1. Microanatomy of the mouse spleen. A) Cross-section of the mouse spleen.
B) Different compartments of the white pulp. C) Anatomical localization of different
cells types of the white pulp.
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T-cells
T-cells, like B-cells, originate from the bone marrow (BM), but they mature
in the thymus. In the thymus the T-cells start to express their antigen binding
receptor, the T-cell receptor (TCR). The TCR recognizes protein antigens
that are displayed as peptides by major histocompability complex (MHC)
molecules. To be sure the TCR can recognize and bind MHC, only T-cells
that bind to MHC will survive, i.e. positive selection. In the next step, to
avoid auto-reactive T-cells, T-cells that bind too hard will be eliminated, i.e.
negative selection. There exist two different types of MHC: class I, that is
expressed on all nucleated cells in the body, and class II that is restricted to
antigen presenting cells (APC). T-cells are further divided into T helper (TH)
cells and cytotoxic T-cells (CTL) depending on the expression of the glycoproteins CD4 (TH) and CD8 (CTL).
T helper cells
TH cells become activated when they are presented with peptide antigens by
MHC class II on APCs. Once activated, they divide rapidly and secrete cytokines that regulate / assist the immune response. Depending on the signals
(cytokines) the T-cell gets from the APC, they can differentiate into several
different subtypes: TH1, TH2, TH17, or TFH which in turn secrete different
cytokines to drive the immune response in different directions depending on
antigen/pathogen.
Regulatory T-cells
Regulatory T-cells (Treg) come in many subtypes. The most well understood
subtype are those that express CD4, CD25 and Foxp3 (5). The major role of
Tregs is to shut down the T-cell mediated immunity towards the end of an
immune reaction and to suppress auto-reactive T-cells that escaped the process of negative selection in the thymus.
Cytotoxic T-cells
CTL become activated when they are presented with peptide antigens by
MHC class I on a nucleated cell. Their main function is thus to recognize
and destroy virus-infected cells and tumor cells.
Natural killer T-cells
Natural killer T-cells (NKT-cells) are considered to be a link between the
innate and adaptive immune system. NKT-cells express the TCR but share
some other features with the innate natural killer (NK) cell. Unlike conventional T-cells, that recognize peptide antigens presented by MHC, NKT-cells
recognize glycolipid antigens presented by CD1d. Once activated, NKTcells produce cytokines and release cytolytic molecules.
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Follicular dendritic cells
FDCs are found in the lymphoid follicles of lymph nodes, spleen and mucosal lymphoid tissues. The FDCs are radiation resistant stromal cells with
membranous projections/dendrites that intertwine the B-cells in the follicles.
Unlike conventional dendritic cells (DCs), which are BM-derived, FDCs
develop from vascular mural cells (4). FDCs produce CXCL13, the ligand to
the receptor CXCR5 that are expressed on B-cells and a specific subtype of
T-cells, thereby attracting these cells into the follicles (6).
The FDCs are crucial for GC maintenance, somatic hypermutation
(SHM) and long-term immune memory, due to the ability to retain intact
antigen/immune complexes (ICs) for extended periods (7). The cells express
complement receptor 1 (CR1) (8) but also complement receptor 2 (CR2) (9,
10) and Fc receptors (11). It is through these receptors the FDCs are able to
trap ICs and then recycle them in endosomal compartments, thus protecting
the antigen from degradation (9). In addition FDC promote B-cell survival in
GCs through production of IL-6 and BAFF (12, 13).

B-cells
B-cells can be divided into B1- and B2 B-cells depending on their origin.
Due to a specific gene rearrangement, (i.e. V(D)J recombination) each B-cell
carries a unique antigen binding B-cell receptor (BCR) on its surface. The
combined effect, make all B-cells together capable of recognizing more than
5 × 1013 different antigens (reviewed in (14)). In the last step of rearranging
the BCR, an IgM molecule is shaped and expressed on the B-cell surface, i.e.
immature B-cells.
B1 B-cells originate from fetal precursors but are self-renewing in adults
and mainly found in the peritoneum. They spontaneously produce natural
antibodies, which have a low affinity but broad specificity against many
different antigens. B1 cells are recognized through a combination of different surface receptors: IgMhigh, IgDlow, CD23low, CD11b+, B220low, and either
CD5+ (B1a) or CD5- (B1b) (reviewd in (15)).
B2 B-cells originate from the BM. After the final step of rearranging the
BCR, the immature B-cells leave the BM to migrate to the spleen, where they
continues to mature via transitional stage 1 (T1) and 2 (T2). T1 B-cells can be
distinguished by the combination of CD24high, IgMhigh, IgDlow, CD23low,
CD21low whereas T2 B-cells are CD24high, IgMhigh, IgDhigh, CD23high and
CD21high (16). In the next step the B-cells have matured and now have the
surface repertoire IgMlow, IgDhigh, CD21intermediate and CD23intermediate (16).
Follicular B-cells
The majority of the B2 B-cells will further develop into FO B-cells. FO Bcells are circulating B-cells defined as IgMlow, IgDhigh, CR2intermediate, CD1dlow
CD23high (17). The FO B-cells are located in the follicles of the lymph nodes
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or in the follicles of the white pulp of the spleen. Their main function is to
recognize foreign antigens, and (with T-cell help) become activated, form a
specific B-cell clone (clonal selection), which is one of the cornerstones in
the GC reaction. In the GC, the activated cells will further differentiate into
plasma blasts (antibody producing cells) or memory B-cells. This process
will be described in more detail below.
Marginal zone B-cells
MZ B-cells are defined as IgMhigh, IgDlow, CR1/2high, CD1dhigh CD9high and
CD23low (17). They also express high levels of MHC class II, and the T-cell
stimulating molecules CD80 and CD86 (18). Murine MZ B-cells are thought
to be sessile cells but it has been described by Cinamon et al. (19) that MZ
B-cells shuttle back and forth from the MZ to splenic follicles. The shuttling
function of the MZ B-cells is due to the balance between their expression of
CXCR5 and sphingosine 1-phosphate (S1P) receptors (1, 19).
The strategic location of the MZ B-cells in the MZ makes them an important cell in the first line of defense against blood borne antigens and pathogens (20, 21). MZ B-cells are easily activated by thymus-independent (TI)
antigens and depletion of MZ B-cells resulted in an impaired IgG3 and
IgG2a response against TNP-ficoll (20).
It is also suggested that MZ B-cells are important in the generation of the
first wave IgM antibodies in responses against thymus dependent (TD) antigens (20, 22, 23). TD antigens are protein antigens against which the B-cells
need T-cell help for complete activation and initiation of antibody production, Although B-cells are thought to be poor APCs as compared to DCs and
macrophages, studies have shown that MZ B-cells can function as potent
APCs and activate naïve T-cells (18, 24).

Immune responses and germinal center formation in
mouse spleen
Antigen transportation
Antigens that are trapped in the spleen are all delivered via the blood stream.
While the blood passes through the marginal sinuses, blood circulation slows
down, favoring encounter between blood-born antigens and leukocytes in the
MZ. From the MZ antigens can reach the follicle via different pathways. The
splenic conduit system can directly transport small blood-born antigens to
the white pulp (25). Larger antigens are dependent on cell surface receptors
on B-cells. As mentioned above, MZ B-cells are able to shuttle between the
MZ and the B-cell follicles (19, 26). Several studies show that complement
containing ICs are transported from MZ via the CR1/2 on MZ B-cells and
delivered to FDCs in the follicle (19, 27, 28). In mice lacking C3 and CR1/2,
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IgM-antigen complexes were trapped in the marginal zone and did not move
further onto FDCs (28, 29). In mice with reduced numbers of MZ B-cells
(but not with reduced numbers of FO B-cells), IgM-IC were trapped less
efficiently (29). The observations that IgM-IC are transported on MZ B-cells
and are deposited on FDC, and that this is dependent on IgM being able to
activate complement (29), suggest that the transport of IC is dependent on
CR1/2. Mice that lack the B-cell shuttling function, have higher amount of
activated C4 on their MZ B-cells, indicating that offloading of complementcontaining ICs does not function (19). Thus, without MZ B-cells, less antigen will be delivered into the follicle for further immune activation (19, 22,
28). However in case of IgE-IC, circulating FO B-cells are able to bind and
transport IgE-IC on their low affinity receptor for IgE, CD23, (FcεRII) and
transport the IC to the follicles (30, 31).
As this thesis will show, there are yet other pathways to be discovered.
Germinal center formation
Once the antigen is in the follicle, it is recognized by naïve specific FO Bcells. These B-cells will then migrate towards the T-cell zone, through increased expression of CCR7 and reduced expression of CXCR5 (Figure 2:
1.). Stromal cells in the T-cell zone constantly express high levels of the
ligands for CCR7, CCL19 and CCL21 (32, 33). CD4+ T-cells are simultaneously activated by APCs, e.g. DC that have ingested and displayed the antigen on their MHC II (Figure 2: 2.). A subgroup of T-cells will up-regulate
CXCR5 and down-regulate CCR7 causing them to migrate towards the Bcell boarder (Figure 2: 2.) ((34, 35)). At the T-B-cell border, the antigen
specific B-cells have internalized and processed the antigens and displayed
them on their MHC II and now present them to the activated T-cells, which
then will provide the B-cells with further stimulating signals (Figure 2: 2.)
((34, 35)). Some of these activated B-cells will differentiate directly to shortlived extra-follicular plasma cells, mainly producing IgM (36) (Figure 2:
3a.). The majority of the activated B-cells however, will proliferate and form
the dark zone (DZ) of the GC. In the DZ B-cells will undergo high proliferation and somatic hypermutation and then migrate to the light zone (LZ) of
the GC (37) (Figure 2: 4.). The organization of the GC requires CXCR4 to
direct cells to the DZ, and CXCR5 to direct them to the LZ (38). In the LZ,
some of the activated T-cells are further triggered by the B-cells to upregulate CXCR5 and thereby differentiate into TFH cells (figure 2: 3b). This upregulation of CXCR5 retains in the LZ (38–40). In the LZ, B-cells with previously mutated BCR, meet FDC that display complement-opsonized intact
antigens on their dendrites (9). B-cells which, due to hypermutation of the
BCR, have high affinity for the antigen, will capture the antigen, process and
display it on their MHC to a limited number of TFH cells, which in turn provides the B-cell with the necessary survival signals (Figure 2: 5.) (41–43).
This mechanism will ensure survival of B-cells with the highest affinity for
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the antigens (44). The high affinity B-cells undergo class-switch recombination and some of them will return to the DZ (Figure 2: 6) whereas some of
them differentiate to memory B-cells or plasma cells that secrete antibodies
with high affinity (Figure 2: 7.). Although the molecular mechanisms behind
affinity maturation of antibodies and access of antigen to B-cells are not
fully understood, one can conclude that FDCs and TFH cells play very important roles.
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Figure 2. Schematic model of the germinal center reaction of TD antigens.
(1)
(2)
(3a)
(3b)
(4)
(5)

