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Abbreviations

Ab Antibody 
Ag Antigen 
B cell B lymphocyte 
BCR B cell receptor 
BSA Bovine serum albumin 
BM Bone marrow 
CFA Complete Freund’s adjuvant 
DC Dendritic cell 
EBV-transformed Epstein-Barr virus-transformed  
ELISA Enzyme-linked immunosorbent assay 
FcR Fc receptor 
FcR  Common -chain
FDC Follicular dendritic cell 
FOB cell Follicular B cell 
HEL Hen egg lysozyme 
Ig Immunoglobulin 
IL Interleukin 
ITAM Immunoreceptor tyrosine-based activation motif 
ITIM Immunoreceptor tyrosine-based inhibition motif 
i.v. Intravenous 
KLH Keyhole limpet hemocyanin 
LPS Lipopolysaccharide 
mAb Monoclonal antibody 
MHC Major histocompatibility complex 
MZB cell Marginal zone B cell 
OVA Ovalbumin 
T1 or T2 B cell Transitional stage (1 or 2) B cell 
T cell T lymphocyte 
TCR T cell receptor 
Th cell T helper cell 
TNP 2,4,6-Trinitrophenyl 
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Introduction

Our immune system is an impressive piece of biological machinery using 
specialized cells and soluble mediators to protect us from foreign substances 
such as bacteria, viruses and cancer cells. The immune system is historically 
divided into two parts, the innate and the adaptive immune systems. Al-
though working together for effective protection these two systems differ 
from each other in many respects. The innate immune response has compo-
nents recognizing characteristic features that are common within groups of 
microbes and cannot distinguish the fine differences between foreign sub-
stances. The principal components of innate immunity are physical and 
chemical barriers, phagocytic cells, blood proteins and cytokines which all 
react to repeated infections in essentially the same way in which they first 
responded. The defining characteristics of adaptive or specific immunity are 
exquisite specificity and the ability to remember and respond more vigor-
ously to repeated exposures to the same pathogen. The key components of 
the adaptive system are B- and T lymphocytes, which can differentiate to 
effector or memory cells after stimulation by foreign molecules known as 
antigens (Ags).

B cells produce antibodies (Abs), also known as immunoglobulins (Igs), as 
soluble proteins or as receptors (BCR) bound to the B cell surface. Abs are 
glycoproteins composed of two identical heavy chains and two light chains. 
The N-terminal variable regions of the heavy and light chains form the Ag-
binding site, whereas the C-terminal constant regions of the heavy chains 
interact with other molecules of the immune system. There are eight differ-
ent constant regions, which determine the isotype of the Ab. Known murine 
Ab isotypes are IgA, IgD, IgE, IgG1, IgG2a, IgG2b, IgG3 and IgM. Abs can 
be found as monomers or, alternatively, as dimers (IgA) and pentamers 
(IgM) in which they are coupled to each other by a joining-chain. Abs can 
neutralize Ags either through activation via the classical pathway of the 
complement system (Ab-mediated activation) or by Fc receptors (FcRs). 
FcRs do not recognize the Ag but only bind the Fc portion of the Ab. 

Abs have the ability to regulate their own production in a process called 
antibody feedback regulation. The outcome of feedback regulation can be an 
almost completely suppressed Ab response or greatly enhanced Ab re-
sponses against the Ag for which the regulating Ab is specific. The focus of 
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this thesis is on early mechanisms underlying the ability of IgE and IgG3 to 
feedback enhance Ab responses in vivo.
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The lymphoid Organs 

The lymphoid organs are divided into primary and secondary lymphoid or-
gans. The two primary lymphoid organs in most mammals are bone marrow 
(BM) and the thymus. The majority of immune cells develop in the primary 
lymphoid organs and then migrate to the secondary lymphoid organs such as 
the spleen and lymph nodes, to differentiate into mature lymphocytes.  

Primary lymphoid organs 
New immune cells, originating from pluripotent hematopoetic stem cells (1, 
2), are constantly produced in the BM. Pluripotent hematopoetic stem cells 
give rise to the myeloid and lymphoid cell lineages. The cells that are impor-
tant for the innate immune system, such as monocytes, macrophages and 
neutrophils are derived from the common myeloid progenitors whereas the 
lymphocytes originate from a common lymphoid progenitor  (3). Differenti-
ated cells enter the circulation by the blood or the lymph. 

T- and B cell development 
Once committed to the T- or B cell linage, these lymphocytes go through a 
number of developmental stages which are defined by the cell surface ex-
pression of numerous different receptors. Although both T- and B cells ex-
press different receptors and perform different functions in the immune sys-
tem, they share some developmental mechanisms. For instance, the BCR is 
rearranged in a similar manner to the T cell receptor (TCR). Both BCR and 
TCR originate from recombination of the variable (V), diversity (D) and 
Joining (J) segments at the pre-B1- and pre-T1 cell stages, respectively.  

T cells go through their developmental stages in the thymus. The first major 
developmental process is the selection of functional rearrangement of the 
TCR -chain (4) followed by the TCR -chain (5). Those T cells that pass 
this selection, having a functional TCR, develop into double positive 
CD4+CD8+ T cells. Before developing into mature T cells the double posi-
tive T cells go through positive and negative selection. In this selection proc-
ess, T cells are positively selected based on weak interactions between TCR 
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and self-MHC-presenting self peptides. In contrast, T cells that interact too 
strongly or that do not interact at all, will be negatively selected and undergo 
apoptosis (6). Mature T cells leave the thymus and migrate to the periphery 
where they circulate to the secondary lymphoid organs. 

B cells develop in the BM and are at the pro-B cell stage selected for func-
tional rearrangement of Ig heavy-chain. If successful, Ig heavy-chain of the 

 class is expressed in the cytoplasm and ultimately on the cell surface of 
pre-B cells, together with surrogate light chains, forming a pre-BCR. Signal-
ling via the pre-BCR promotes rearrangement and expression of the light-
chain gene which, together with the heavy chain, forms the BCR. To avoid a 
reaction against self Ags, a negative selection of B cells occurs in the BM, 
where apoptotic signals are generated in B cells that bind to self Ag. As a 
result of these selection processes only 10-20% of approximately 2x107

IgM+ immature, murine BM B cells produced daily survive (7).  

B cells with a functional BCR become independent of stromal factors pre-
sent in the BM, migrate into the central sinus, and leave via the bloodstream 
at transitional stage 1 (T1) stage. They are passively transported to the 
spleen, where in addition to IgM, they start expressing IgD and complement 
receptor 2 (CD21). Dependent on the expression levels of IgD and CD21, 
transitional B cells can be further subdivided into IgMbrightCD21negIgDneg T1 
and IgMbrightCD21brightIgDbright (T2) B cell populations. CD23 expression is 
developmentally regulated and can therefore be used to distinguish T1 B 
cells (CD23-) from T2 B cells and mature B cells (CD23+) (8). An adequate 
BCR signal is needed for the development of T1 into T2 and further into 
mature recirculating (IgMdullCD21posIgDbright) B cells (9). T1 B cells are 
found in the outer T cell zone while T2 B cells and mature B cells are found 
in the primary follicles. In contrast to mature B cells, which continuously 
recirculate in all lymphoid tissues, T2 B cells are confined to the splenic 
follicles. Differentiation has been suggested to be dependent on the ability of 
these cells to migrate into specialized lymphoid areas (10).   

