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Abbreviations

AIA adjuvant-induced arthritis 
APC antigen presenting cell 
BCR B cell receptor 
BM bone marrow 
BSA bovine serum albumin 
CIA collagen-induced arthritis 
DDD dog C 2-dog C 3-dog C 4
ELISA enzyme-linked immunosorbent assay 
FCA Freund’s complete adjuvant 
FIA Freund’s incomplete adjuvant 
IFN interferon  
HAV hepatitis A virus 
Ig immunoglobulin 
IL interleukin 
ITAM immunoreceptor tyrosine-based activation motif 
kDa kilodalton 
LPS lipopolysaccharide 
MAb monoclonal antibody 
ODO opossum C 2-dog C 3-opossum C 4
OOO opossum C 2-opossum C 3-opossum C 4
ORO opossum C 2-rat C 3-opossum C 4
OVA ovalbumin 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PIA pristane-induced arthritis 
RA rheumatoid arthritis 
SIA squalene-induced arthritis 
SOCS suppressor of cytokine signaling 
TCR T cell receptor 
Tcyt T cytotoxic cell, CD8+ 
TGF-  transforming growth factor-
TH T helper cell, CD4+ 
TLR Toll-like receptor 
TNF-  tumor necrosis factor-
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Introduction

No one can have any doubts about the benefit of the immune system, which 
enables us to survive all the life-threatening pathogens we encounter in our 
food, in water and in the air. In addition, the immune system plays a key-role 
in controlling de-regulated cells, like cancer cells, within our bodies. 
However, all systems can go wrong. Even though the evolution of the 
immune system has been crucial for our survival, its reactions may still do 
harm. Many diseases are actually caused by potent over-reactions of the 
immune system. In autoimmune diseases, like rheumatoid arthritis or 
diabetes, the immune system over-reacts and attacks our own cells and/or 
organs. Allergies, on the other hand, are caused by over-reactions against 
otherwise harmless substances that the immune system ought to neglect. 
This thesis focuses on the development of a vaccine that breaks the tolerance 
against IgE, which plays a major role in allergy. The strategy is to induce an 
autoimmune response against IgE that will reduce IgE levels and thereby 
reduce the allergic symptoms. The thesis also presents findings of serum IgE 
levels in different dog breeds and furthermore, the influence of a specific 
chromosome interval on IgE levels in rats is discussed. 

In vertebrates, the immune system is divided into two distinct parts called 
the innate and the adaptive immune systems. These two defense systems 
work side by side and cells and molecules from both systems are required for 
our protection. 

Innate immune system 
The innate immune system is the first line of defense and distinguishes 
between various classes of pathogens rather than individual pathogens. It 
comprises several different mechanisms and the physical barriers such as 
skin, mucus, saliva, tears, and the low pH of the gut are effective. However, 
when an invading pathogen crosses a barrier, a reactive, innate defense 
system is required. For example, chemical factors like defensins, lysozymes, 
interferons and the complement system are of great importance and so too 
are phagocytic cells, which bind, ingest and digest pathogens. The main 
phagocytes are macrophages and neutrophils. Other important cells in the 
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innate immune system include the natural killer (NK) cells that activate 
macrophages and kill infected cells, and the eosinophils that can secret their 
granule contents on pathogens that are too large to be engulfed. But what 
alerts the innate immune system? 

First and foremost, the innate immune system is activated by molecular 
patterns (pathogen-associated molecular patterns, PAMPs) on pathogens, 
such as lipopolysaccharides (LPS) on gram-negative bacteria or 
unmethylated CpG motifs. These microbial ligands are efficiently bound by 
mammalian structures, such as Toll-like receptors (TLRs) expressed on 
various cells including macrophages, neutrophils and dendritic cells. So far, 
ten different TLRs have been identified in humans (1), but additional 
members may exist. Other activation mechanisms include opsonisation by 
complement protein C3b, antibodies or lectins. 

One of the characteristics of the innate immune system is the rapid response 
to invading pathogens. In fact, most of the chemical mediators and 
phagocytic cells are at the site even before the onset of an infection. 
However, the response is non-adaptive and so whenever a specific pathogen 
enters the body, the innate immune response is basically the same every 
time. The lack of memory and the limited diversity is probably why 
vertebrates cannot depend exclusively on the innate immune system. For a 
comprehensive immune response, we also need the adaptive immune system. 