After antigen encounter T- and B-cells are being activated.
They meet at the T-B-cell border, receiving additional signals.
The B-cells differentiate into extra-follicular plasma cells or proliferate and
form the DZ of the GC.
The T-cells differentiate into TFH and migrate into the GC.
After proliferation and SHM the B-cells migrate to the LZ.
In the LZ they encounter the antigen on FDCs and receive additional survival signals by TFH. Only B-cells with high affinity BCRs survive.
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(6)
(7)

Some of the high affinity B-cells return to the DZ for another round of
hypermutation whereas
some differentiate into memory B-cells or high affinity plasma cells exiting
the follicles.

Antibodies
Antibodies, or immunoglobulins (Igs), are the secreted form of the BCR.
They are built up by two heavy chains and two light chains, which in turn
are divided into variable and constant regions. In the variable region the
antigen-recognizing parts (F(ab)2) are found, whereas part of the constant
domain of the heavy chain (Fc-part) interacts with the immune system. Depending on the structure of the constant part of the heavy chain the antibodies can be divided into several different isotypes: IgA, IgD, IgE, IgG and
IgM. Murine IgG can further be divided into the subclasses, IgG1, IgG2a,
IgG2b (IgG2c in some mouse strains) and IgG3.
The first antibody isotype being produced during an immune response is
IgM. If the B-cell receives further activating signals, it may switch the constant µ region to any other constant region (α, ε or γ) however without
changing the binding specificity, determined by V(D)J recombination, towards the antigen. Once the Igs have bound to an antigen, the Fc-part may
bind to Fc-receptors (FcR) and mediate an effector function, e g phagocytosis, hypersensitivity, or antibody-dependent cell-mediated cytotoxicity
(ADCC). Some of the isotypes are able to activate complement and further
regulate the antibody production.
This thesis focuses on IgM’s regulatory functions, and therefore only IgM
will be described in detail below.
Structure of IgM
IgM is phylogenetically the oldest antibody class and as all Igs, membrane
bound IgM is built up by two µ heavy chains and two light chains (κ or λ)
(Figure 3A). One µ-chain includes five domains; VH, Cµ1, Cµ2, Cµ3 and
Cµ4 (figure 3A). In each of the Cµ2-Cµ4 domains there is a cysteine that
can bind to other µ domains in pairs (45–48). The availability of such cysteines makes the IgM molecule unique in capacity to form covalent disulfide
inter-heavy chains bonds, which makes the IgM molecule able to polymerize. Most commonly the polymerization of the IgM molecules results in a
pentamer (Figure 3B). However if the J-chain is absent, the assembling of
the IgM predominantly results in a hexamer (49, 50). Accordingly, factors
that affect the interaction of the J-chain and the µ heavy chain, e.g. glycosylation, may influence how IgM polymerize. The tertiary structure of the IgM
pentamer and hexamer have been described as a mushroom shaped structure
with the Cµ2-3 as the head and Cµ4 the stem (51, 52).
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Figure 3. Schematic model of IgM. (A) Monomeric IgM / BCR. (B) Pentameric
IgM / soluble IgM.

Immune IgM
After antigen encounter and stimulation of FO B-cells, IgM-antibodies specific for that specific antigen are produced. Five days after the antigen encounter the specific IgM production is at its highest. Thereafter most B-cells
switch to produce another Ig class. Therefore most long-lived plasma and
memory B-cells produce antibodies of switched isotypes (IgG, IgA or IgE),
but long-lived IgM-producing memory B-cells also exist in both mice and
humans (53, 54) with either mutated or unmutated BCRs. On the contrary,
TI antigens induce IgM production but rarely lead to class switch recombination and do not result in memory B-cells. Thus, against these types of antigens IgM is the most abundant isotype (reviewed in (15)).
Natural IgM
Antibodies are not only produced after antigen activation of the B-cells, but
are also produced without any previous antigen encounter. IgM circulating
prior to antigen challenge are denoted natural IgM. Natural IgM are primarily produced by a subset of peritoneal B-cells, B1 cells (reviewed in (15)).
These types of antibodies are present in germ- and antigen free newborn
mice (55). Natural IgM show a low affinity against a wide range of antigens
and play an important role in early defense against bacteria and viruses (56).
19

For instance, it has been shown that mice lacking circulating natural IgM,
have a reduced viral clearance and thereby higher mortality than WT mice
with normal IgM secretion (57).
In line with these observations, it has been shown that mice deficient in
secretory natural IgM have impaired antibody responses (57–59) and that
their responses could be restored after reconstitution with WT naïve sera
(containing secretory natural IgM) (27, 57, 59).
Fc Receptors for IgM
FcRs are proteins that are mainly expressed on a variety of immune cells and
bind the Fc part of antibodies. There exist several different types of FcRs
that mediate different effector functions after ligand binding. The Fcα/µR
bind both IgM and IgA, but the affinity for IgM is about 10-fold higher than
for IgA (60, 61). The receptor is expressed on non-lymphoid tissue (e.g.
kidney or intestine) as well as B-cells, macrophages and FDCs. It has been
suggested that the Fcα/µR is important in mucosal immunity since it is expressed in the gut. It can endocytose IgM-coated particles (61), but mice that
lack the receptor have normal antibody responses against TD antigens and
increased GC response to some TI antigens (62).
The FcµR, formerly known as Toso/Faim3, binds IgM exclusively. The
receptor has been identified both in humans and in mice, although the murine FcµR has only 54 % sequence homology with the human receptor (63).
The murine FcµR is only expressed on B-cells (64) whereas the human
counterpart is expressed on B-cells, T-cells and NK cells (63). Mutant mice
that lack the FcµR have higher levels of IgM and IgG3, higher levels of natural autoantibodies, elevated antibody responses against T-independent type
II antigens (e.g ficoll), but reduced responses to some T-dependent antigens.
In addition, the FcµR-/- mice have reduced levels of MZ B-cells and increased levels of B1-cells (64, 65).

The complement system
The complement system is part of the innate immunity/defense against infections. It consists of several plasma proteins, mainly secreted by hepatocytes,
macrophages and monocytes (66). When the complement cascade is activated, a proteolytic cascade is initiated and as the cascade proceeds, a amplification of the proteolytic products is generated. The complement system can
be activated by the classical, lectin and alternative pathways (Figure 5).
The classical pathway is initiated upon binding and activation of component C1q. The most common C1q activators are antibodies bound to an antigen. C1q can also bind directly to antigens and other soluble proteins of the
innate system (described further below). Once C1q is activated, the proteolytic cascade continues with the cleavage of C4 and C2 forming a C3 con20