Secondary lymphoid organs 
Secondary lymphoid organs are strategically positioned to sample Ags that 
enter through body surfaces; the spleen captures Ag from the blood, lymph 
nodes filter lymph draining from the skin or mucosal surfaces and Peyer’s 
patches obtain Ag by transepithelial transport from the intestinal lumen. The 
majority of naïve lymphocytes reside in the blood and in secondary lym-
phoid organs (11). Although each lymphoid tissue has its own unique archi-
tecture, the segregation of T- and B lymphocytes into distinct areas is a fea-
ture generally shared by the secondary lymphoid organs (12, 13). Apart from 
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T cells, the T-cell zone contains small numbers of B cells and substantial 
numbers of dendritic cells (DCs) whereas the B-cell zone contains follicular 
B cells (FOB) and follicular dendritic cells (FDCs).  

The spleen is the largest secondary lymphoid organ in mammals, containing 
up to 25% of the body’s mature lymphocytes. It is separated into two major 
components, the red and the white pulp. The red pulp filters aged or dam-
aged erythrocytes to remove them from the circulation. It contains stromal 
cells and a large population of macrophages. Resident in the red pulp are 
also plasma cells and their extra-follicular Ab production leads to rapid re-
lease of Abs into the bloodstream (14).  

The arteries of the spleen resemble the structure of a tree, the main artery 
entering the spleen and then branching out into trabecular arteries and then 
into central arterioles that penetrate the white nodules (12) (Fig 1).  

The white pulp is structurally organized in layers, containing two distinct 
lymphoid cell compartments surrounded by the marginal zone. The inner 
compartment of the white pulp, where the central arteriole enters, is the T-
cell zone. DCs within the T-cell zone are commonly thought to be the only 
antigen presenting cells (APC) capable of the initial activation of naïve T-
cells (15). 

Figure 1. The architecture of the white pulp in the spleen. The T cell zone is situated 
around the central arteriole. Bordering the T-cell zone are the FOB cells. Separating 
these cells from the MZB cells are the metallophilic macrophages. The white pulp is 
surrounded by the red pulp. The tissue was stained with CD3 mAb (blue), CD21 
mAb (red), and MOMA-1 mAb (green).   

Red pulp 

T-cell zone 

Central arteriole 

MZB cells 

FOB cells 

Metallophilic
macrophages
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The B cell zone surrounds the PALS and contains mostly FOB cells and 
FDCs.  Primary follicles within the B-cell zone support the formation of 
germinal centers (GCs) following immunization with T cell-dependent Ags. 
An important component of the primary follicles are FDCs which can focus 
Ab/Ag complexes by either Fc receptors or complement receptors 
(CD35/CD21), thereby aiding in the development of isotype- switched and 
memory B cells (16-19). 

The central arteriole also forms a marginal sinus that flows through the mar-
ginal zone, which in turn forms the border between the red and white pulp.  
The marginal sinus is lined with a mucosal addressin cell adhesion molecule 
1 (MADCAM-1)-expressing endothelium (20). The marginal sinus endothe-
lium is associated with metallophilic macrophages, which have been sug-
gested to regulate the entry of Ag into the white pulp (21). Marginal zone B 
cells (MZB), marginal zone macrophages and DCs (Fig 1) are also resident 
in the marginal zone (22, 23).  

MZB cells express higher amounts of CD21 and lower amounts of CD23 
than FOB cells and their unique localization permits them to respond rapidly 
to bloodborne pathogens (24). The MZB cells have been suggested to play a 
major role in Ab responses against T-independent Ags (25-28). Both MZB 
cells and FOB cells specific for Ag were found to migrate towards the T-cell 
zone after immunization with a protein Ag but only the MZB cells induced 
naïve T cells to proliferate and to produce cytokines in vivo and in vitro (29). 
These results suggest that MZB cells play an important role in T-dependent 
responses as well. 



17

The antibody response 

The key players of an efficient Ab response are B cells, T cells, FDCs and 
APCs such as macrophages and DCs. An Ag-specific B cell binding its spe-
cific Ag receives an initial activating signal. This signal is enough for a B 
cell encountering T-independent Ags, such as lipopolysaccarides (LPS), to 
start proliferating and differentiating into an Ab forming cell. For T-
dependent Ags, such as proteins, Ag-specific B cells require help provided 
by CD4+ T helper cells which recognize Ag in the form of peptides pre-
sented on MHC class II molecules on APCs. Ag-specific CD4+ T cells will 
be activated upon this interaction with MHC/peptide complexes and addi-
tional co-stimulatory molecules present on the APC. B cells can take up Ag 
via their BCR, and process and present peptides on MHC class II molecules, 
but are generally not thought to be capable of directly activating naïve T 
cells (15). If this is true, a B cell that presents Ag must meet an activated 
CD4+ T cell that has been activated by an APC, in order to receive the addi-
tional signals required for B cell proliferation and differentiation. B cells 
initially produce IgM, but under the influence of cytokines released by T 
helper cells they class switch to produce other isotypes. Activated CD4+ T 
helper cells can differentiate into TH1 or TH2 cells. TH1 cells secrete IFN-
which induces B cells to switch to the IgG2a subclass, whereas the TH2 cells 
secrete IL-4, which induces B cells to switch to IgE and IgG1 subclasses. 

The majority of bloodborne Ags enter the white pulp through the marginal 
sinus in the spleen either as free Ag or associated with APCs (30). B cells 
are thought to first encounter Ag presented by macrophages in the marginal 
zone or by stromal cells at the border between the B- and T-cell zones. Once 
the BCR has bound the Ag to which it is specific, the B cell receives initial 
signals leading to up-regulation of CCR7 while keeping CXCR5 expression 
unchanged (31-33). This shift in chemokine receptor expression causes the B 
cells to migrate towards the B- T cell boundary where they present the proc-
essed Ag on MHC class II molecules to CD4+ T helper cells previously acti-
vated by an APC. Ag-specific B cells have been shown to move from ran-
dom positions in the B-cell zone towards the T cell boundary within 6-8 
hours of Ag exposure (29, 32). An Ag-specific interaction between B- and T 
cells generally lasts between 10 and 60 minutes, whereas a non-Ag-specific 
interaction lasts less than 10 minutes (33).
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DCs are potent activators of T cells, present in the T-cell zone and marginal 
zone which are strategic sites of Ag entry. Immature DCs that become acti-
vated by Ag, up-regulate their expression of CCR7, leading to rapid migra-
tion to the T-cell zone, where they can present Ag to T cells (34). Activated 
CD4+ T cells down-regulate CCR7 and up-regulate CXCR5, causing them to 
migrate towards the T- B cell boundary to give help to Ag presenting B cells 
(35).

The expanded B- and T cell populations migrate into the primary follicle to 
form GCs. One of the most important cells within GCs are FDCs, which 
retain the Ag on their surface via either Fc receptors or complement recep-
tors. B cells within the GCs go through affinity maturation (selection of the 
strongest binding clones) by constantly being exposed to Ags trapped on 
FDCs. The B cells with the highest affinity for the Ag can differentiate into 
memory B cells or plasma cells. Memory B- and T cells stay inactive until 
the next Ag encounter, when they will be able to mount a vigorous response 
of high affinity Abs. Plasma cells down-regulate CCR7 and CXCR5 and up-
regulate CXCR4 and home to the spleen or BM, the sites of Ab production, 
(35-37).  