Adaptive immune system 
The fundamental characteristics of the adaptive immune system are memory, 
specificity, diversity and the ability to discriminate between self and non-
self. The adaptive immune system is further divided into two systems: 
humoral and cell-mediated immunity, together mobilizing different specific 
molecular and cellular components to eliminate different types of pathogens. 
The key-players are the two distinct types of lymphocytes: B cells, which 
exert their function in humoral immunity by producing antibodies, and T 
cells that are responsible for cell-mediated immunity. Both B cells and T 
cells recognize specific antigens through membrane-bound receptors. These 
receptors have an enormous diversity that is generated by genetic 
recombination. However, each lymphocyte expresses receptors that are 
specific for one antigen alone.
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B cells 

B cells are lymphocytes that mature in the bone marrow (BM) and are 
thereafter primarily distributed to lymph nodes and splenic follicles. The 
antigenic receptor expressed on their cell surface is called the B cell receptor 
(BCR) and mainly binds native antigens. At least two signals are required for 
a B cell to become activated; cross-linking of several BCR’s and interaction 
between CD40 on the B cell and the CD40L on activated T cells, which is 
true for thymus-dependent antigens. Thymus-independent antigens can 
activate B cells without interacting with CD40L but the resulting response 
will not generate immunological memory or antibody (Ig) class-switch. LPS, 
for example, is a thymus-independent antigen, which at high concentrations 
can activate as many as one third of all B cell clones (2). However, at low 
LPS concentrations, B cells are stimulated to produce LPS-specific 
antibodies (3). Thus, LPS can function both as a polyclonal and a specific B 
cell activator depending on its concentration. When B cells are activated 
through the BCR, they secrete Ig into the body fluids, which ultimately will 
bind to the same antigen as the BCR expressed on the clone of origin. The 
binding of an antibody to an antigen will subsequently activate either the 
complement system, enhance phagocytosis of the antigen through 
opsonisation, neutralize bacterial toxins, prevent virus particles from 
infecting cells or mediate antibody-dependent cell-mediated cytotoxicity.  

In humans, there are five different Ig classes and a total of nine isotypes; 
IgG1, IgG2, IgG3, IgG4, IgM, IgA1, IgA2, IgD and IgE, all with different 
effector functions. Of all the Ig classes found in sera, IgG1 and IgG3 are
present at the highest concentrations and bind Fc-receptors with high 
affinity. In addition, these classes together with IgG2, activate the 
complement system and all IgG, except IgG2, can cross the placenta to 
protect developing fetuses. IgM is the initial Ig produced in a primary 
response to an antigen, and it is an important activator of the complement 
system. IgA is predominantly found in external secretions such as mucus, 
saliva, tears and breast milk, wheras the function of IgD is unclear. IgE is 
found at extremely low concentrations in sera, but it is nevertheless 
important both in immunity to parasites and in allergic reactions. 

T cells 
T cells originate from hematopoietic stem cells and mature in the thymus. 
Although they are found primarily in the blood, they circulate and are 
detected in both the spleen and in lymph nodes. The T cell receptor (TCR) is 
expressed on the T cell surface and binds antigenic peptides only when they 
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are presented with either class I or class II major histocompatibility complex 
(MHC) molecules. Signaling through the TCR is dependent on the invariant 
CD3 complex, which is non-covalently associated with the TCR. 
Furthermore, expression of either CD4 or CD8, which bind directly to the 
MHC molecules, is required for T cell activation. CD4 is a marker for T 
helper cells (TH cells), a subclass of T cells that mainly stimulates B cell 
growth and differentiation in humoral immunity, but TH cells also activate 
Tcyt cells and macrophages in cell-mediated immunity. The unfortunate 
advent of HIV has shown us that CD4+ T cells are essential for our survival. 
AIDS patients have less than 200 CD4+ T cells per micro liter of blood, and 
are therefore exceedingly susceptible to various infections. CD8 is a marker 
for T cytotoxic cells (Tcyt cells), which function by the contact-dependent 
lysis of virus-infected cells or tumor cells; the true death kiss.  

T cells are major producers of cytokines, low-molecular-weight proteins that 
regulate the immune effector mechanisms, but other cell types, including 
dendritic cells, macrophages, NK cells, mast cells and basophils also 
produce cytokines. In 1986, mature TH cells were classified into two subsets 
according to their cytokine profile, TH1 or TH2 (4). Resting naïve TH cells do 
not produce cytokines, but once activated and producing IL-2, they may be 
designated TH0 cells (5). Depending on the cytokine environment 
surrounding the TH0 cells during early immune responses, they will then 
differentiate into either TH1 or TH2 cells (5).