vertase, cleaving C3, forming C5 convertase and finally cleaving C5 thereby
initiating the lytic pathway (Figure 5).
The lectin pathway is activated when proteins like mannose binding lectin (MBL), the ficolins and collectin recognize their ligands, such as sugar
molecules on microbes, on dying host cells or on subendothelial matrix (67,
68). Thereafter, the process continues like in the classical pathway with the
cleavage of C4 and C2 forming a C3 convertase, cleaving C3, forming C5
convertase and finally cleaving C5 thereby initiating the lytic pathway.
The alternative pathway is continuously undergoing a low-grade activation due to hydrolysis of the internal C3 thiol-ester bond. It is further activated when there is an imbalance between activation and inhibition e.g. on foreign surfaces or structures lacking complement regulatory proteins (66).
Thereafter factor B is cleaved forming a C3 convertase. Additional cleavage
of C3 then results in the formation of the C5 convertase. From this point, all
three pathways are united, the terminal pathway is initiated and the terminal
complement complex (C5b-9) is formed. When C5b-9 is formed on a membrane, it constitutes the membrane attack complex (MAC), which penetrates
the membrane and leads to lysis of cells and bacteria. However, if there is no
surface to be attacked, a soluble form of the C5-9 complex (sC5b-9) (stabilized with vitronectin and clusterin) is formed. In addition to anaphylotoxins,
produced from upstream cleavage products, sC5b-9 can be used as a marker
for complement activation in body fluids, e.g plasma, cerebrospinal or synovial fluids (66).
All three complement pathways are regulated by soluble proteins (C1inhibitor, factor H, factor I, C4-binding protein, carboxy-peptidase, vitronectin and clusterin) controlling the low grade of auto-activation in the soluble phase. There are also membrane bound proteins; membrane cofactor
protein (CD46), CR1 (CD35), decay accelerating factor (CD55), which all
control the activation of C3 and C4, and CD59 that protects from the final
formation of C5b-9-complex (66). Lack of regulatory factors or dysfunctional regulation of the complement system can be associated with clinical disease, e.g. paroxysmal nocturnal hemoglobinurea (PNH) when CD55 and
CD59 are missing (69), or atypical haemolytic uremic syndrome (aHUS)
when factor H is dysfunctional or missing (70). The regulators are thus very
important to maintain complement homeostasis.
Component C1q
The glycoprotein C1q is built up by the polypeptides A, B and C that form a
triple helix. Six of these in turn form a hexamer Two of each of the serine
proteases C1r and C1s bind to the C1q molecule, forming the C1 complex
(reviewed in (71)). C1qA-/- mice lack the A polypeptide and therefore cannot
form a complete C1q molecule (72). C1q is mainly produced by macrophages and dendritic cells (73, 74) but also by FDC in GC (73). In contrast most
of the other complement proteins, including C1r and C1s, are produced by
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the liver, (75). When C1q recognizes and binds to a target, it undergoes a
conformational change that causes C1r to auto-activate and cleave C1s (76)
and thus the C1q molecule is activated. C1q are important in clearance of
apoptotic cells (77), and deficiency of C1q strongly predisposes to development of the rheumatic disease systemic lupus erythomatosis (SLE) (reviewed
in (78)).
Activators of C1q
For a long time it was believed that only IgM or IgG could initiate the classical pathway and that activation began only after one IgM pentamer or at
least two IgG molecules, situated at most 30-40 nm from each other, bound
to an antigen. However, further investigations of these processes have revealed a number of other activating ligands for C1q (Table 1) (reviewed in
(71)). The ligands involved in this thesis will be described below.
Table 1. C1q-activating ligands. Adapted from (71).
	
  

Activating	
  ligand	
  for	
  C1q	
  

Immunoglobuins	
  

Fc	
  portion	
  of	
  IgM,	
  IgG1,	
  IgG2,	
  IgG3	
  (human).	
  
Fc	
   portion	
   of	
   IgM,	
   IgG1	
   (?)	
   IgG2a,	
   IgG2b	
   and	
   IgG3	
  
(mouse)	
  
Ligand	
   bound	
   SIGN-‐R1,	
   CRP	
   and	
   SAP,	
   PTX3	
   amyloids,	
  
prions,	
  fibrin	
  clots	
  
Heparin,	
   Chondroitin-‐4-‐sulphate,	
   single-‐	
   and	
   double-‐
stranded	
   DNA,	
   cardiolipin	
   and	
   other	
   anionic	
   phospho-‐
lipids	
  in	
  vesicles	
  (apoptotic	
  cells)	
  	
  
HIV-‐1,	
   HTLV-‐1,	
   polyoma	
   virus	
   and	
   murine	
   lukemia	
  
virus.	
  
Lipoteichoic	
  acid	
  
Lipid	
  A,	
  porins	
  

Other	
  proteins	
  
Polyanions	
  
Viruses	
  
Gram	
  positive	
  bacteria	
  
Gram	
  negative	
  bacteria	
  

IgM
Interestingly, C1q is not able to bind to monomeric IgM while pentameric
IgM has a 1000-fold greater binding affinity to C1q than IgG (reviewed in
(15)). For IgM to be able to activate complement, the IgM molecule needs to
be in its pentameric form and bound to an antigen which induces a conformational change of the IgM pentamer exposing the binding site for C1q (51).
Interestingly hexamer IgM have even higher activity then pentameric, ranging from 2-fold to >100 fold depending on species of the complement source
(79).
As mentioned above, natural IgM is important in early defense against
bacteria, viruses and parasites (15, 56). It has also been shown that natural
IgM and C1q works together in clearance of S. Pneumoniae (80), to neutralize virions (81) and to help in clearance of dying cells (77, 82). Accordingly,
it seems reasonable that natural IgM, would bind an antigen with high
enough affinity to induce a conformational change and thereby activate C1q.
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SIGN-R1
Specific intracellular adhesion molecule-grabbing nonintegrin R1 (SIGNR1) is the mouse homologue to the human DC-SIGN (83). It is a C-type
lectin expressed on MZ macrophages in spleen and on DC and macrophages
in the medullary region of the lymph nodes (83–85). The binding of carbohydrate structures (e.g. dextran (83)) to SIGN-R1 enables C1q to bind and
become activated (86). SIGN-R1 captures yeast (87) and S. Pneumoniae
from blood and the classical pathway is the dominant complement pathway
for innate immunity against S. pneumoniae (80). Nevertheless, the antibody
response against S. pneumoniae in mice where SIGN-R1 is conditionally
blocked does not differ from that in WT animals (88).
CRP and SAP
C-reactive protein (CRP) and serum amyloid P component (SAP) are two
short pentraxins that are produced primarily in the liver during acute phase
responses to tissue injury or during inflammation in mammals, mostly due to
IL-6 (89–91). They recognize and bind to e.g. bacteria or host cell break
down products. After binding they, like IgM, change conformation, which
enables C1q to bind and become activated (89, 91, 92). SAP is the major
acute phase reactant in mice whereas CRP is the major one in humans (93).
Mice immunized with S. pneumoniae pulsed with CRP have an enhanced
antibody response compared to mice immunized with antigen alone, suggesting a critical role for CRP in antibody responses (94). SAP, on the other
hand, seems to be important for tolerance induction, since SAP-deficient
C57BL/6 mice spontaneously develop antinuclear autoantibodies (ANA),
glomerulonephritis (95) and have increased susceptibility to experimental
autoimmune encephalomyelitis (96). ANA and glomerulonephritis are disease markers amongst SLE-patients. Since deficiency of C1q strongly predisposes for SLE (78) and (most probably) is important in antibody development, it could be speculated that SAP also is important in generation of
the antibody response.

Complement receptors 1 and 2
The complement cascade not only serves to attack and lyse pathogens but
some of the cleavage products of C3 and C4 are the ligands for CR1/2 (Figure 4) (reviewed in (97)). In mice, CR1 and CR2 are splice products of the
Cr2 gene (98), explaining why both receptors are absent in Cr2-/- knockout
mice (99). The receptors are expressed on B-cells, on FDCs (100) and on a
small subset of activated T-cells (101, 102). They lack an intracellular signaling part, but CR2 can associate with the CD19/CD81 complex upon ligand binding on B-cells (103).
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CR1 (CD35) can bind C3b, C4b, iC3b, C3dg and C3d (104) (Figure 4).
After binding of the C3 split products, the amplification of the complement
cascade is inhibited (in humans) by reducing the formation and stimulating
the breakdown of C3 and C5 convertases (reviewed in (88, 97).
CR2 (CD21) is shorter than CR1 and binds fewer ligands, iC3b, C3dg and
C3d (Figure 4). CR2 on B-cells can bind any complement-coated antigen
although the BCR cannot recognize the antigen (105, 106). However, coligation of CR2/CD19/CD81 with the BCR via antigen complement/complexes have been shown to lower the threshold for B-cell activation (103, 107–109).
Recently work a CR1 knock-out mouse strain was constructed by deleting
the exons unique for CR1 in the Cr2 locus (8). Using those animals, it was
concluded that the main complement receptor expressed by FDC was the
CR1 whereas B-cells mainly expressed CR2. When the GC reaction was
tested against TD antigens, the initial response was normal but not sustained
over time. Surprisingly, when BM chimeras were constructed it was found
that it not was lack of CR1 expression on FDC but on B-cells that mattered
most for the sustained GC response (110).

Figure 4. Schematic picture of the murine complement receptors 1 and 2 and their
ligands and binding sites.
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Figure 5. The role of complement in antibody responses. Mice lacking C1q, C4, C2,
C3, CR1/2 (red, bold) have impaired antibody responses, whereas antibody responses in animals lacking MBL, factor B and C5 are fairly normal (green, bold). The
involvement of IgM, SAP, CRP, SIGN-R1 and expression of CR1/2 (blue bold) will
be examined in this thesis. Adapted from (111).