19

Fc receptors 

Fc receptors for IgG 
There are five murine Fc receptors for IgG: the neonatal FcR (FcRn), Fc RI
(CD64), Fc RIIB (CD32), Fc RIII (CD16) and the recently discovered 
Fc RIV (38). Fc RI, Fc RIII and Fc RIV are all activating receptors that 
require the common gamma chain (FcR ) for functional expression and for 
conferring an activating signal upon crosslinking by Ag-bound IgG. FcR
contains an immunoreceptor tyrosine-based activation motif (ITAM), which 
becomes phosphorylated upon receptor crosslinking, initiating an activating 
signaling cascade (39). The high affinity receptor, Fc RI, is capable of bind-
ing monomeric IgG2a (40) and IgG1-, IgG2a-, IgG2b-Ag complexes (41) 
and is the only FcR suggested to bind IgG3 (42). It is expressed on macro-
phages, monocytes and DCs (41, 43). Fc RIII is of low affinity and binds 
mostly to IgG1/Ag, although it can also bind IgG2a- and IgG2b-Ag com-
plexes, albeit with lower affinity. It is expressed on macrophages, mast cells, 
DCs and natural killer cells (41). Fc RIV is of intermediate affinity, binding 
monomeric and Ag complexes of IgG2a, and IgG2b. It is expressed on 
monocytes, macrophages, DCs, and neutrophils (38). 

The importance of activating Fc Rs in mediating IgG effector function was 
confirmed in FcR -/- mice, lacking all three activating Fc Rs. FcR -/- mice 
are unable to facilitate IgG-mediated effector functions such as phagocytosis 
or antibody-dependent cell-mediated cytotoxicity (ADCC) (44) and are pro-
tected against IgG-dependent inflammatory diseases (45-49).  

Fc RIIB is an inhibitory receptor with an immunoreceptor tyrosine-based 
inhibitory motif (ITIM) in its cytoplasmic tail. Co-crosslinking of Fc RIIB
with ITAM-bearing receptors, such as activating Fc receptors and the BCR, 
results in an inhibition of cellular activation by the ITAM-bearing receptor 
(50).  More specifically, Fc RIIB has been reported to negatively regulate 
activation of B cells (51-54), mast cells (50, 55) as wells as Ag-presentation 
(56, 57) and phagocytosis (58). Mice lacking Fc RIIB display many immune 
defects such as augmented Ab responses, autoimmunity, both induced (48, 
59-61) and spontaneous (62, 63), and enhanced IgG-mediated inflammation 
(47, 64-66). 
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CD23, the low affinity receptor for IgE 
There are two types of Fc receptors for IgE: Fc RI is the high affinity recep-
tor and Fc RII (CD23) is the low affinity receptor. Fc RI is commonly 
known for its involvement in allergic disease, where crosslinking of the re-
ceptors by IgE/Ag complexes induces degranulation of mast cells and baso-
phils, leading to inflammation (67). 

Whereas all other FcRs are members of the super-Ig family, CD23 is a type-
II integral membrane protein with an extracellular C-terminal sequence ho-
mologous to C-type lectins (68). CD23 is expressed on cell surfaces as 
monomers and trimers, the latter having higher affinity for IgE than the 
monomers (4–10 x 107 M-1 compared to 4–10 x 106 M-1) (69). 

Human CD23 exists in two isoforms, CD23a and CD23b (70). CD23a is 
exclusively expressed on B cells whereas CD23b is found on B cells, T cells, 
eosinophils, mast cells, platelets, monocytes and Langerhan´s cells (70-73). 
The murine CD23a isoform is constitutively expressed on B cells (74) and 
FDCs (75)  whereas expression of CD23b has only been shown found on 
enterocytes in the gut (76). In addition, CD23b mRNA has been detected in 
murine B cells and non-B cells after stimulation with IL-4 and LPS (77). 
Under certain culture conditions, murine Langerhans´s cells have also been 
reported to express CD23 (78). Both murine and human membrane-bound 
CD23 can be cleaved at several sites within the stalk region by an unknown 
protease to produce soluble CD23. Murine soluble CD23, in contrast to the 
human form, cannot trimerize and has low affinity for IgE (73). 

Several roles for CD23 have been demonstrated in the regulation of immune 
responses. In vitro observations suggested that CD23 plays a role in Ag 
presentation. Murine splenic B cells incubated with IgE/Ag complexes in-
duced an equally efficient proliferation of Ag-specific T cells as Ag-specific 
B cells incubated with amounts of Ag similar to that present in the IgE com-
plex (79). This effect was dependent on CD23. Subsequent reports by others 
showed that Ag uptake via CD23 enhanced the ability of human Epstein-
Barr virus-transformed (EBV-transformed) B cells to present Ag to T cells 
(80-82). The latter findings were recently confirmed, using EBV-
transformed B cell lines together with IgE-containing serum and T cells from 
patients with atopic disease (83). These reports all show that CD23 mediates 
Ag presentation, as blocking of CD23 with Abs completely impaired the T 
cell responses (79-83). In human B cell lines, CD23 is non-covalently asso-
ciated with MHC class II molecules (84, 85). Upon IgE/Ag binding, these 
complexes are endocytosed and transported to compartments of the en-
dosomal network associated with MHC class II loading and recycled to the 
cell surface, suggesting a role for this association in Ag presentation (86).   
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Studies proposing a negative regulatory role of CD23 show that crosslinking 
and co-crosslinking of the BCR with CD23 prevents B cells from proliferat-
ing and differentiating (87, 88). Co-crosslinking has also been found to pro-
voke splenic B cells to go into apoptosis (89). 

Murine and human CD11b/CD18 and CD11c/CD18 serve as ligands for 
CD23 (71, 90). In both species, this interaction influences the release of cy-
tokines from macrophages (90). In addition, CD21 in humans is a ligand for 
CD23, influencing B cell activation (91).  Soluble CD23 can act as an 
autocrine growth factor on human B cells via CD21 (92), whereas in mice 
the function of soluble CD23 is unclear. 

Mice lacking CD23, due to gene targeting, are phenotypically similar to 
wildtype mice with respect to lymphocyte differentiation and Ab responses 
(93, 94). However, they were found to differ on two accounts; firstly, CD23-

/- mice show elevated total IgE levels, and elevated Ag-specific IgG1 and 
IgE levels after immunization with Ag in alum (94) and secondly, CD23-/-

mice cannot enhance Ab responses to IgE/Ag complexes (93), a phenome-
non discussed in detail later.  
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Feedback regulation 

Emil von Behring was the pioneer in discovery of feedback regulation. He 
discovered that passive administration of serum from an animal immunized 
with diphtheria bacilli (killed by a disinfectant) could cure another animal 
from diphtheria. His second discovery was the finding of positive feedback 
enhancement, showing that immunization with the solution of killed diphthe-
ria bacilli together with serum from a previously immunized animal resulted 
in an even more effective “antitoxin” production (95). For this remarkable 
finding and cure for diphtheria von Behring received the first Nobel price in 
medicine in 1901. 

Passively administered as well as actively produced Abs can cause complete 
suppression or a more than one thousand-fold enhancement of Ab responses 
to the Ag with which the Abs form immune complexes (96, 97). This proc-
ess is called antibody feedback regulation. The ability of IgG to suppress Ab 
responses to erythrocytes is probably the most well known form of feedback 
regulation (98-101). This function is used clinically, where pregnant women 
who lack the rhesus D antigen (RhD) on their erythrocytes receive a dose of 
IgG anti-RhD to prevent them from initiating a response against fetal RhD+

erythrocytes transferred via transplacental hemorrhage (102). The mecha-
nism underlying feedback suppression is not likely to be Fc receptor-
mediated as IgG suppresses Ab responses in mice lacking Fc receptors for 
IgG (Fc RI, II, III, IV, and FcRn). It was also shown that the Fc part of IgG 
was dispensable, suggesting that the mechanism is epitope masking (99). 

IgE and all subclasses of IgG enhance Ab responses to soluble protein Ags 
while IgM only enhances responses to large Ags such as erythrocytes, ma-
laria parasites and keyhole limplet hemocyanine (KLH). Enhancement of Ab 
responses is always Ag-specific but is not specific for a single epitope. Fac-
tors determining the outcome of feedback regulation are Ab class, Ab affin-
ity, administration route, dose and nature of the Ag (97).  