TH1 cells 
When TH0 cells are activated in the presence of IL-12, they differentiate into 
TH1 cells. The principal producers of IL-12 are macrophages and dendritic 
cells. Furthermore, many intracellular bacteria and viruses that infect 
macrophages, in addition to protein antigens co-administered with strong 
adjuvants, also stimulate TH1 responses. The hallmark of TH1 cells is their 
production of IFN- , TNF-  and IL-2, all of which stimulate cell-mediated 
immunity by activating macrophages, neutrophils and Tcyt cells. In addition, 
IFN-  produced by TH1 cells stimulates the production of IgG, which aids 
phagocytosis of antigens.  

TH2 cells 
TH2 cells proliferate when TH0 cells are activated in the presence of IL-4. 
The major source of IL-4 is probably the TH2 cells themselves, but IL-4 is 
also produced by mast cells (6), basophils (7) and activated NK T cells (8, 
9). Differentiation of TH2 cells mostly occurs after chronic T cell 
stimulation, for example, in allergic responses or during helminth infections. 
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The cytokines produced by TH2 cells include IL-4, IL-5, IL-6, IL-10 and IL-
13 and their principal function is to stimulate the humoral immunity, i.e., 
antibody production. Both IL-4 and IL-13 stimulate the production of IgE. 
IL-5 activates eosinophils, whereas IL-10 and IL-4 suppress the activation of 
macrophages.

IL-4 is a potent inhibitor of TH1 differentiation, whereas IFN-  produced by 
those TH1 cells inhibits TH2 differentiation. The balance between TH1 and 
TH2 immune responses and cross-inhibition have therefore been implicated 
in the development of various immune diseases. Individuals with organ-
specific autoimmune diseases such as insulin-dependent diabetes appear to 
have an excess of TH1-derived cytokines compared to allergic people in 
whom TH2-derived cytokines dominate (5). 

There are also reports of a third subset of CD4+ TH cells known as TH3 cells 
(T regulatory cells, TR1 cells or CD4+CD25+ cells), which produce the 
immunosuppressive cytokines TGF-  and IL-10 (10). These cells may be 
important in terminating immune responses and can therefore be effective in 
countering autoimmune diseases, transplant rejections or allergic diseases (9-
15).

Tolerance
During our lives, the immune system will react with force against any 
molecules that it encounters. Why then, do we not all develop autoimmune 
diseases? Clearly, the immune system avoids responses against self-
molecules, whereas it mobilizes all the cells and molecules at its disposal 
against exogenous antigens. Hence, one of the cardinal features of the 
adaptive immune system is the ability to distinguish self-molecules from 
non-self molecules. Tolerance is defined as a state of immunological 
unresponsiveness against an antigen. As early as 1945, the phenomenon of 
tolerance was observed when two non-identical cattle twins were shown to 
be tolerant to each other’s blood cells (16). Normally, B and T cells are 
tolerant against self-molecules but react to non-self molecules such as 
pathogens and transplants from other individuals. Since TH cells are required 
for both cell-mediated and humoral immunity, an individual may be tolerant 
against a given antigen although the B cells may be fully responsive to it. 
Much work, therefore, has focused on the mechanisms of tolerance in TH

cells. The mechanisms underlying tolerance in Tcyt and B cells are still not 
fully understood. However, tolerance seems to occur at two levels; firstly, 
central tolerance during lymphocyte development, and secondly, peripheral 
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tolerance where lymphocytes that may have escaped central tolerance 
subsequently may recognize self-antigens in peripheral tissues. 

Central tolerance 
Central tolerance of T cells is induced in the thymus. During T cell 
maturation, elimination of self-reactive T cells is essential. This elimination 
occurs in two steps; firstly, positive selection, where T cells binding self-
MHC survive and secondly, negative selection, where apoptosis is induced 
in T cells that bind to self-MHC in association with self-antigens. Positive 
selection, therefore, ensures MHC restriction while negative selection 
ensures self-tolerance. Approximately 97% of all T cells will die during 
these developmental stages (17). For B cells, central tolerance occurs in the 
BM. If developing B cells bind self-antigens, they will either become 
apoptotic or be inhibited in a process called receptor editing where the BCR 
can re-induce or prolong L-chain gene rearrangements, in order that the B 
cell may acquire a new specificity (18). However, even if many self-antigens 
are expressed in thymus and BM, some are probably limited to expression in 
the periphery (19, 20). Peripheral tolerance, therefore, is required to attain 
unresponsiveness to these self-antigens.  