Complement and antibody responses
For mammals to acquire an adequate antibody response, it is necessary to
have a functional complement system (reviewed in (97, 112–115)). In general, the antibody response against lower antigen doses is more dependent on
the complement system than responses against high doses (116). The antibody response against both TD and TI antigens, primary and memory responses are affected.
Mice lacking CR1/2 as well as animals deficient in complement components C1q, C2, C3, and C4 have severely impaired antibody responses (Table 2 and Figure 5). However, lack of C1q has in some situations against
certain antigens (West Nile virus and malaria parasites) been associated with
a normal or even higher antibody response (118, 119).
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Table 2. Complement factors important for antibody responses.
Complement	
  
deficiency	
  

Species	
  

C1q	
  

Mouse	
  

C2	
  

Guinea	
  pig	
  

C3	
  

Mouse,	
  guinea	
  
pig,	
  dog,	
  human	
  

C4	
  

Guinea	
  pig,	
  
mouse,	
  human	
  
Mouse,	
  human	
  

CR1/2	
  

Antibody	
  re-
sponse	
  
/memory	
  re-
sponse	
  
Impaired	
  /	
  
impaired	
  
Impaired	
  /	
  
impaired	
  
Impaired	
  /	
  
impaired	
  

Impaired	
  /	
  
impaired	
  
Impaired	
  /	
  
impaired	
  

Antigens	
  
tested	
  

Reference	
  

SRBC,	
  and	
  
SRBC-‐DNP-‐
KLH	
  
Bacteriophage	
  
Φ	
  174	
  
Bacteriophage	
  
Φ	
  174,	
  SRBC,	
  
DNP-‐Ficoll,	
  
pneumococcal	
  
capsular	
  poly-‐
saccharide	
  
Bacteriophage	
  
Φ	
  174	
  
Bacteriophage	
  
Φ	
  174,	
  SRBC,	
  
NP-‐KLH,	
  KLH,	
  
pneumococcal	
  
capsular	
  poly-‐
saccharide	
  

(117)	
  
(120)	
  
(121–126)	
  

(123,	
  127–129)	
  
(99,	
  130–134)	
  

Mice lacking the A subunit of the MBL (MBL A-/-) have impaired IgM but
normal IgG response against the Trichuris muris parasite and to OVA in
adjuvant (135, 136). A mouse strain, lacking subunits A and C of the MBL
(MBL A/C-/-) had a lower antibody response to Hepatitis B surface antigen
(HBsAg) if they were on a C57BL/6 background but normal response if they
were on a SV129SvEv background (137). In conclusion MBL deficient mice
display a rather complex phenotype ranging from normal to moderately
higher, to moderately lower antibody responses (135–138). Yet, the occasionally moderately lower antibody responses observed in MBL-deficient
mice were never as low as the response in animals lacking complement factors C2, C4, C3 or CR1/2.
Also ficolins are able to activate the MBL pathway and ficolin deficient
mice or mice deficient in MASP-2 are more susceptible to S. Pneumoniae
infections than WT mice. However in these mice antibody responses were
not studied (139, 140). To my knowledge no collectin deficient mouse has
been produced and the involvement of collectins in antibody responses remains unknown. Mice that lack factor B have normal antibody responses to
both SRBC (141) and West Nile virus (118) excluding the alternative pathway (Figure 5) as a major player in generation of antibody responses.
C5 deficient mice have normal antibody responses (142), indicating that
deficiencies of later complement factors, including the lytic pathway (Figure
5), are compatible with a normal antibody response.
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Antibody-mediated feedback regulation
Antigen specific antibodies, passively administrated or actively produced,
are able to feedback regulate the antibody response to the antigen they recognize. Depending on antibody class and antigen type the result can either be
a suppressed (> 99%) or an enhanced (> 1000 fold) antibody response compared to the response to antigen alone (reviewed in (114, 143)).
Table 3. Antibody feedback regulation by specific IgM, IgG and IgE. Adapted from
(115) pre-thesis
Regulating	
  
isotype	
  
IgM	
  

Effect	
  on	
  
Ab/CD4+	
  T-‐cell	
  
responses	
  
Enhancement	
  /	
  
?	
  

IgG3	
  

Enhancement	
  /	
  
none	
  

IgG1,	
  IgG2a,	
  
IgG2b	
  

Enhancement	
  /	
  
enhancement	
  

IgG1,	
  IgG2a,	
  
IgG2b,	
  IgG3	
  

Suppression	
  /	
  
none	
  

IgE	
  

Enhancement	
  /	
  
enhancement	
  

Effective	
  
against	
  

C’-‐
dependent	
  

FcR	
  
dependent	
  

Suggested	
  mecha-‐
nism(s)	
  

Particulate	
  
Ags,	
  large	
  
proteins	
  
Proteins	
  

Yes	
  

No	
  

Yes	
  

No	
  

Small	
  and	
  
large	
  
proteins	
  
Particulate	
  
Ags	
  

No	
  

Yes	
  

No	
  

No	
  

Proteins	
  

No	
  

CD23	
  

FDC	
  capture;	
  MZB	
  
transport;	
  B-‐cell	
  
signaling	
  (?)	
  
FDC	
  capture;	
  MZB	
  
transport;	
  B-‐cell	
  
signaling	
  (?)	
  
Increased	
  Ag	
  presen-‐
tation	
  to	
  CD4+	
  T-‐cells	
  
by	
  DC	
  
Epitope	
  masking	
  
and/or	
  increased	
  Ag	
  
clearance	
  
Capture	
  on	
  CD23+	
  B-‐
cells,	
  increased	
  
delivery	
  of	
  Ags	
  to	
  DC	
  
and	
  presentation	
  to	
  
CD4+	
  T-‐cells	
  

IgG are able to suppress the response against particulate antigens, e.g. erythrocytes (Table 3) (144–147). This knowledge is used in the clinic to prevent
Rhesus D negative (RhD-) mothers to develop antibodies against fetal RhD+
erythrocytes. The mechanism behind the suppression is not fully understood
but it has been proposed (i) that antigen-specific IgG masks the epitopes of
the antigen, thereby preventing recognition by B-cells, (ii) that phagocytotic
cells effectively engulf IgG/antigen complexes via the Fc-gamma-receptor
(FcγR) or (iii) that the IgG/antigen complexes bind the inhibitory FcγRIIB
on B-cells which then would prevent B-cell activation (reviewed in (114,
143, 148)).
Antibody mediated enhancement of the antibody response can be
achieved with IgE, all subclasses of IgG (in mice IgG1, IgG2a, IgG2b and
IgG3) and IgM but the underlying mechanisms of the enhancement differ
between the various antibody classes (114) (Table 3). Enhancement via IgE
is completely dependent on the low affinity receptor for IgE, CD23. The
postulated mechanism for the enhancement is transport of IgE/antigen complexes via CD23+ B-cells to the spleen where the CD11c+ cells present the
antigen to T-cells (30).
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Enhancement against soluble protein antigens via IgG1, IgG2a and IgG2b
is dependent on activating FcγRs (149) and it is believed that dendritic cells
and macrophages efficiently engulf IgG/antigen complexes via FcγR and
present the antigens to T-cells (150). In contrast, enhancement against soluble protein antigens by IgG3 is not dependent on FcγR but on the complement system, including CR1/2 (151).
In antibody responses against TD antigens in mice, only a small fraction
of the IgGs produced is IgG3. However against TI type 2 antigens IgG3 is
the predominant subclass (152, 153) and IgG3 is also important in Streptococcus pneumonia sepsis (154). Since IgG3 antibodies are mainly produced
after immunization with TI antigens, it is no surprise that IgG3 only has a
minor effect on the enhancement of CD4+ T-cell responses (155). IgG3 has
the ability to act as a cryoglobulin and precipitate in the cold (156) and are
shown self-associate and facilitate binding of other IgG3 molecules via FcFc interactions (157) thus increasing the likelihood for complement activation. This may be the reason why the enhancing capacity of IgG3 is dependent on the complement system and not on binding to FcγRI (155). In conclusion, the proposed mechanism for IgG3-mediated enhancement is activation
of complement and thereby generation of the ligands for CR1/2. Then MZ
B-cells transport IgG3-Ag-C complexes into the follicle on their CR1/2 and
deliver it to the FDC (158).

IgM-mediated enhancement of immune responses
In 1968 it was clearly described that SRBC-specific IgM had the ability to
enhance the antibody response against SRBC (146). IgM has to be administered before or simultaneously with the antigen in order to have an enhancing effect. Primary IgM, IgG and IgE as well as memory response priming
are upregulated. Further investigations have shown that this enhancement
primarily functions with particulate antigens (e.g. sheep red blood cells,
SRBC (146, 159, 160)), malaria parasites (161) or large protein antigens
(e.g. keyhole limpet hemocyanin, KLH (28, 29)) given in suboptimal doses.
When high concentrations of IgM are given, the effect will be the opposite,
i.e. inhibition of the immune response (162).
The enhancement is also dependent on the complement system (163), it is
abolished (i) if the antigen specific IgM is unable to activate complement
(163), (ii) if monomeric IgM (which cannot activate complement) is used
(28, 164), (iii) in mice depleted of C3 (163) and (iv) in mice that lack CR1/2
(165).
The need for particulate/large antigens in IgM mediated enhancement is
thought to be due to the conformational change of the IgM molecule needed
for C1q binding, i.e. the antigen must be large enough for all of the arms of
the IgM pentamer to bind (51). One of the most well known functions of the
complement system is to lyse cells. It seems however unlikely that this
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would explain the enhancing effect since IgM are able to enhance antibody
responses in mice lacking C5 of the terminal pathway (163). These observations show that there are several similarities between the molecular mechanisms behind antibody responses to antigen alone and to IgM-complexed
antigens.