IgM-mediated enhancement 
IgM can enhance the Ab response to large Ags. It enhances the production of 
specific IgM (98, 103-105), IgE (106) and all subclasses of IgG (105, 107, 
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108) in primary responses and also enhances the induction of memory cells 
(108). The enhancing ability of IgM Abs is dependent on complement and is 
absent in mice depleted of complement factors by the use of cobra venom 
factor (109, 110) and in mice lacking complement receptor 1 (CD35) and 
CD21 (111). Localization studies showed that IgM/Ag complexes require 
complement factors and CD35/CD21 to be transported by MZB cells from 
the marginal zone into the B-cell zone onto FDCs (112, 113). Moreover, 
only pentameric, and not monomeric (non-complement-activating) IgM/Ag 
complexes were transported from the marginal zone into the B-cell zone 
(112, 113).  

The importance of naturally occurring IgM for Ab responses was predicted 
almost 40 years ago (114). However, this question was more recently ad-
dressed in studies on mice carrying a targeted deletion of secretory IgM and 
thus completely lacking serum IgM. Immunization with soluble NP-KLH 
resulted in an impaired IgG response. This defect could be rescued by trans-
fusion of IgM from normal mouse serum (115, 116). The connection be-
tween normal humoral immune responses and complement was illustrated 
when mice depleted of C3 by cobra venom factor were shown to have se-
verely diminished Ab responses (110). Further, mice with gene-targeted 
deletions in C3 (117) or C4 (118) have impaired Ab responses. In contrast, 
factor B-deficient mice (119) have normal Ab responses, suggesting an im-
portant role for the classical pathway in the regulation of Ab responses. To-
gether, these findings stress the importance of IgM in initiating Ab re-
sponses, and they may also explain why complement factors and 
CD35/CD21 are crucial in responses to Ag administered in the absence of 
passive IgM.

IgG-mediated enhancement 
Although all isotypes of IgG are able to suppress Ab responses to large par-
ticulate Ags, they can also enhance Ab responses to soluble protein Ags by 
up to one thousand-fold. The enhancement affects primary IgM (120) and 
IgG (121-123) responses. In addition, IgG/Ag complexes are potent inducers 
of immunological memory (124) and high affinity memory B cells (125). 

The enhancing capacity of IgG1, IgG2a and IgG2b is dependent on the pres-
ence of activating Fc Rs, as FcR -/- mice do not mount an enhanced Ab re-
sponse (123). In vitro studies on both human and murine Fc R+ APCs have 
shown that Ag presented in the presence of Ag-specific IgG can be effec-
tively presented at one hundredth of the concentration, or even lower, than 
when presented in the presence of the Ag alone. This has been demonstrated 
for murine BM-DCs (126-128), macrophages (129, 130), Langerhans cells 
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(131), and B cells (132, 133) as well as for human peripheral blood DCs 
(134, 135), monocytes (135), macrophages (129, 136), and B cells (137). 
Fc R-dependent Ag presentation in vivo has also been suggested. Studies on 
mice immunized with Ag-pulsed BM-DCs showed that these mice have an 
enhanced ex vivo T cell response (126). BM transfer experiments showed 
that FDCs do not have to express Fc receptors for efficient IgG-mediated 
enhancement to occur (124). Adoptive transfer of Ag-specific T cells which 
could be monitored in vivo showed that IgG2a-mediated enhancement of Ab 
responses is preceded by a FcR  chain-dependent proliferation of Ag-
specific T cells (138). Taken together, the data support the hypothesis that 
IgG2a-mediated enhancement, and possibly also enhancement by IgG1 and 
IgG2b as well, is driven by enhanced Fc-receptor-mediated Ag uptake and 
presentation by APCs to Ag-specific T helper cells, ultimately resulting in 
enhanced Ab responses.

Murine IgG3 was first described in 1971 (139) but it was not known whether 
it had the ability to enhance Ab responses until much later. Initially, IgG3 
was believed to act only via the alternative complement pathway. However, 
a later study showed that IgG3/erythrocyte complexes could activate the 
classical complement pathway (140). Murine IgG3 is the predominant IgG 
subclass in responses against bacterial polysaccharides (T cell-independent 
type 2 Ags) whereas it constitutes a very low fraction of IgG responses to T-
dependent protein Ags (141, 142). A similar situation is seen with human 
IgG2 which is considered to be the equivalent to murine IgG3 (143, 144). 
IgG3 has the unusual property of cooperative binding, meaning that once 
one IgG3 Ab has bound e.g. to a bacterial surface, it mediates the binding of 
another IgG3 molecule, most likely due to Fc-Fc interactions (145-147). 
IgG3 molecules are also able to self-associate and to form precipitates 
(cryoglobulins) at low temeperatures (148-150). Pathogenic cryoglobulins 
can be found in several autoimmune diseases (145, 151-154). Mice lacking 
IgG3 were found to be more susceptible to pneumococcal sepsis than wild-
type mice (155), and the ability of IgG3 to protect against Candida albicans
infection relies upon its ability to activate complement (156).  

The first evidence that IgG3 could feedback enhance Ab responses came in 
2003 (157) when it was demonstrated that IgG3 enhanced Ab responses to 
soluble protein Ags (157). Enhancement worked equally well in wildtype 
mice and those lacking activating Fc Rs or Fc RIIB but was dramatically 
reduced in mice lacking CD35/CD21 or in mice depleted of complement 
factors by cobra venom factor. These findings suggested a role for comple-
ment (157). Although Fc RI has lost its signaling function in FcR -/- mice, 
20% of the receptor is still expressed (130). As Fc RI was observed to bind 
IgG3 (42, 130), there was still the possibility that Fc RI acted redundantly to 
complement in IgG3-mediated enhancement.  
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IgE-mediated enhancement 
Although IgG and IgM had been ascribed a role in feedback regulation, the 
effects of IgE, was not studied until the beginning of the 1990’s, when 
IgE/Ag complexes were shown to induce Ab responses that were several 
hundredfold-fold higher than those provoked by Ag alone (158). TNP-
specific IgE enhances Ab responses to bovine serum albumin-TNP (BSA-
TNP), but also to other TNP-conjugated proteins e.g. ovalbumin (OVA), 
diphtheria toxoid, and tetanus toxoid, whereas responses to TNP-KLH or 
TNP-sheep erythrocytes are not enhanced (159, 160). Administration of 
IgE/Ag complexes intravenously (i.v.) or intraperitoneally elicits equally 
efficient enhancement of Ab responses. If IgE is administered i.v. and Ag is 
administered subcutaneously, the early response is enhanced, but 5 weeks 
post-immunization the Ag-immunized mice produce as much Abs as IgE/Ag 
immunized animals (161). In order for Ag-specific IgE to have an effect, the 
Abs have to be administered within a few hours before or after the Ag. The 
epitope density on the Ag also plays a role, since IgE does not enhance Ab 
responses to BSA coupled with 27 or more TNP residues.  Finally, effects of 
IgE can only be detected when Ag is administered in “suboptimal” concen-
trations (161), resembling the effects of complement and IgM on Ab re-
sponses.