Peripheral tolerance 
Peripheral tolerance is upheld by several mechanisms; ignorance, anergy, 
phenotypic skewing and apoptosis, as reviewed in (21). The most 
straightforward way by which self-reactive T cells are prevented from 
causing damage is probably clonal ignorance. This occurs both when the 
self-antigens are located at sites where T cells have limited access, as well as 
when the self-antigen is present at very low concentrations, below the 
threshold for T cell responsiveness (22). Furthermore, T cells have been 
shown to become anergic when antigen presenting cells (APCs) lack the co-
stimulatory molecules B7-1 and B7-2 (CD80/86) or if B7-2 interacts with 
CTLA-4, instead of CD28, on the T cell (23). CTLA-4 binds B7 with a 
higher affinity than CD28, and is expressed after T cell activation (24). Thus, 
CTLA-4 expression probably also play a role in terminating reactions. 
However, this T cell anergy can be reversed if the T cells are stimulated with 
IL-2 (25). B cells, on the other hand, become anergic in the absence of T cell 
help. Phenotypic skewing is a third plausible mechanism of peripheral 
tolerance. This mechanism is based on altered cytokine expression that 
restrains the pathogenic effect of T cells even if they are fully activated. An 
example of this skewing is the down-regulation of autoimmunity in diabetes 
and experimental autoimmune encephalomyelitis in the presence of TH2
cytokines (26, 27). Hence, in contrast to TH1 cytokines that promote tissue 
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destruction, TH2 cytokines reduce the symptoms. Finally, T cells can be 
deleted by apoptosis after contact with self-antigens. This activation-induced 
cell death involves up-regulation of the Fas ligand on T cells and subsequent 
signaling through the death receptor Fas (CD95). The Fas ligand is 
constitutively expressed in immunologically privileged sites, including brain, 
eyes and testis, so that activated CD95+ T cells that enter these sites 
consequently undergo apoptosis (28). Interestingly, mice lacking the general 
T cell growth factor, IL-2, or its receptor, fail to undergo Fas-mediated 
apoptosis and develop autoimmunity (29-31). 

In the case of the non-identical cattle-twins cited earlier, the calves shared a 
fused placenta and hematopoietic stem cells from each calf colonized the 
BM of the other. The central tolerance during fetal thymic development 
could therefore not distinguish between self and non-self and consequently, 
skin grafts between the two calves were accepted. Thus, antigens introduced 
during fetal development normally render life-long tolerance. 

The state of tolerance, however, is not eternal. Intradermal or subcutaneous 
injections of antigens can break tolerance, in contrast antigens given orally 
or intravenously usually do not. In addition, tolerance can be terminated 
deliberately by cross-reacting antigens, altered antigens, antigens co-
administered together with either APCs expressing high levels of co-
stimulators or adjuvants.  

Vaccines
The principle of vaccination is relatively simple; an antigen is administered 
in vivo and stimulates a protective immune response against that very same 
antigen. The protective immune response depends on the generation of 
memory lymphocytes, which in a secondary response react both faster and 
more strongly to the antigen introduced by vaccination. Thus, 
immunological memory is the basis for protective vaccines. Memory is an 
intriguing mechanism, or probably a combination of many intriguing 
mechanisms. Most probably, it involves memory T cells (Bcl-2+ and Bcl-
XL+), memory B cells, long-lived plasma cells and perhaps also persistent 
antigens. However, the precise mechanism of immunological memory is still 
unknown. 

Protective immunity against an antigen can be achieved by either active or 
passive immunization. Active immunization, or vaccination, is the method 
most often used. In active immunization the immune system is primed, and 
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after subsequent re-exposure, B and T cells will mount a defensive response 
to the antigen. In contrast, passive immunization will not generate memory. 
Purified antibodies, or sera containing antibodies, are directly injected in 
passive immunization, and give a fast but temporary protection. Thus, the 
protective immunity of passive immunization only lasts as long as the 
injected antibodies persist.

Microbial vaccines
The antigens used in vaccines are usually a suspension of killed or 
attenuated pathogens, such as measles, rubella or influenza. In human 
medicine, many vaccines against infectious diseases have been true success-
stories. For example, smallpox was eradicated in 1977 as a result of global 
vaccine operations with the vaccinia virus (32). Due to the triumph of these 
prophylactic microbial vaccines, new vaccine areas are being explored.  