Possible mechanisms for the involvement of complement in
antibody responses
Mice deficient of C4, C2 and C3 (and probably C1q) as well as mice deficient of CR1/2 have severely impaired antibody responses against a variety
of antigens (reviewed in (97, 114, 115)) (Table 2) as well as lack of IgM
mediated enhancement (115). Therefore it seems plausible that failure to
cleave C3 results in failure to ligate CR1/2 and to carry out the processes
that CR1/2 are important for. Further, mice treated with antibodies blocking
both CR1/2, but not to CR1 alone, have impaired antibody responses (116).
In line with this, transgenic mice expressing the human CR2 (hCR2) on a
Cr2-/- background have almost a completely restored antibody response
against SRBC (166). However, when the C3d binding site on the hCR2 were
blocked, also the secondary antibody response was impaired (167). In addition, mice treated with a soluble CR2 molecule competing for the CR2 ligands, had impaired antibody responses (168). This suggests that CR2 plays a
more prominent role in antibody response development than CR1. Yet, recently it was shown that mice selectively lacking CR1 due to deletion of the
CR1 exons from the Cr2 locus had impaired antibody responses to T dependent antigens (8), although not as severely as in CR1/2 deficient mice.
In conclusion, it appears that both CR1 and CR2 are important for normal
antibody responses, although their relative importance and the mechanisms
behind the involvement of the receptors are not fully understood.
Consequently, several mechanisms have been considered;
i
co-ligation of CR2/CD19/CD81 with BCR via antigen complement/complexes (103, 107–109).
ii
enhanced uptake of antigen-complement complexes by CR1/2+
B-cells, followed by increased antigen presentation to T helper
cells (106, 169–171).
iii
transport of antigen-complement complexes on CR1/2+ MZ Bcells into the B-cell follicle (19, 29)
iv
capture (and concentration) of antigen-complement complexes
on CR1/2+ FDC in germinal centers (29, 133, 172)
(i)
Co-ligation of the BCR with the CR2 co-receptor in vitro lowers the
threshold for B-cell activation and rescues low affinity B-cells from cell
death after antigen encounter (173). Thus, the facilitated activation of B-cells
after ligation of CR1/2 may result in decreased number of antigen molecules
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needed for activation. This might be one of the reasons why the antibody
response against lower antigen doses is more dependent on the complement
system (116, 174) and bypassed with high doses.
(ii)
Antigen trapping and internalization via CR1/2 on B-cells, followed
by presentation to T-cells, has been shown to take place in vitro (106, 169–
171). The T-cells would then provide the B-cells with the “right” signals to
get activated. However, in vivo the antigens tested are presented as efficiently in Cr2-/- as in WT (131, 175, 176). In addition, CR1/2 are crucial for generation of antibody responses against thymus independent antigens (177),
which do not require processing and presentation to induce antibody responses.
(iii)
It has been described by Cinamon et al. that MZ B-cells shuttle back
and forth from the MZ to splenic follicles and that the amount of activated
C4 is higher on MZ B-cells in mice lacking the shuttling function. Since
there is no “open access” into the follicle, the shuttling of MZ B-cells provides an important entry for the antigens. IgM-IC are transported on MZ Bcells and are deposited on FDCs, and this is dependent on IgM being able to
activate complement (29). Therefore it seems likely that the transport of
antigen itself could be dependent on CR1/2.
(iv)
B-cells undergo various stages of differentiation during the generation of an antibody response. The differentiation of the naïve B-cells to antigen producing effector cells and memory cells occurs primarily in the B-cell
follicle / GC. In combination with the findings made by Cinamon et al (19)
and Ferguson et al (29) (paragraph (iii)) it therefore seems logical that antigen retention on CR1/2+ FDCs (133, 172) followed by presentation to naïve
GC B-cells plays, an important role in the generation of antibody responses.
The involvement of CR1/2 in antibody responses against antigen alone, as
described above, could also be applied in the case of IgM mediated enhancement, i.e. (i) co-ligation of CR2/CD19/CD81 with BCR, (ii) enhanced
uptake of antigen-complement complexes by CR1/2+ B-cells, (iii) transport
of antigen-complement complexes on CR1/2+ marginal zone B-cells in, and
(iv) capture of antigen-complement complexes on CR1/2+ FDC. Ferguson et
al showed that the transport into the follicle, and thereby the formation of
germinal centers, are more efficient in mice immunized with IgM immune
complexes (IC) compared to antigen alone (29). This could suggest a more
efficient complement deposition of IgM-IC compared to antigen alone and
consequently a more efficient transport of antigen from MZ into the follicle
by CR1/2+ MZ B-cells.
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Present investigation

Aims
The general aim was to understand the mechanisms behind the involvement
of complement and IgM in antibody responses.
The specific questions were:
I
Is C1q (initiator of the classical complement pathway) crucial for
normal antibody responses to SRBC? Is the ability of natural IgM to
enhance antibody responses dependent on its ability to activate complement?
II

Does specific IgM need to activate complement for IgM mediated
enhancement of humoral responses? Does specific IgM enhance
CD4+ T-cell responses?

III

Does IgM need to activate complement for endogenous IgM mediated enhancement? Is IgM-mediated enhancement of antibody responses dependent on C1q?

IV

Do B-cells and / or FDC need to express CR1/2 for normal antibody
responses against SRBC? Do B-cells and / or FDC need to express
CR1/2 for IgM-mediated enhancement of antibody responses against
SRBC?

Experimental setup
Mouse strains
All studies were performed using the murine system as model. Transgenic
mice were either on BALB/c or C57BL/6 genetic background. For all experiments mice were sex and age matched. Table 4 describes the different
strains used.
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Table 4. The different mouse strains used.
Mouse	
  
strain	
  

Annotation	
  

BALB/c	
  
Cr2-‐/-‐	
  
Cµ13	
  
DO11.10	
  
C.BKa-‐
Ighb/IcrSMnJ	
  
(CB17)	
  
C57BL/6	
  
C1qA-‐/-‐	
  
C3-‐/-‐	
  
CRP-‐/-‐	
  
SAP-‐/-‐	
  

Wild	
  type	
  (produces	
  Iga	
  allotype	
  antibodies)	
  
Lacks	
  of	
  complement	
  receptors	
  1	
  and	
  2	
  (BALB/c	
  background)	
  
Produces	
  IgM	
  unable	
  to	
  activate	
  complement	
  (BALB/c	
  background)	
  	
  
Expresses	
  OVA-‐specific	
  TCR	
  on	
  most	
  CD4+	
  T-‐cells	
  (BALB/c	
  background)	
  
BALB/c	
  congenic	
  (produces	
  Igb	
  allotype	
  antibodies)	
  

Wild	
  type	
  (produces	
  Igb	
  allotype	
  antibodies)	
  
Lacks	
  subunit	
  A	
  of	
  complement	
  component	
  C1q	
  (C57BL/6	
  background)	
  
Lacks	
  complement	
  component	
  C3	
  (C57BL/6	
  background)	
  
Lacks	
  C-‐reactive	
  protein	
  (C57BL/6	
  background)	
  
Lacks	
  serum	
  amyloid-‐P	
  component	
  (C57BL/6	
  background)	
  

The mice were immunized intravenously with antigens diluted in physiological salt solution (PBS). In studies of antibody feedback enhancement, mice
were injected with purified specific antibodies diluted in PBS one hour before antigen immunization. In T-cell proliferation studies, mice were adoptively transferred with OVA-specific CD4+ cells from DO11.10 mice (isolated using anti-CD4 magnetic beads) 24 h before immunization. Bone marrow
chimeras between different knock out strains and wild types were constructed by first sublethally irradiating mice and then transplanting appropriate
bone marrow.
To measure antibody responses, ELISA (enzyme-linked immunosorbent
assay), ELISPOT (enzyme-linked immunospot assay), PFC (plaque forming
cell assay), hemagglutination and hemolysis tests were used.

Generation of the Cµ13 knock-in strain
Cµ13 was constructed in collaboration with Prof. Michael Carroll (Harvard
Medical School). A codon exchange was introduced (resulting in substitution of proline for serin at position 436) in the third constant domain of the µ
heavy chain (Igh locus) with homologous recombination in embryonic stem
(ES) cells. The introduced mutation had previously been reported to abrogate
the ability of IgM to activate complement (178) and to abrogate the ability to
enhance antibody responses (163). The plasmid (pCµ13) used for targeting
was assembled by using the information provided by Shulman et al (178).
The plasmid contained a region of homology to the Igha allele and the neo
gene cassette was flanked by LoxP sites for excision after gene targeting.
Targeted ES cells were transfected with a Cre-recombinase expressing plasmid to remove the neo gene cassette. ES cells were derived from C57BL/6
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(Ighb) and transfected. To identify positively transfected clones, Southern
blotting was used. As indication of mice carrying the transfected gene, peripheral blood was analyzed for the IgMa allotype. The mice were then backcrossed 12 generations to BALB/c.

Bone marrow chimeras
To study the involvement of CR1/2 on B-cells and FDC in antibody responses, bone marrow chimeras were constructed between WT (BALB/c or
CB17) and Cr2-/- mice. Since FDC are (non-haematopoetic) stromal cells
they are more radiation resistant (179, 180) than the BM derived cells and
therefore not replaced after BM transplantation following irradiation. Recipient mice were whole body irradiated (7.5 Gy) and then transplanted with
either WT BM or Cr2-/- BM, or a mixture of both, resulting in eight different
phenotypes. Since BALB/c and Cr2-/ -produce antibodies of Iga allotype and
CB17 of Igb allotype, the use of CB17 as WT in some experiments enabled
us to distinguish antibodies produced by recipient B-cells from those produced by donor B-cells, and to distinguish CR1/2+ from CR1/2- B-cells.

Adoptive transfer of T-cells
BALB/c mice were adoptively transferred intravenously with splenocytes or
CD4+ T-cells from DO11.10 donors. Next day the recipients were immunized and on day three post-immunization spleens were harvested to analyze
OVA specific CD4+ T-cell proliferation with flow cytometry, using a monoclonal antibody specific for the transgenic TCR.

Immunizations
The mice were immunized intravenously with SRBC or KLH. To block
SIGN-R1, mice were pretreated with a monoclonal antibody (clone 22D1)
(83, 86) intravenously 24 h before immunization with SRBC. In IgMmediated enhancement experiments, IgM anti-SRBC was administered intravenously one hour before immunization with SRBC. To mimic a biological situation, no adjuvants were used and all antigens and antibodies were
given in physiological salt solutions.