IgE-mediated enhancement affects IgG1-, IgG2a-, IgM- as well as the IgE 
production (93, 159, 162, 163). An increase in specific IgG-producing B 
cells, peaking as early as 6 days after primary immunization, has been dem-
onstrated (161). Enhanced responses could also be measured in serum and 
remained high for several weeks (158, 159). IgE/Ag complexes also induce a 
more efficient immunological memory (159). Pretreatment of mice with a 
CD23-specific mAb before primary immunization with IgE/Ag complexes 
completely abrogated the ability of IgE to enhance, demonstrating for the 
first time an in vivo function for CD23 (158, 159). This observation was later 
confirmed in CD23-/- mice (93, 163). Another supporting finding is that im-
munization with Ag covalently coupled to an anti-CD23 mAb resulted in 
higher Ab responses than an Ag covalently coupled to an irrelevant Ab 
(164). These results, suggesting that CD23 was of exclusive importance for 
IgE-mediated enhancement of Ab responses, was subsequently confirmed in 
FcR  -/- mice (lacking  Fc RI, Fc IIB, Fc RIII, and Fc RIV) which had 
completely normal IgE-mediated enhancement of Ab responses (123). The 
complement receptors are crucial for normal Ab responses (165-167) and 
human CD21 is a ligand for CD23 (91). However, CD35/CD21-deficient 
mice were found to enhance Ab responses to a similar degree as wildtype 
controls when immunized with IgE/Ag complexes (111), indicating that 
these complexes evade normal regulatory pathways.   
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IgE enhances responses equally well in IL-4-/- as in wildtype mice although 
the latter express five times higher levels of CD23 (168). As IL-4 has been 
shown to be required for expression of the CD23b isoform (77), this obser-
vation indicates that enhancement is mediated via the constitutively ex-
pressed CD23a isoform.  

Several, not mutually exclusive, explanations for the mechanisms underlying 
IgE-mediated enhancement of Ab responses can be envisaged. Firstly, 
IgE/Ag complexes could be captured by CD23 expressed on FDCs and pre-
sented efficiently to B cells as iccosomes. In opposition to this theory is the 
finding that BM chimeric mice, with CD23+ FDCs and CD23- BM-derived 
cells, are unresponsive to IgE/Ag complexes whereas mice with CD23-

FDCs and CD23+ BM-derived cells do respond (163). Due to the fact that 
FDCs and B cells are the only cell types that have been shown to express the 
murine CD23a isoform in vivo (74, 75), these results imply that B cells are 
the likely effector cells. A second possible mechanism, therefore, is  that co-
crosslinking of the BCR and CD23 by IgE/Ag complexes increases B cell 
activation (87). This resembles the way IgM/Ag complexes can enhance B-
cell signaling by co-crosslinking the BCR and CD21/CD19 (169-171). On 
the other hand, co-crosslinking of CD23 and the BCR can also have a nega-
tive effect on B cell activation (87-89).  In vitro, B cells efficiently take up 
and present IgE/Ag complexes in a CD23-dependent manner (79-82, 172). 
The third possibility may therefore be explained by Ag presentation to spe-
cific Th cells by CD23+ B cells, which in turn could stimulate Ag-specific B 
cells to mount an Ab response. On the other hand, reports show that B cells 
presenting Ag to naïve T cells in vivo induce tolerance, rather than priming T 
cells (173-175). However, two of these reports found that B cells were able 
to stimulate Ag-experienced T cells (173, 175). In addition, Ag-specific B 
cells have been found to prime Ag-specific T cells both in vitro and in vivo
(29, 176-178).  
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Present investigations 

Aims
The aim of the current investigations was to clarify the early immunostimu-
latory effects of IgE- and IgG3-Abs. More specifically I have tried to answer 
the following questions:

Paper I 
1. Is there a difference in splenic localization between IgE/Ag 

complexes and Ag alone? 
2. To which B cell phenotype does IgE/Ag bind? 
3. Where and when is IgE-complexed Ag presented to Ag-

specific T cells?  

Paper II 
1. Can IgE/Ag complexes induce T cell proliferation in vivo?
2. If so, is the B cell the effector cell responsible for T cell ac-

tivation and proliferation? 

Paper III 
1. Is Fc RI required for IgG3-mediated enhancement of Ab re-

sponses in vivo?
2. Can IgG3/Ag complexes induce T cell proliferation in vivo?
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Experimental strategy 
Adoptive transfer 
For T cell activation, proliferation and localization studies in vivo, the adop-
tive transfer system developed in Dr. M. Jenkins group was used (179). 
DO11.10 mice express a transgenic T cell receptor which recognizes peptide 
323-339 from OVA presented on MHC class II Ad. Approximately 3x106

OVA-specific CD4+ T cells from DO11.10 donor mice were adoptively 
transferred to recipient mice. Following immunization, OVA-specific T cells 
were detected by flow cytometry (Fig 2) (179) or in  tissue by immunostain-
ing with the mAb, KJ1-26, which specifically binds to the transgenic T-cell 
receptor (I-III). 

Figure 2. Flow scheme of a typical adoptive transfer experiment. After transfer of 
cells from DO11.10 mice to BALB/c, a double positive population of OVA-specific 
T cells (CD4+KJ1-26+) can be detected (left dot plot). Immunization with OVA in 
complete Freund´s adjuvant (CFA) causes proliferation of the OVA-specific T cells 
(right dot plot). 

To avoid transfer of Fc RI+, CD23+ or Fc RI+ cells from DO11.10 mice into 
FcR -/-, CD23-/- or Fc RI-/- mice, respectively, only magnetically purified 
CD4+ DO11.10 cells were transferred in such experiments (papers I-III).  

Immunizations 
Mice were immunized i.v. with OVA-TNP alone or with monoclonal IgE 
anti-TNP (180), IgG2a anti-TNP (122) or IgG3 anti-TNP (157) 1 hour prior 
to OVA-TNP, in physiological salt solutions. Uncoupled KLH was adminis-
tered together with OVA-TNP as a specificity control in Ab enhancement 
studies. For localization of Ag and Ag+ cells, biotinylated OVA-TNP was 
used.
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ELISA
Serum from mice were quantified by ELISA. Total OVA- and KLH-specific 
IgG levels were determined using sheep anti-mouse IgG conjugated with 
alkaline phosphatase.  

Flow cytometry 
Single cell suspensions were prepared from spleens and stained with mAbs. 
To distinguish T1-, T2-, and mature B cells from each other the cells were 
stained and gated according to Carsetti et al (181). T1 B cells were defined 
as IgMbrightCD21negIgDneg and T2 B cells as IgMbrightCD21brightIgDbright and 
mature B cells as IgMdullCD21posIgDbright events. MZB cells are 
CD21highCD23low and FOB cells are CD21lowCD23high. These properties were 
used to distinguish MZB cells from FOB cells. 

Tissue staining 
The spleens were flash frozen at the desired time point after immunization. 
Immunohistochemical staining with peanut agglutinin (PNA) was used to 
determine the number of GC formations (Paper II). Histochemical staining 
was also used for detection of OVA-specific T cells (Paper II). Immunofluo-
rescent staining was used to determine the localization of OVA-specific T 
cells and to detect biotinylated OVA-TNP with fluorescently labeled strepta-
vidin (Paper I).   
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Results & Discussion 

My aim has been to find the mechanisms underlying IgE- and IgG3-
mediated feedback enhancement of Ab responses. The results are presented 
in chronological order after the time of immunization, starting with IgE-
mediated enhancement (paper I and II) followed by IgG3-mediated en-
hancement (paper III).  

T2 B cells and mature follicular B cells trap IgE/Ag 
complexes 10-60 minutes after immunization (Paper I) 
Transitional B cells are the first population of B cells to leave the BM and 
are by definition immature B cells in the periphery. What makes these B 
cells differentiate into mature B cells is unclear but a functional BCR and the 
ability to migrate into the compartments of the spleen for B cell selection is 
needed. T2 B cells differentiate into mature B cells which can be divided 
further into FOB- or MZB populations (7, 24). MZB cells are constrained to 
the marginal zone whereas FOB cells are highly motile, continuously recir-
culating among the lymphoid organs via the blood and lymph (8). 