Therapeutic vaccines 
The increased knowledge of how different molecules are involved in 
different diseases has expanded the repertoire of possible vaccine candidates. 
Vaccines against self-antigens are therefore an emerging field, but is it 
possible to vaccinate even after the onset of a disease? Today, therapeutic 
vaccines are being developed against a wide variety of acute and chronic 
diseases such as cancer, Alzheimer’s disease and rheumatoid arthritis, and 
also as a contraceptive method against unwanted pregnancies (33-36). In 
addition, a therapeutic vaccine against IgE-mediated allergies is under 
development, as will be shown later in this thesis (paper I, II and III). The 
advantages with these therapeutic vaccines are many and include cost-
effective treatment compared to monoclonal antibodies, but also patient 
compliance and acceptance. However, if these vaccines are to be therapeutic, 
tolerance must be broken. Thus, safety and efficacy parameters are 
exceptionally important since many therapeutic vaccines are aimed at 
regulating self-antigens.

Given that most of the target self-antigens have other functions than to cause 
diseases, there lies a potential safety risk in interference. The potential 
hazard with vaccines developed to regulate cytokine levels is self-evident. 
Fortunately, many of these vaccines are second-generation medicines. 
Hence, if a therapeutic vaccine is preceded by studies with monoclonal 
antibodies, the hazard can be reduced. Further, a life-long and irreversible 
deficit of a certain self-antigen might be hazardous, even if it appears to do 
more harm than good at the time of treatment. Reversibility of the antibody 
response is therefore another important safety parameter that must be 
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considered. However, as long as the mechanisms underlying memory 
remains elusive, this level of modulation of the response will be difficult to 
put into practice. Until these mechanisms are understood, the process of 
inducing reversibility will need to be empirically determined for each 
vaccine candidate. 

Certainly, efficacy plays a decisive role in vaccine development. The 
vaccine must induce sufficient antibody responses with accurate specificity, 
sufficient titers and affinity, adding up to a beneficial clinical effect of 
vaccination. One of the major challenges for many therapeutic vaccines has 
been to break the host tolerance. Tolerance can be overcome by various 
methods, such as the use of a carrier proteins coupled to the self-antigen, 
altered self-antigens or by co-administration with adjuvants. 

Adjuvants 
An adjuvant is a substance, or mixture, that in combination with a specific 
antigen results in a more pronounced immune response in vivo than if the 
antigen was administered alone. Thus, adjuvants can influence antibody 
titers, their isotype class and the duration of the response against the 
particular antigen, in addition to inducing cell-mediated immunity. 
Traditional vaccines often consist of pathogenic cocktails and as a 
consequence, additional adjuvants are redundant; the impurities act as 
adjuvants by themselves. Today, the need for efficient adjuvants is greater 
than ever. Thanks to molecular biology and recombinant techniques, we can 
produce pure subunit vaccines. However, these vaccine components are 
often too pure to elicit and enhance appropriate immune responses by 
themselves and thus, require co-administration with adjuvants in order to be 
efficient.

Historically, adjuvants have presented the golden opportunity to explore 
immunological alchemistry, or as Charles Janeway once postulated 
“adjuvants are the immunologist’s dirty little secret”. Today, much effort is 
dedicated to develop safe and effective adjuvants for human and veterinary 
vaccines. For many years, Freund’s adjuvants have been the standard for 
studies in laboratory animals, and new adjuvants have therefore been 
compared to Freund’s. The base in both Freund’s complete and incomplete 
adjuvant (FCA and FIA, respectively) is mineral oil. In addition, FCA also 
contains heat-killed Mycobacterium tuberculosis, which makes it suitable for 
initial immunizations, followed by booster injections with the milder 
adjuvant FIA. However, Freund’s adjuvants are not allowed in clinical use 
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due to impurities in the mineral oil. The first adjuvants used in human 
studies was alum precipitations, which still dominates among the clinically 
used adjuvants.

The new generation of adjuvants should be non-toxic, non-immunogenic, 
preferably biodegradable, stable during storage, simple to manufacture and 
made from inexpensive raw material. Adjuvants belong to a constantly 
expanding research field and can be classified in many different ways. Some 
adjuvants and their properties are listed below, in table 1. 

Table 1: A selection of different adjuvants  

Adjuvant Composition Mode of action 

Alum Aluminium hydroxide Prolongs antigen persistence in 
tissue, TH2 stimulator 

CpG-motifs Unmethylated CpG DNA Bind to TLR9 and stimulate B cells 
and macrophages 

Cytokines, e.g. GM-CSF, 
IL-2, IFN-

Often recombinant proteins  Depends on the property of the 
cytokine 

FM  Formyl-methionine containing tripeptide Chemotactic activity on immune 
cells

Freund’s complete 
adjuvant (FCA) 

Mineral oil, mannide monooleate and 
heat-killed Mycobacterium tuberculosis

Prolongs antigen persistence in 
tissue, strong TH1 inducer 

Freund’s incomplete 
adjuvant (FIA) 