Assays
To study antibody responses, ELISA and ELISPOT were used as complement independent assays and plaque forming cell (PFC) assay as a complement dependent assay (146). To further characterize the ability of IgM to
activate complement, flow cytometry of C3-deposition on SRBC incubated
with IgM anti-SRBC from either BALB/c or Cµ13 and fresh mouse plasma
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(as complement source) was performed. To prevent complement activation
in fluid phase by the coagulation cascade, blood from the naïve mice were
collected in lepirudin (trombin inhibitor) containing tubes (181). Flow cytometry was also used to analyze the B-cell compartments in bone marrow
chimeric mice, in characterizing of Cµ13 mice, tracking OVA specific Tcells and GC experiments. Confocal microscopy was used to the characterize
Cµ13 mouse spleens and kidneys and in GC experiments.

Results and discussion
Paper I
Requirement for complement in antibody responses is not explained by
the classic pathway activator IgM
C1q is crucial for the generation of normal antibody response against SRBC
Since deficiency of C1q in some studies resulted in impaired antibody responses (117) whereas in other studies resulted in normal or moderately
higher antibody responses (118, 119), it was first tested if the protocol we
used resulted in an impaired antibody response. The results showed that
when mice were immunized with SRBC-doses ranging from 5×105 to 5×108
and boosted with 5×106, classical pathway activation was crucial for the
generation of normal primary and secondary antibody response against
SRBC.
The finding that C1q is required in primary responses might seem paradoxical since Ig are thought to be the major activator of C1q and prior to
antigen encounter, very low amounts of specific antibodies are present.
However, mice lacking secretory IgM have impaired antibody responses and
their responses are restored after reconstitution with wild type sera (containing natural IgM) (57, 59). In addition, the ability of IgM to enhance the antibody response is dependent on its ability to activate complement (28, 163).
Thus, it could be hypothesized that natural IgM in naïve animals might bind
an antigen with enough affinity to induce a conformational change of the
IgM molecule, exposing the binding site for C1q and thereby activate the
classical pathway.
IgM from Cµ13 mice can not activate complement, but IgG responses were
not impaired
To test the hypothesis above, a knock in mouse strain, Cµ13, was constructed (see experimental systems above). First, the mouse strain was characterized and by several different experimental approaches it could be concluded
that IgM produced by Cµ13 mice failed to activate complement.
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Despite the inability of the IgM to activate complement it was found in
the ELISPOT assay that there were no difference in the number of antigen
specific IgM producing B-cells between BALB/c and Cµ13 (Paper I Table
1) whereas the number of antigen specific B-cells in the negative control
(Cr2-/-) were much lower. Since the spleens were collected five days post
immunization, during the IgM peak, it was first speculated that the inability
of IgM to activate complement did not affect B-cell proliferation or IgM
production but that the B-cell needed the extra signal from co-ligation of
BCR with CR2/CD19/CD81 to induce class switch to IgG. To investigate
this, BALB/c, Cµ13 and Cr2-/- were immunized with different doses of
SRBC and KLH and then boosted. SRBC and KLH were chosen as antigens
because both are large antigens and specific IgM are able to enhance the
antibody response against them.
The overall impression of the responses seen in the Cµ13 mice was that
they were as high as in BALB/c. After repeating the experiments it could be
concluded that Cµ13 mice occasionally produced less antigen specific IgG
and sometimes slightly higher, but the pattern was inconsistent and usually
not significant. When the response in Cµ13 was lower than in BALB/c it
was never as low as the response seen in Cr2-/-. Data presented in paper I are
from the experiments where the differences were most pronounced.
Since there are time points where the antibody response in Cµ13 was
lower compared to BALB/c it cannot be excluded that complementactivating IgM in naïve mice may play a minor role in the generation of a
normal antibody response against SRBC and KLH. However, it does not
explain the severe phenotype seen in Cr2-/- or C1qA-/- mice.
The B-cell repertoire in Cµ13 mice
How can the results in Paper I, Figure 1, be compatible with the finding that
mice lacking secretory IgM had impaired responses and that the response
was restored after transfer of normal mouse sera (57, 59)?
There could be at least three independent explanations: (i) C1q could be
activated by something else than IgM and (ii) the importance of natural IgM
might not involve complement activation. Another explanation could be that
(iii) mice deficient of secretory IgM have impaired antibody responses due
to defects in their B-cell repertoire secondary to their lack of secretory IgM,
i.e. lower amount of FO B-cells (182). The B-cell subpopulations in Cµ13
were analyzed and the only differences were a slightly lower total B-cell
number in the spleen when gated on B220+ cells, and an increased number of
MZ B-cells. There was no difference in B-cell numbers when CD19 was
used as a marker. These differences however, seemed not to have a major
influence on the antibody response in Cµ13. Further, it could be argued that
differences in antibody responses between the IgM secretory deficient mice
(sIgM-/-) and Cµ13 were antigen dependent. The antigens studied in the IgM
secretory deficient mice were influenza virus (57) or hapten-conjugated pro35

teins (58, 59) whereas SRBC and KLH were used to study the antibody response in Cµ13. In one study (58), 1 µg NP-KLH resulted in impaired antibody response, but 2 µg KLH (Paper I, Figure 5) or 1 µg NP-KLH (Paper I,
Figure S1) did not result in impaired antibody responses. Thus, the use of
different antigens as an explanation for the discrepancies seems unlikely.
SIGN-R1, SAP, or CRP are not crucial for antibody responses against SRBC
Excluding IgM as the major C1q activator in the development of a normal
antibody response, it was of interest to test other C1q activators. First IgG
was considered. However IgG antibodies of all subclasses are known to
feedback suppress the antibody responses against SRBC (145, 147) and
presence of antigen specific IgG would most likely result in an impaired
antibody response. Hence, that theory was considered to be extremely unlikely. Other possible C1q activators were SIGN-R1 (85), CRP (91) or SAP
(183).
The receptor SIGN-R1 was conditionally blocked with monoclonal antibodies in BALB/c and Cµ13, the mice were immunized with SRBC and the
IgG responses were analyzed (Paper I, Figure 6). In both SIGN-R1 deficient
BALB/c - and Cµ13 mice, the IgG anti-SRBC response did not differ from
controls. Next, CRP-/- and SAP-/- mice were immunized with SRBC and the
IgG response analyzed. Again, the antibody responses were equally high as
in wild type controls. Thus, neither SIGN-R1, CRP, SAP nor SIGN-R1 in
combination with complement activation deficient IgM could explain the
need for classical pathway activation in the generation of a normal antibody
response against SRBC.
Last to consider was activation of C1q by the antigen itself. However,
when SRBC were incubated with fresh mouse plasma only, there was no
deposition of C3 (Paper I, Figure 3). With increasing concentration of plasma (90% plasma and 10% SRBC) some C3 were detected but the same pattern was seen with plasma from C1qA-/- mice (unpublished data). In addition, C1qA-/- mice were immunized with SRBC incubated with WT-plasma,
but that did not restore the antibody response (unpublished data). Thus, the
C3 detected on SRBC was probably due to MBL or alternative pathway activation. Further, the SRBC used in these experiments were fresh and nonapoptotic cells. Although the erythrocytes lack nucleus and mitochondria it
has been reported that erythrocytes from humans (184) and rats (185) are
able to undergo apoptosis. Hence, there is still a possibility that apoptosis of
SRBC would trigger C1q activation. Other explanations could be that the
other C1q activators would compensate for the ones tested.
In summary, to generate an antibody response against SRBC, C1q is indeed required, but the activator of C1q remains unknown. The initial hypothesis was based on the assumption that the importance of natural IgM to
generate an antibody response (59) would depend on its ability to activate
complement. However, herein complement-activation of natural IgM, as
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well as SIGN-R1, CRP and SAP were tested and deficiency of any one of
these molecules did not have nearly as major impact on antibody responses
as deficiency of C1q, C2, C4, C3 or CR1/2. Possibly, the importance of natural IgM in other studies could be transmitted through binding to the FcµR,
facilitating antigen capture by MZ B-cells and transportation into splenic
follicles.