To determine whether IgE promotes binding of Ag to T1-, T2- or mature B 
cells, biotinylated Ag was used. Mature B cells, and to a lesser extent T2 B 
cells, were found to trap IgE/Ag complexes. Maximal binding was detected 
10 minutes after immunization and decreased after 30 minutes. This is com-
patible with the idea that B cells rapidly internalize IgE/Ag complexes via 
CD23. The binding of IgE/Ag complexes was CD23-dependent, as neither 
T1 B cells (CD23-negative) in wildtype mice nor B cells in CD23-/- mice 
were found to bind. 

To visualize the localization of Ag in splenic tissue and to determine 
whether IgE promotes binding to FOB cells or to MZB cells, biotinylated 
OVA-TNP was again used. IgE/Ag complexes were almost exclusively 
found on FOB cells, a likely result as they express higher amounts of CD23 
than MZB cells. The massive intake of IgE/Ag in the B-cell zone as early as 
30 minutes after immunization is interesting. It stands in sharp contrast to the 
consequence of immunization with Ag alone or IgG2a/Ag complexes (iso-
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type control) which were not found inside the B-cell zone, but instead seen 
trapped outside, in the marginal zone.  

T2 B cells are constrained to the splenic B-cell zone (8). A feasible scenario 
for in vivo handling of IgE/Ag complexes is that they are captured by mature 
and/or FOB cells in the blood stream and are transported to the spleen where 
they can be found on FOB cells and T2 B cells in the B-cell zone within 10 
minutes. A different mode of action seems to be used in the handling of 
IgM/Ag complexes which are captured by MZB cells via CD21/CD35 and 
transported into the B-cell zone where they are deposited onto FDCs (113). 
Interestingly, enhanced production of specific Abs occurs in both cases.    

Specific T cells localize to the B cell zone 6-12 hours 
after IgE/Ag immunization (Paper I) 
The transgenic MD4 mice express a BCR specific for the Ag, hen egg ly-
sozyme (HEL). A number of studies have shown that B cells from these 
mice move from random positions in the B-cell zone to the border between 
the T- and B-cell zone within 6-8 hours after immunization with HEL (29, 
32, 182, 183).  

To investigate if IgE/Ag complexes have any effect on Ag-specific T cell 
localization, wildtype mice were adoptively transferred with Ag-specific 
DO11.10 T cells. Six–12 hours after immunization with IgE/Ag, the T cells 
settled around the border with the B-cell zone. Immunization of wildtype 
mice with Ag alone or of CD23-/- mice with IgE/Ag complexes did not cause 
specific T cells to localize to the border (similar to the situation with non-
immunized mice). 

A correlation can be seen when comparing the kinetics of Ag-specific T cells 
localizing to the B-cell zone border 6-12 hours after immunization with 
IgE/Ag and results from other groups showing that Ag-specific B cells local-
ize to the T-cell zone border 6-8 hours after immunization with Ag (29, 32, 
182, 183). These findings indicate that B cells meet T cells at the T-cell zone 
border to present Ag. A notable difference between our study and studies on 
Ag-specific B cells is that we observe effects on Ag-specific T cells at a 10 
to 100-fold lower dose of Ag (29, 32). Another difference is that other work-
ers used Ag-specific B cells whereas our report involves CD23+ B cells. This 
indicates that unspecific CD23+ FOB cells in the blood circulation bind 
IgE/Ag complexes and rapidly transport them through the marginal zone into 
the primary follicle and there presumably present Ag to T cells.  
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CD23+ B cells induce specific T cell proliferation 72 
hours after IgE/Ag immunization (Paper II) 
To investigate if IgE-mediates enhanced T cells responses in vivo, Ag-
specific T cells from DO11.10 mice were adoptively transferred to wildtype 
mice. Immunization with IgE/Ag complexes, but not Ag alone, resulted in an 
enhanced T cell response that was followed by a 75-fold increase in the IgG 
anti-OVA response 14 days after immunization. A slight increase in T cell 
numbers was seen as early as 24 hours after immunization and T cell num-
bers peaked 3 days after immunization, resulting in a 6 to 21-fold increase. 
The expansion in cell numbers was not merely due to increased survival or 
increased accumulation of transgenic cells in the spleen because the cells 
hade gone from a naïve to an activated phenotype and had gone through 
several rounds of cell division as measured with CFSE using flow cytome-
try. Similar to IgE-mediated enhancement of Ab responses, the expansion of 
Ag-specific T cells was CD23- but not Fc RI-dependent.

The experimental strategy used to determine if B cells are the effector cells 
responsible for IgE-mediated enhancement of Ab responses was to adop-
tively transfer spleen cells, with or without B cells from wildtype mice, to 
CD23-/- recipients, which also received CD4+ DO11.10 cells. Transfer of 
total CD23+ spleen cells restored the ability of IgE/Ag complexes to mediate 
enhanced T cell and Ab responses. In contrast, no restoration of either re-
sponse was seen when the CD23+ spleen cells were depleted of CD19+ cells 
before transfer. However, mast cells have been shown to express CD19 
(184) and have the capacity to present Ag (185). To exclude the possibility 
that these cells were the APCs in IgE-mediated enhancement, CD43+ cells 
were depleted. The CD43 surface marker is expressed on most hematopoetic 
cells, including mast cells, but not on immature and mature naïve B cells. 
Adoptive transfer of CD23+ CD43- spleen cells restored the ability of IgE/Ag 
complexes to enhance T cell and Ab responses in CD23-/- mice.  

CD23+ B cells rescue the ability of CD23- B cells to 
produce antibodies after IgE/Ag immunization (paper 
II)
All splenic B cells ex vivo (186) and a high frequency in vivo (paper I), bind 
IgE/Ag complexes via CD23. In addition, in the presence of Ag-specific IgE, 
CD23+ EBV-transformed B cells present Ag to which they are not them-
selves specific (80-83, 187). Nevertheless, IgE-mediated enhancement of Ab 
responses is always specific for the Ag to which IgE binds, demonstrating 
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that even if all CD23+ B cells present Ag, only Ag-specific B cells are acti-
vated to produce Abs (158).  

Our results so far suggest that in vivo, CD23+ B cells present Ag to specific 
T cells which become activated, proliferate and help Ag-specific B cells to 
produce the observed enhanced Ab responses. If this is correct, CD23- B 
cells should also be able to produce enhanced Ab responses after immuniza-
tion with IgE/Ag complexes, provided that CD23+ B cells are available to 
induce CD4+ T cell responses. To investigate this, an Ig allotype chimeric 
system was used. CD23-/- mice (Iga allotype) were reconstituted with spleen 
cells from CD23-sufficient Ig congenic C.B-17 mice (Igb allotype) and im-
munized. This makes it possible to distinguish IgG produced by CD23+ B 
cells (Igb) and CD23- B cells (Iga). As previously shown, CD23+ spleen cells 
rescued the ability of CD23-/- mice to produce enhanced IgG anti-OVA lev-
els when all Ig allotypes were measured. Interestingly, the presence of 
CD23+ spleen cells from C.B-17 donors enabled CD23- B cells in CD23-/-

recipients to produce enhanced levels of OVA-specific IgG1a/IgG2aa. Little 
OVA-specific IgG1b/IgG2ab was detected. This probably reflects the fact 
that only 10x106 CD23+ B cells (Igb) were transferred, making them a minor 
Ab-producing population. Interestingly, they suffice to induce recipient B 
cells to produce Abs in response to IgE/Ag. 

These results show that CD23 does not have to be expressed on the Ab-
producing cells per se, but must be present on other B cells in the animals in 
order for IgE-mediated enhancement of Ab responses to occur. These obser-
vations exclude the possibility that IgE/Ag complexes directly activate B 
cells by co-crosslinking CD23 and the BCR, as CD23-negative B cells were 
also found to produce Abs.  