Mineral oil and mannide monooleate  Prolongs antigen persistence in tissue 

ISCOMs Quillaja saponins, cholesterol and 
phospholipid 

A long-lasting antigen-presenting 
structure, mostly TH1 inducers 

Liposomes Phospholipids Depending on liposomal structure 
and contents, they can stimulate both 
TH1 and/or TH2

MF 79 Squalene/water  Only used for one influenza vaccine 
Montanide ISA 50 Purified mineral oil and mannide 

monooleate (o-w) 
Prolongs antigen persistence in 
tissue, for veterinary use 

Montanide ISA 51 Purified mineral oil and mannide 
monooleate (o-w) 

Prolongs antigen persistence in 
tissue, for human use 

Montanide ISA 206 Purified mineral oil and mannide 
monooleate (w-o-w) 

Prolongs antigen persistence in 
tissue, for veterinary use 

Montanide ISA 720 Metabolizable oil and mannide 
monooleate 

Prolongs antigen persistence in 
tissue, for human use  

MDP  Muramyldipeptide from Mycobacterium 
tuberculosis

Stimulates innate immunity and TH1
and/or TH2 responses  

MPL Monophosphoryl lipid A from LPS Primarily stimulates TH1 immunity 
Pristane  Synthetic mineral oil Prolongs antigen persistence in tissue 
Squalene Metabolizable oil, which is a precursor to 

cholesterol
Improves antigen presentation in TH1
and/or TH2 responses 

The table is adapted from (37-41) 
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Choosing an adjuvant is not simple. The adjuvant should be potent and 
induce a strong and appropriate immune response and at the same time, it 
must be safe to use. Factors that must be considered when choosing an 
adjuvant include antigen characteristics, desired immune response, adjuvant 
dose and species-variation. Further, the clinical indications supporting a 
programme of vaccination must be considered. Hence, the AIDS patient who 
must consider an adjuvant-based vaccination regime that promises to reduce 
his or her suffering, is likely to accept a higher adjuvant toxicity threshold 
than a patient undergoing treatment for hay fever.  

Hypersensitivity
Immune responses are usually self-limiting in intensity and duration, and 
normally the immune system clears all pathogens without wounding tissue. 
However, like all other protective systems, the immune system can also 
make mistakes and over-react to otherwise harmless substances. 
Immunological hypersensitivities are over-reactions that lead to tissue 
damage. As early as 1963, Gell and Coombs divided the hypersensitivity 
reactions into four types: types I, II, III and IV, according to the type of 
response and mechanism of tissue damage. 

Hypersensitivity type I is immediate, and symptoms can be observed 
seconds after exposure to the allergen i.e., the antigen that triggered the 
reaction. IgE antibodies are strongly involved, since they bind to receptors 
on mast cells and basophils and thereby link allergens to the degranulation of 
mast cells and basophils, the event that causes the clinical symptoms. The 
IgE-mediated hypersensitivity type I is also known as atopic allergy. 
Hypersensitivity type II is also caused by antibodies, primarily IgG and IgM. 
They bind to antigens present on cell surfaces and thereafter exert their 
effector functions, phagocytosis and activation of the complement system. 
One example of hypersensitivity type II is Goodpasture syndrome, where 
antigens on the glomeruli of the kidney are recognized by IgG, which 
subsequently recruits and activates the complement system. In 
hypersensitivity type III, small immune complexes containing antibodies and 
antigens are formed. These complexes can then cause damage either at the 
site of production or by circulating and causing damage elsewhere. The 
symptoms of the autoimmune disease systemic lupus erythematosis (SLE) 
are induced by a typical hypersensitivity type III mechanism in which small 
immune complexes consisting of antibodies and auto-antigens such as DNA 
are deposited in kidney, skin and joints. Finally, the mechanism of 
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hypersensitivity type IV differs from the other hypersensitivity types in that 
T cells and macrophages, and not antibodies, are the mediators. In 
hypersensitivity type IV the response can take several days before clinical 
onset. Ni2+-allergy is one example of hypersensitivity type IV. 

This classification into four types of hypersensitivites was done to describe 
different immune mechanisms. However, the prevalence (the number of 
existing cases at a given time) of one type of hypersensitivity does, 
unfortunately, not exclude other types. Hence, it is possible to suffer from 
both hypersensitivity type I and IV. Furthermore, different hypersensitivity 
diseases are not limited to one type of mechanism alone. Rheumatoid 
arthritis, for example, can have elements from both hypersensitivities type 
III and IV. Nevertheless, all four types of hypersensitivities share the 
prerequisite that at least two exposures to an antigen/allergen are required 
before the clinical response.