Paper II
Complement activating IgM enhances the humoral but not the T-cell
immune response in mice
IgMC 13 are unable to enhance antibody response, GC-formation and to
induce C3 deposition in vivo but bind the FcµR
IgM from the hybridoma cell line (178), that laid the ground for the generation of Cµ13 mice, failed to enhance antibody responses (163). In paper I it
was clearly shown that IgM produced from this mutant mouse strain, Cµ13,
could not activate complement and should thus be unable to feedback enhance the antibody response. However the antibody response against SRBC
and KLH turned out to be fairly normal. These inconsistent results prompted
the investigation of whether antigen specific IgM from Cµ13 mice could
enhance antibody responses although it could not activate complement.
Maybe other posttranslational properties were added to the IgM in vivo that
somehow would make the IgM able to enhance antibody reponses although
it could not activate complement? It was recently shown that the FcµR was
important for an efficient antibody response, especially when the amount of
antigen was limited (64, 65).
IgM from BALB/c and Cµ13 mice immunized 5 days before with SRBC
were purified. As expected, IgMBALB/c enhanced antibody responses as well
as the GC response whereas IgMC 13 failed to achieve this. In addition,
IgMBALB/c but not IgMC 13, induced C3 deposition on SRBC in peripheral
blood 1 min post immunization whereas IgM from both strains bound equally well to the FcµR.
µ

µ

µ

IgMBALB/c do not enhance CD4+ T-cells
During this work, the question was raised whether IgM could also enhance
T-cell responses. This could in turn provide the FO B-cells with more help
from TFH cells. Therefore BALB/c mice were adoptively transferred with
splenocytes from DO11.10 mice. The next day they were immunized with
SRBC-OVA alone or together with SRBC-specific IgMBALB/c. On day three
post immunization splenocytes were analyzed with flow cytometry regarding
OVA specific CD4+ T-cell proliferation and activation. Although SRBCspecific IgM enhanced the antibody responses to both SRBC and OVA, nei37

ther proliferation nor activation of antigen specific CD4+ T-cells were enhanced compared to mice given SRBC-OVA alone.
Discussion
In conclusion, specific IgMBALB/c enhanced the antibody response although
no enhancement of CD4+ T-cells was seen. C3 was rapidly deposited onto
SRBC in blood when mice were immunized with SRBC together with specific IgMBALB/c but no C3 deposition was seen when specific IgMC 13 was
used. However, both IgMBALB/c and IgMC 13 bound equally well to the FcµR.
These results suggest that complement-activation and not binding to FcµR is
required for enhancement of antibody responses by passively administered
specific IgM. This confirms previous work (28, 163) and may give clues to
the involvement of CR1/2 (165) in IgM mediated enhancement. Since C3
fragments are ligands for CR1/2 and the deposition of C3 on the antigen is
very rapid, the enhancement of antibody responses could be due to efficient
antigen transport into the follicles via CR1/2 on MZ B-cells (28, 29) and
subsequent deposition onto CR1/2 on FDCs. Presence of antigen on FDCs
are important for GC development and B-cell activation (reviewed in (186)).
FDCs are able to retain antigens on their surface for longer periods of time
(7) and thereby increase the likelihood for antigen-specific B-cells to recognize the antigens and become activated. If increased amount of antigens are
being delivered to the FDCs this sequence of events is even more likely to
lead to enhanced GC reactions and antibody responses. Thus as these data
suggest, when IgMC 13 is used, a smaller fraction of the antigens will be able
to bind CR1/2 on MZ B-cells and FDC leading to reduced capacity to enhance GC reactions and antibody responses. Indeed it has been shown that
specific IgM administered together with either bovine serum albumin (BSA)
or virus-like particles resulted in increased antigen deposition in splenic follicles (27, 29) although antibody responses were not studied in parallel. It
would thus be satisfying to show that SRBC-specific IgM, administered
together with SRBC, also led to increased antigen localization in splenic
follicles. However, we have tried many methods to visualize SRBC in follicles (labeling with biotin, CFSE, PKH26, Alexa Flour 647 or staining sections with hyper-immune rabbit IgG anti-SRBC) at time points ranging from
10 min to 24 h post immunization. However, all methods failed to detect any
SRBC/KLH inside the follicles (data not shown). It is likely that the antigens
are rapidly degraded and thereby impossible to visualize or that they are
quickly internalized by FDC (9).
µ

µ

µ
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Paper III
Endogenous feedback-regulation by complement-activating IgM
C1q is crucial for IgM-mediated enhancement
The phenotype (i.e. “lack of phenotype”) seen in Cµ13 remained puzzling
since specific IgM, also from these mice (Paper II), needed to activate complement in order to enhance antibody response. Moreover, it could not be
explained by binding to the FcµR, since both WT and Cµ13 IgM bound
equally well. However, the recent finding that IgM are able to activate the
lectin pathway through binding of ficolin H in human sera (187) opened up
for another explanation for the fairly normal antibody responses seen in
Cµ13 mice. The lectin pathway could perhaps rescue complement activation
by Cµ13 IgM in vivo. Another possibility could be that IgM-mediated
enhancement can only be induced in experimental systems. First, IgM
mediated enhancement was tested in C1qA-/- and C57BL/6 mice but since no
enhancement was detected (with two different SRBC-doses) in C1qA-/- mice
it seemed unlikly that the lectin pathway was invoved.
Endogenous feedback-regulation
In the previous study (Paper I), Cµ13 mice were primed with one dose, and
then boosted day 21 post immunization when the amount of IgG (known to
suppress the antibody response to SRBC) was high. The SRBC
immunization protocol was therefore changed to mimic an infectious
scenario. When Cµ13 and WT received a very low priming dose and a
booster already 3 days later, there were no difference in the GC response day
6 post immunization, but the WT had a higer IgG response and GC response
day 10 postimmunization as compared to Cµ13. When the protocol was
applied only in WT, with a WT control group receiving the same amount of
SRBC but as a single injection, the IgG response and GC response day 6
post immunization was lower in that group as compared to the group
receiving a very low priming dose followed by a low booster dose.
In conclusion, IgM-mediated enhancement is dependent on classical
pathway activation and in order for endogenous IgM to enhance, IgM needs
to activate complement.
MZ B-cells are found in the B-cell follicle in Cµ13 mice
To fully understand the different kinds of antibody responses in Cµ13 mice,
it was also needed to further characterize this mouse strain. In Paper I it was
shown that Cµ13 hade more MZ B-cells then did BALB/c. When the spleens
were studied with confocal microscopy, a pronounced difference in the distribution of CD1d+ (MZ B-cells) could be seen, with a high proportion of the
CD1d+ cells inside the follicle in Cµ13 mice.
These observations suggest that the differention and/or migration and/or
retention of MZ B-cells is perturbed in Cµ13 mice. The increased amount of
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MZ B-cells may also somehow compensate for the loss of complementactivating IgM. MZ B-cells continuously shuttle between the MZ and the Bcell follicle depending on chemokine signalling (sphingosine 1-phospate
(S1P) and its receptor S1PR1), and as much as 20% of the MZ B-cells
relocate from the MZ to the follicle every hour (19, 26). When the MZ Bcells have the opportunity to capture an Ag in the MZ, this Ag may be
delivered to FDCs in the follicle as has been directly shown for IgM-Ag and
IgG3-Ag complexes (19, 28, 29, 158). The S1PR1 can be blocked by using a
drug called FTY720 (Fingolimod) whereby e.g. MZ B-cells are displaced
from the MZ into the follicle (1). When the treatment is only given once, the
MZ B-cells return to the MZ after 24 h. When Cµ13 mice were immunized
during the MZ B-cell absence their antibody response was impaired compared to in mice where no treatment was given (unpublished data), suggesting that the MZ B-cells in Cµ13 are very important to yield an antibody response.
Deposition of immune-complexes in kidneys
To further characterize the Cµ13 mouse strain, kidneys of old and young
mice were screened for C4-containing IC. This was investigated since natural IgM together with C1q are important in the clearance of apoptotic cells
(77) and deficiency of C1q strongly predisposes for development of SLE
(reviewed in (78)). SLE is an autoimmune disease characterized by numerous manifestations. One clinically important sign is the presence of autoantibodies and complement in glomeruli, which may cause glomerulonephritis.
In kidneys of both WT and Cµ13 one-year-old female mice there was a surprisingly high amount of C4+ glomeruli. However there were no significant
difference in the amount of C4+ glomeruli / mm2 between the two mouse
strains.

Paper IV
Complement receptors 1 and 2 in murine antibody responses to IgMcomplexed and uncomplexed sheep erythrocytes.
Expression of CR1/2 on FDC is important for antibody response against
SRBC
Cr2-/- mice were used as a negative control throughout Paper I, since it is
well documented that these mice have severely impaired antibody responses
(reviewed in (97)). The connection between CR1/2 and classical pathway
activation were thought to be generation of ligands for CR1/2. However the
molecular mechanisms behind the involvement of CR1/2 in the generation of
an antibody response remains unclear. Some studies indicate that B-cells
need to express CR1/2 (130, 132) whereas other studies indicate that FDC
need to express CR1/2 for a normal antibody response to occur (133, 188).
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Consequently, it seems plausible that the expression on both cell types might
be important to generate an antibody response. Chimeric mice, between
BALB/c and Cr2-/- (Table 5) was therefore constructed to investigate which
cell type that needed to express CR1/2 to generate a normal antibody response against SRBC.
Table 5. CR1/2 expression in the different chimeras
Chimera	
  