IgE/Ag induces a significant increase in GC formation 
and Ab production 7-14 days after immunization (Paper 
I)
Mature FOB cells collaborate with T cells after cognate interaction and form 
large GCs where high affinity Abs are produced. Since mature FOB cells 
were the major IgE/Ag binding cells we investigated the ability of IgE to 
induce GCs and found that IgE/Ag complexes induced a 6-, 13- and 13-fold 
increase in GC formations compared to Ag alone 7, 10 and 14 days after 
immunization, respectively. The number of GCs peaked 10 days after im-
munization and the enhanced number of GCs correlated well with the levels 
of Ag-specific IgG detected in serum. GCs formed by MZB cells have been 
reported to be small and poorly organized compared to those formed by FOB 
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cells (188, 189). The GCs detected in our system were large and situated 
within the B-cell zone which further supports the idea that FOB cells are 
important cells in our system.     

Several reports on in vitro studies (79-81) support the idea that CD23+ B 
cells are able to take up and present IgE/Ag complexes to T cells.  Neverthe-
less, our results which suggest that CD23+ FOB cells directly present Ag to 
naïve T cells are controversial because unspecific B cells are not thought to 
prime T cells (15, 173-175) and such interactions with naïve T cells  are 
believed to induce tolerance (173-175). On the other hand, Ag-specific MZB 
cells, but not FOB cells, have been shown to be potent activators of naïve T 
cells both in vitro and in vivo (29). In our system, mature FOB cells were the 
major binders of IgE/Ag complexes and they are also likely to be the effector 
cells that activate T cells. This may reflect the fact that IgE/Ag complexes 
seem to induce many extraordinary effects on the immune system, such as 
early T cell responses (190) and early induction of IgG-producing B cells 
(161), peaking 3 and 6 days after immunization, respectively. In addition, 
enhancement of Ab responses is induced normally in CD35/CD21-deficient 
mice (111), which usually respond poorly to low doses of Ag. 

The results presented in this thesis suggest that CD23+ FOB cells in the 
blood bind IgE/Ag complexes and rapidly transport them through the mar-
ginal zone into the B-cell zone and there, give rise to activation of naïve Ag-
specific T cells. This leads us to believe that FOB cells have the capacity to 
“mimic” DCs in the presence of IgE, because all CD23+ B cells present 
IgE/Ag complexes (Ag-peptide) to naïve T cells which are induced to prolif-
erate. These Ag-specific T cells then interact with Ag-specific FOB cells and 
provide the signals required for them to start producing specific Abs in GCs. 

It has been suggested that IgE-mediated enhancement of Ab responses may 
create a vicious circle in atopic patients who already have high levels of 
allergen-specific IgE ready to form complexes with allergen. Specific IgE 
responses have been suggested to start in gut-associated lymphoid tissue and 
later appear in the spleen (191). Interestingly, reports on rats and mice show 
that IgE and the CD23b isoform mediate enhanced transepithelial Ag trans-
port (76, 192). In addition, IgE and the CD23a isoform in humans have been 
reported to mediate similar effects, suggesting a role in food allergy (193). 
These reports do not explain the biological role of IgE-mediated enhance-
ment of Ab responses. However, the magnitude of T cell proliferation ob-
served after immunization with IgE anti-TNP and 20 g of OVA-TNP is 
similar to that seen when similar or even higher amounts OVA are adminis-
tered with CFA or LPS (194, 195). This suggests that capture of low doses 
of Ag by IgE is an efficient way of priming CD4+ T cells when a minute 
amount of Ag is present. Serum concentrations of IgE are generally low (150 
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ng/ml or less in healthy individuals (196)), but local concentrations may be 
higher. Possibly CD23+ B cells preloaded with IgE may be ready to capture 
Ag and induce local CD4+ T-cell responses.

IgG3 enhances antibody responses equally well in 
Fc RI-/- and wildtype mice (paper III)
The enhancing effect of IgG3 on Ab responses is unperturbed in FcR -/- mice 
but severely impaired in complement-depleted animals and CD21/CD35-
deficient animals (157). Although this argues against involvement of Fc Rs,
FcR -/- mice are known to express one fifth of the normal levels of Fc RI 
(130) and Fc RI has been shown to bind IgG3 (42). 

To elucidate if Fc RI has a role in IgG3-mediated enhancement of Ab re-
sponses, mice selectively lacking Fc RI were immunized with preformed 
IgG3 anti-TNP/OVA-TNP complexes or the Ag alone. Fc RI-/- mice immu-
nized with IgG3/Ag complexes enhanced Ag-specific IgG responses similar 
to wildtype controls. As a specificity control in these experiments mice were 
also immunized with KLH. The KLH-specific Ab response was not en-
hanced, demonstrating that the immunoregulatory effect of IgG3 was Ag-
specific.

The unperturbed enhancement in Fc RI-/- mice is consistent with our previ-
ous finding, concluding that IgG3 primarily operates via complement and 
not Fc Rs in enhancement of Ab responses (157). The almost completely 
impaired response in CD21/CD35-deficient mice reported previously argues 
against the possibility that Fc RI or any other receptor acts independently of 
complement. Several other effector functions mediated by IgG3 in vivo, such 
as protection against Candida albicans (156) or Cryptococcus neoformans
(197) infection and the response as a pathogenic Ab in haemolytic anemia 
(140), are also dependent on complement rather than Fc Rs. The three re-
ports where IgG3 was found to bind Fc RI all used in vitro phagocytosis of 
IgG3/erythrocytes as an assay system (42, 130, 198). It is therefore not sur-
prising that Fc RI was found to be dispensable in our system, as phagocyto-
sis is unlikely to be involved. Moreover, binding of IgG3 to Fc RI is a con-
troversial issue since others have been unable to find evidence for such an 
interaction (38). 
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IgG3/Ag induces poor T cell responses in vivo and in 
vitro (paper III)
The mechanisms underlying both IgG2a- and IgE-mediated enhancement of 
Ab responses in vivo have been shown to be dependent on FcRs and Ag 
presentation to T cells (138, 190), whereas IgG3-mediated enhancement of 
Ab responses depends on the complement system. IgM, which is also de-
pendent on the complement system does not enhance Ab responses in mice 
lacking T cells (199). To determine whether IgG3 could also induce specific 
T cell responses, we again used the DO11.10 adoptive transfer system. 
IgG2a/Ag complexes or IgE/Ag complexes were used as positive controls. 
IgG3 induced a 1.4 to 3.2-fold increase in Ag-specific T cell numbers com-
pared to Ag alone, whereas IgE induced a 9.9 to 11-fold increase in Fc RI-/-

mice. The results were similar in wildtype mice: IgG3 induced a 1.7 to 2.8-
fold increase in Ag-specific T cell numbers compared to Ag alone, whereas 
IgG2a or IgE induced a 4.2- and 6-fold increase, respectively.  

The ability of IgG3 to bind Fc RI was demonstrated in vitro (42). It was 
therefore of interest to also study the ability of IgG3 to enhance T cell re-
sponses in vitro. Spleen cells from wildtype mice together with CD4+

DO11.10 spleen cells were incubated with Ag, IgG3/Ag or IgG2a/Ag. IgG3 
completely failed to induce T cell proliferation although APCs from wild-
type mice expressing Fc Rs were present. On the other hand IgG2a, when 
included as a positive control, induced a vigorous response. Thus, both in
vivo and in vitro IgG3/Ag induced no or very low proliferation of specific T 
cells. Several studies have shown that IgG3 is an efficient activator of com-
plement and it is known that complement-opsonized Ag can induce Ag pres-
entation and T-cell activation in vitro (200-204). However, in C3/C4-
deficient mice (118) and when CD21/CD35 is blocked in vivo by a mAb 
(205) Ab responses are reduced while T-cell priming occurs normally. The 
low increase in Ag-specific T cell numbers in vivo suggests that mechanisms 
other than Ag presentation play a role in IgG3-medited Ab enhancement.  