Atopic allergies 
Atopy is an immediate hypersensitivity type I reaction caused by IgE 
antibodies and has a complex genetic and environmental background. It is 
elicited by allergens that cross link IgE bound to Fc receptors on the surface 
of mast cells and/or basophils, which in turn degranulate and release a 
variety of mediators. These mediators cause an array of clinical symptoms 
ranging from irritating atopic eczema and hay fever to life-threatening 
anaphylactic shock or asthma. There is a clear genetic inheritance with 
atopic allergies and the risk of developing allergic disease within the first 5 
years of life escalate from 19% with no family history of atopy, to 51% 
when there is a family history of atopy (42). The genetic details behind 
atopy, however, remains largely unknown. Certainly, it is a multi-gene
disorder and many candidate loci have been found in humans, including 
genes encoding the  subunit of Fc RI and the IL-4 receptor (42, 43), One 
candidate locus for asthma and allergy is located on chromosome 5, and 
encodes a TH2 cytokine cluster including IL-3, -4, -5, -9, -13 (44). This locus 
is also linked to asthma for including the TIM-1 gene, which encodes a 
hepatitis A virus (HAV) receptor on TH cells (45). Individuals with one 
variant of TIM-1 seem to be protected from atopy after infection with HAV 
(46). One explanation may be that HAV infection alters T cell differentiation 
and thereby limits the TH2-driven atopy (46). Interestingly, the incidence 
(the number of new cases occurring over a period of time) of HAV infection 
was almost 100% in western countries before 1970, as compared to less than 
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30% today when there is an increase in allergies instead (46). However, the 
concordance rate for asthma is less than 20% in monozygotic twins (47) and 
so it is apparent that environmental factors are also important.  

Since IgE is invariably involved in atopic allergies, the following section on 
atopic allergy will commence with a review of the biology of IgE, IgE 
receptors, mast cells and basophils, allergens, the general mechanisms, 
prevalence and treatment of atopic allergies and finally some facts regarding 
atopic allergies in dogs will be discussed. 

IgE
IgE is an evolutionarily conserved antibody that probably appeared at least 
150 million years ago, and studies have confirmed the presence of an -chain 
in a conserved general structure in two distantly related monotreme species: 
platypus (Ornithorhynchus anatinus) and echidna (Tachyglossus aculeatus)
(48, 49). IgE is expressed as a monomer and neither activates the 
complement system nor crosses the placenta. Unlike all other antibodies, 
with the exception of IgM, IgE lacks a hinge region. Instead, IgE has four 
constant domains; C 1, C 2, C 3 and C 4, as shown in Figure 1. Each -
chain has a molecular weight of approximately 70 kDa and the whole IgE 
molecule is 190 kDa in molecular weight (50). The half-life of IgE is 
approximately 3 days in serum (51), but once bound to a mast cell, or a 
basophil, the IgE molecules may be stable for weeks or months (50). In 
humans, IgE is the most rare immunoglobulin class in serum present in 
concentrations of approximately 150 ng/ml, in contrast to IgG1 which is 
present at approximately 10 mg/ml. Hence, there is approximately 65 000 
times more IgG1 than IgE in serum. The above mentioned concentrations 
apply to non-atopic individuals without parasitic infections; atopic patients 
can have up to 10 times as much IgE, whereas parasitic infections or hyper-
IgE syndrome can increase the concentration up to 1000-fold compared to 
healthy individuals (51).  
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Figure 1 Schematic picture of IgE.  

Considering the very low concentration of IgE in sera, one can question if it 
is a rudimentary antibody that exerted its function 150 million years ago and 
can be considered as “left-over” today. However, IgE is probably important 
as part of the defense against some parasitic helminthes that infect more than 
two billion individuals today (52). It was recently shown that mice with a 
targeted disruption of the heavy chain of IgE do not clear parasitic infections 
with Trichinella spiralis as fast as wild-type mice (53), and this has also 
been shown for other parasites (54). Furthermore, IL-13 and STAT-6, both 
important factors in IgE synthesis, have been shown to be necessary for 
expulsion of the parasite Nippostrongylus brasiliensis in mice (55). Thus, 
IgE is probably effective in clearing various parasites. Moreover, if the 
antigen bovine serum albumin (BSA) is co-administered with IgE, the 
production of IgG and IgE against BSA will be enhanced more than a 
hundred-fold (reviewed in (56)). This IgE-mediated enhancement of 
antibody response against some antigens might indicate another 
physiological function for IgE as a doorkeeper for low concentrations of 
potentially harmful antigens. 