BM	
  à 	
  recipient	
  

B-cell	
  
CR1/2	
  

FDC	
  
CR1/2	
  

BALB/c	
  àBALB/c	
  
Cr2-/-	
  à	
  BALB/c	
  

+	
  
-‐	
  

+	
  
+	
  

BALB/c	
  àCr2-‐/-‐	
  
Cr2-/-àCr2-‐/-‐	
  

+	
  
-‐	
  

-‐	
  
-‐	
  

BALB/c	
  à	
  CB17	
  

+	
  

+	
  

Cr2-/-	
  àCB17	
  
CB17	
  +	
  Cr2-‐/-‐à	
  CB17	
  

-‐	
  
+	
  /	
  -‐	
  

+	
  
+	
  

CB17	
  +	
  Cr2-/-	
  àCr2-‐/-‐	
  

+	
  /	
  -‐	
  

-‐	
  

When CR1/2 were expressed on FDC, both WT and Cr2-/- B-cells were able
to generate equally high antibody responses (Paper IV Figure 1). In contrast,
mice lacking CR1/2 on FDC (BALB/c àCr2-/- and Cr2-/-àCr2-/-) produced
equally low titers of IgG anti SRBC, unless a high antigen dose was used.
Then it was favorable to have CR1/2 on the B-cells (Paper IV Figure 1C). To
exclude the risk of having recipient BM surviving the radiation in WT mice
receiving Cr2-/- BM, and thereby be the generator of the antibody response,
chimeras were constructed with CB17 as WT recipients of BALB/c or Cr2-/BM (Table 5). The B-cells in CB17 mice produce antibodies of Igb allotype
whereas BALB/c and Cr2-/- produce antibodies of Iga allotype. The mice
were immunized with SRBC and the IgG response showed no involvement
of recipient (“original”) Ig allotype (Paper IV, Figure 2). Thus, to generate a
normal antibody response against SRBC, FDC needed to express CR1/2
whereas the CR1/2 expression on B-cells was less important. These results
were somewhat surprising since two of the hypotheses mentioned above
suggested that the CR1/2 involvement in antibody responses were due to
CR1/2-expression on B-cells.
CR1/2- B-cells are equally good producers of IgG anti-SRBC as CR1/2+ Bcells
To be certain that CR1/2-expression on B-cells was irrelevant in the generation of antibody response against SRBC as long as the receptors are expressed on FDC, chimeras were constructed with BM from both CB17 and
Cr2-/- given to either CB17 or Cr2-/- (Table 5). This construction would enable B-cells with and without CR1/2 to operate in the same animal, minimiz41

ing the risk of environmental influence. Concomitantly, when competing for
the same antigens, would the expression of CR1/2 on B-cells be advantageous for B-cell activation? However, it was again found that FDC needed to
express CR1/2 and that CR1/2- B-cells are equally good producers of specific
IgG anti-SRBC as WT B-cells (Paper IV, Figure 3). Thus, it seems that the
classical pathway of the complement system is important to generate ligands
for CR1/2 on the antigens so they could be trapped on CR1/2+ FDC in the
follicle. These results also indicate that co-ligation with CR2/CD19/CD81
would not be of importance to generate a normal antibody response against
SRBC. Further, it has been suggested that CR1/2 expression on B-cells
would be involved in transport of antigen-complement complex into the
follicle (29). This hypothesis, however, appears not to reflect what happens
with this experimental setup. The FDCs in WT mice reconstituted with Cr2-/BM must somehow be provided with antigen-complement complexes on
their CR1/2+ FDC. Although, CR1/2 on B-cells does not seem to be involved
in the antigen transport into the follicles, the antigens eventually end up in
the follicle to enable B-cells to undergo affinity maturation and class switch
recombination. It has been described by Cinamon et al. (1) that MZ B-cells
shuttle back and forth from the MZ to splenic follicles and that the shuttling
in itself was not dependent on CR1/2. However the amount of activated C4
was higher on MZ B-cells in mice lacking the shuttling function. Together
with the finding that CR1/2 expression on B-cells was not needed (Paper IV
Figures 1-3) for the antibody response, this could imply that complementcoated antigens are off-loaded on CR1/2 on FDC by MZ B-cells, but that the
binding of antigen to MZ B-cells could also take place via some other receptor, e.g. the FcµR (61, 189). Another, maybe controversial but rather
straightforward hypothesis, can be based on the fact that nature in general
develops systems that consume the least energy and that FDCs are localized
close to the MZ. Possibly the FDC’s dendrites are able to surpass the follicle
/ MZ boarder and capture complement opsonized antigens directly on their
CR1/2 in the MZ.
CR1/2 expression on both FDCs and B-cells is important for IgM-mediated
enhancement
Surprisingly, CR1/2 expression on B-cells did not seem to be important for
responses to SRBC alone. As mentioned above, the antibody response to
antigen alone as well as the enhanced antibody responses detected after immunizations with IgM-IC are both dependent on the complement system (28,
163) (165). IgM-IC are transported on MZ B-cells and are deposited on FDC
16-18 h post immunization and this is dependent on IgM being able to activate complement (29). It was therefore reasoned that CR1/2 expression on
B-cells would be crucial for the enhanced response to IgM-IC. The questions
were through which mechanisms this took place. Would the IgM mediated
enhancement of the antibody response be due to more efficient delivery of
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IgM-IC complexes to FDC via CR1/2 on MZ B-cells than the CR1/2 indifferent transport of antigen alone? Or, alternatively, would the threshold for
B-cell activation be lowered through crosslinking of CR2/CD19/CD81 with
BCR? Or could both scenarios be involved?
To address these questions, chimeras were constructed between BALB/c
and Cr2-/- (Table 5) and the mice were immunized with two different doses
of SRBC alone or together with IgM anti-SRBC. As expected, enhanced
antibody responses were detected with both SRBC doses in WT to WT chimeras, whereas the antibody responses were impaired in the Cr2-/- to Cr2-/chimeras (Paper IV, Figure 4). The lower SRBC dose given to Cr2-/- to WT
chimeras, resulted in a tendency towards IgM mediated enhancement but in
WT to Cr2-/- chimeras, the response with and without IgM was as low as in
Cr2-/- to Cr2-/- chimeras (Paper IV, Figure 4B-D). Thus, using a low dose of
SRBC, FDCs were needed to express CR1/2 for an antibody response to be
detected, but for IgM to enhance the response, both B-cells and FDC had to
express the receptors. Further, when the mice were immunized with the
higher SRBC dose, IgM could enhance antibody responses both in Cr2-/- to
WT and WT to Cr2-/- chimeras. The enhancement however was not as high
(day 7 and 14 post immunization) as in the WT to WT chimeras (Paper IV,
Figure 4E-H). Thus, with the higher dose of SRBC in complex with IgM,
CR1/2+ B-cells were able to produce antibodies without involvement of
CR1/2 on FDC.
In conclusion, CR1/2 expression on FDC was more important to generate
a sustainable, enhanced response whereas CR1/2 on both cell types resulted
in a more rapid enhancement of the antibody response.

43

Concluding remarks and future perspectives

This work has contributed to the knowledge of factors important during initiation of antibody responses. We have concluded that (Figure 6 and 7):
•

•
•
•

•
•

•
•
•
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the classical pathway of the complement system is important in
generation of normal antibody responses (against SRBC and
KLH), as well as in IgM-mediated feedback enhancement.
natural IgM, SIGN-R1, SAP or CRP seem not be the classical
pathway activators important for normal antibody responses.
specific IgMC 13 produced in vivo cannot enhance antibody responses, but bind the FcµR equally well as IgMBALB/c
complement activation and deposition of complement factors on
IgM-IC occurs in the peripheral blood, only seconds after immunization.
IgM mediated enhancement does not enhance the T-cell response.
Specific IgM produced early in an immune response have endogenous enhancing effects on the GC-reaction and antibody response.
antigen retention on CR1/2+ FDC is crucial for normal antibody
responses as well as for IgM-mediated enhancement.
early IgG-responses probably made by short lived plasma cells,
seem to be dependent on CR1/2 expression on the B-cell.
CR1/2 expression on B-cells does not seem to be crucial for normal antibody responses or IgM-mediated enhancement. However,
for an optimal IgM-mediated enhancement, B-cells need to express the receptors.
µ

Figure 6. The role of complement in antibody responses (post thesis). Mice lacking
C1q, C4, C2, C3, CR1/2 (red, bold) have impaired antibody responses, whereas
antibody responses in animals lacking complement-activating IgM, SAP, CRP,
SIGN-R1, MBL, factor B or C5 are fairly normal (green, bold). Adapted from (111).
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Figure 7. Schematic drawing of the involvement of complement in antibody responses to antigen alone (A) and IgM-ICs (B). (A) The antigen is trapped in the MZ
and C1q is activated by an unknown factor, which leads to complement deposition
on the antigen (1). A specific B-cell may bind the antigen-complement complex via
the BCR and CR1/2 and thereby co-crosslink the BCR with the CR2/CD19/TAPA-1
coreceptor complex, lowering threshold for B-cell activation (2´). The antigencomplement complex can be transported from the MZ to the follicle via CR1/2+ MZ
B-cells (2´´) but also via some other unknown route (2´´´) and offloaded onto
CR1/2+ FDC (3). (B) The antigen is trapped in the MZ and C1q is activated by antigen specific IgM, which leads to complement deposition on the antigen (1). A specific B-cell may bind the antibody-antigen-complement complex via the BCR and
CR1/2 and thereby co-crosslink the BCR with the CR2/CD19/TAPA-1 coreceptor
complex, lowering threshold for B-cell activation (2´). The antigen-complement
complex can be transported from the MZ to the follicle via CR1/2+ MZ B-cells (2´´)
but also via some other unknown route (2´´´) and offloaded onto CR1/2+ FDC (3).
Adapted from (115).
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As often in research, when one question is answered, several others arise.
The list can be made long but below is a selection
•
•
•
•
•
•
•
•

•
•
•
•

What activates C1q when SRBC and KLH are used as antigens?
Is it C1q and C1qR that are important in generation of normal antibody responses?
Do the other C1q-activators add up for the one absent?
Where does the SRBC end up?
When CR1/2 on B-cells are absent, what cell / receptor transport
the IC or SRBC alone into the follicles?
Which role do the MZ B-cells in Cµ13 mice have?
Why is the ability of IgM to activate complement important in MZ
B-cell homeostasis?
Would Cµ13 mice have an enhanced IgM-mediated enhancement
of the antibody response, as a consequence of having more MZ Bcells?
What would happen in Cµ13 after immunization with “real” pathogens, e.g. influenza or malaria parasites?
Is physiological IgM-mediated enhancement important when it
comes to replicating pathogens?
Does the FcµR play a role in IgM-mediated enhancement?
Are Cµ13-mice more susceptible for experimental autoimmune
diseases (e.g. collagen induced arthritis or experimental autoimmune encephalomyelitis)?
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