On murine B cells, CD21 associates with CD19. Co-ligation of the co-
receptor CD21/CD19 and the BCR have been shown to substantially lower 
the threshold for B cell activation in vitro (170, 171, 206). It is possible that 
IgG3/Ag- and IgM/Ag complexes are able to facilitate B cell activation by 
co-ligating CD21/CD19 and the BCR. As discussed above, IgM/Ag com-
plexes are trapped by complement on MZB cells and transferred to FDCs in 
the B-cell zone, thereby increasing the effective concentration of Ag (112, 
113). This mechanism may also be involved in IgG3-mediated enhancement 
of Ab responses and does not exclude the possibility that lowering the 
threshold for B cell activation is a mechanism involved as well. 
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Regardless of the mechanism(s) responsible for Ab/complement-mediated 
enhancement of Ab responses, it remains to be elucidated how primary Ab 
responses can be dependent on classical complement activation. Mice lack-
ing secretory IgM have impaired Ab responses, which can be restored by 
transfusion of IgM from naïve mice (115, 116). One possible explanation for 
these data is that the capture of Ag by naturally occurring IgM or IgG3 suf-
fices to start complement activation in primary Ab responses. Once these 
Ab/Ag/complement complexes activate specific B cells, these will produce 
Ag-specific IgM and IgG3, creating a positive feedback loop to initiate Ab 
responses.
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Condensed summary 

Paper I addresses the early mechanisms underlying IgE-mediated enhance-
ment of Ab responses and shows that mature, CD23+ FOB B cells are the 
major IgE/Ag-binding B cells, responsible for rapid intake of IgE/Ag com-
plexes into the B-cell zone after 30 minutes (Fig 3A). The results show that 
Ag-specific T cells move to the B-cell zone border 6-12 hours after immuni-
zation with IgE/Ag complexes (Fig 3B) suggesting that this is when and 
where FOB cells present antigenic peptides to the Ag-specific T cells. Fi-
nally it shows that IgE induces enhanced numbers of large GCs (Fig 3D) 
suggesting an important role for FOB cells 

Papper II shows that CD23+ B cells are the effector cells inducing a vigorous 
T cell response that peaks 3 days after immunization (Fig 3C). In addition, 
the presence of CD23+ B cells was found to restore the ability of CD23- B 
cells to enhance the Ag-specific Ab responses after immunization with 
IgE/Ag complexes, suggesting that Ag presentation and not co-crosslinking 
of the BCR and CD23 drives the process. 

             Ag                  T- and B-cell                 T cell                      GC 
 in B-cell follicle         interaction              proliferation             formation 

       B cells, Ag              B cells, T cells           B cells, T cells           B cells, GCs
Figure 3. Summary of effects induced by IgE/Ag complexes. IgE/Ag complexes are 
trapped and transported into the B-cell zone by FOB cells (A). Ag-specific T cells 
localize to the border of the B-cell zone 12 hours after immunization (B). T cell 
proliferation peaks 3 days after immunization (C). GC formation peaks 10 days after 
immunization (D). B cells were stained with B220 mAb (A-D), Ag-specific T cells 
with KJ1-26 mAb (B-C) and GCs with PNA (D). The red line in the bottom right 
corner of each picture (A-D) is equal to 50 m. 

A, 30 min                       B, 12 h                           C, 3 d                             D, 10 d
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Paper III shows that IgG3-mediated enhancement of Ab responses is unper-
turbed in Fc RI-deficient mice. The data also show that IgG3 is a poor in-
ducer of T cell responses in vivo and in vitro, suggesting that co-ligation of 
CD21/CD19 and the BCR, and not Ag presentation, is the mechanism under-
lying IgG3-mediated enhancement of Ab responses. 
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Populärvetenskaplig sammanfattning på 
svenska

Immunsystemet består av två delar, det specifika och det ospecifika immun-
försvaret. Dessa två system arbetar tillsammans för att effektivt skydda 
kroppen mot främmande substanser som bakterier, virus och cancerceller. 
Denna studie berör den del av det specifika immunförsvaret som sköts av 
antikroppar. Antikroppar produceras enbart av en enda sorts vita blodkrop-
par, B-lymfocyter. De är stora proteiner som har förmågan att binda till 
främmande substanser som t.ex. bakterier och på så vis hjälpa kroppens cel-
ler att känna igen och oskadliggöra dessa.  

Ett djur som immuniseras med ett antigen bildar antikroppar mot detta anti-
gen. Antikroppar kan också reglera produktionen av sig själva. Djur som 
immuniseras med antikroppar som bundit till sitt antigen (ett så kallat im-
munkomplex) kan bilda upp till 1000 gånger fler antikroppar än om de im-
muniseras med enbart antigen. I andra fall leder immunisering med immun-
komplex till en lägre antikroppsproduktion än immunisering med enbart 
antigen.

Figure 4. Feedback reglering. Antikropp/antigen komplex som injiceras kan ge 1000 
gånger högre, eller bara en bråkdels produktion, av antigen specifika antikroppar 
jämfört med vad som skulle har producerats om endast antigen injicerats. * Skillna-
den som illustreras med en röd pil kallas antikropps-medierad höjning. 

Jag har undersökt mekanismerna bakom IgE och IgG3 antikroppars förmåga 
att höja antikroppssvaret när de bundit sitt antigen. 
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Den ökade eller minskade antikroppsproduktionen mot antikropps/antigen 
komplex beror ofta på Fc-receptorer. Dessa sitter på ytan av många viktiga 
immunologiska celler exempelvis makrofager, dendritiska celler och B-
lymfocyter.  De binder till den delen av antikroppen som inte sitter bunden 
till antigenet (den s. k. Fc-delen). Bindning mellan antikropp och receptor 
leder oftast till upptag av komplexet, nedbrytning och presentation av en del 
av proteinet (peptid) bestående av 7-30 aminosyror för T-lymfocyter. När en 
T-lymfocyt känner igen en peptid som presenteras för den kan den i sin tur 
signalera till B-lymfocyten att börja producera specifika antikroppar. Arbete 
I-II visar att detta är fallet för IgE. IgE/antigen komplex binder till Fc-
receptorn för IgE, CD23, på follikulära B-lymfocyter och transporteras 
snabbt in dessa i mjälten där de presenterar peptider för specifika T-
lymfocyter. Dessa T-lymfocyter delar på sig för att slutligen hjälpa B-
lymfocyter att producera antikroppar specifika för detta antigen. Mina studi-
er har bidragit med kunskap om hur IgE via CD23-receptorn reglerar ett 
antikroppssvar. De visar också att B-lymfocyter kan aktivera T-lymfocyter, 
vilket är omtvistat. Liknande studier gjorda på celler från allergiska patienter 
tyder på att detta kan vara en bidragande mekanism vid allergi.  

Mina studier på IgG3-antikroppar i arbete III visar att dessa antikroppar kan 
förhöja antikroppssvaret i frånvaro av Fc-receptorn CD64, som är den enda 
kända IgG3 receptorn. Detta resultat betyder att våra tidigare resultat att 
IgG3 istället förhöjer antikroppssvaret med hjälp av komplementreceptorer 
ytterligare stärks. Vi visar också att IgG3 i mycket mindre grad än IgE akti-
verar T-lymfocyter till att dela sig. Vi tror att IgG3-antikroppar som bundit 
sitt antigen och aktiverar komplement kan binda till komplementreceptorer 
på B-lymfocytens yta och aktivera, dessa celler till att producera antikroppar.
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