Two cytokines, IL-4 and IL-13, are important for the production of IgE. B 
cells initially produce IgM, but in the presence of IL-4 and IL-13, activated 
B cells will irreversibly switch the Ig production from IgM to IgE (57, 58). 
When an APC presents an allergen to a TH2 cell, IL-4 and/or IL-13 is 
produced, and the expression of CD40L is up-regulated. Thereafter, the 
binding of CD40L to CD40, as well as the binding of secreted IL-4 and/or 
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IL-13 to their respective receptors will initiate the transcription of C  genes 
in the B cell. Transcription is initiated after signal transduction, a sequence 
of events that includes phosphorylation and dimerization of STAT-6. 
Consequently, mice with targeted deletions of IL-4 and IL-13 have impaired 
TH2 cell responses and no detectable production of IgE (59). Further, STAT-
6 deficient mice cannot switch to IgE production at all (60). Moreover, the 
production of IgE seems to start a positive feedback loop. Since activated 
mast cells (6) and basophils (7) secrete IL-4, they contribute to a pronounced 
TH2 differentiation of TH0 cells that in turn direct B cells to produce more 
IgE that can activate more mast cells and basophils. Hence, the more IgE 
produced, the more IL-4 is produced, which in turn will up-regulate the 
production of IgE. This might explain why allergic individuals have a strong 
TH2 cytokine profile in airway mucosa (61).  

Suppressors of cytokine signaling (SOCS) is a family of intracellular 
proteins that, as the name indicates, suppress cytokine signaling, reviewed in 
(62). SOCS-3, which is one of eight isoforms in humans, has been found to 
correlate to TH2 responses (63). SOCS-3 is predominantly expressed by TH2
cells and can be induced by IFN- , IL-3, IL-6 and IL-10. When SOCS-3 was 
constitutively expressed in T cells there was a marked increase in TH2
development, and the reverse was seen when SOCS-3 was reduced; TH2
development in SOCS-3+/– mice was suppressed compared to SOCS-3+/+

mice (63). Moreover, IgE levels in sera from asthmatic and atopic dermatitis 
patients correlated to expression of SOCS-3 in their T cells; the more SOCS-
3, the more IgE. Taken together, this indicates factors that can regulate 
cytokine production, which in turn can regulate IgE-production. 

IgE receptors
There are two receptors for IgE; Fc RI or Fc RII (CD23) (see Figure 2). 
Fc RI is a classical Fc receptor and member of the immunoglobulin 
superfamily, while Fc RII belongs to the lectin family.  
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Figure 2 The two forms of Fc-receptors that bind IgE; Fc RI and Fc RII

Fc RI
Monomeric IgE bind to Fc RI with high affinity (KD 109–1010 M), and the 
receptor is consequently called the high-affinity IgE receptor. Rodents 
express one form of Fc RI, with the classical 2 tetrameric structure, 
which is found on mast cell and basophil surfaces. In contrast, humans have 
a wider distribution and express two forms of Fc RI. The classical 2

tetrameric structure is constitutively expressed on mast cells and basophils, 
while a trimeric form, 2 is expressed on monocytes, dendritic cells and 
eosinophils (64). The -chain in Fc RI provides the binding site for the Fc 
fragment of IgE, and crystallization of an Fc RI:IgE complex revealed that 
22 amino acids in the C 3-domain bind asymmetrically to Fc RI (65). The 

-chain has two ITAMs (immunoreceptor tyrosine-based activation motifs) 
that amplify the Fc RI signal and furthermore, each -chain includes one 
ITAM. The 2-complex can activate the Fc RI signal cascade without the 

-chain, but the signal from the 2-complex is much lower compared to that 
of the 2-complex (64). The -chain, therefore, may provide stability.  

The -chain is also part of other Fc-receptors, such as Fc RI, Fc RIIIA and 
Fc R, but in mast cells there is a limited amount of -chains (66, 67). Hence, 
Fc RI must compete with Fc RI and Fc RIIIA for the common -chain.
Furthermore, the -chain is required for systemic anaphylaxis in mice (66). 
OVA-sensitized mice with a targeted disruption in the -chain survived 
intravenous challenges with OVA, while deletion of the -chain of Fc RI
gave systemic anaphylaxis. Thus, Fc RIII and IgG can mediate anaphylaxis 
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in mice and hence, there is cross-talk between IgE and IgG in allergic 
reactions in rodents. Since human mast cells seem to lack Fc RIII (68), the 
difference in cross-talk must be kept in mind when interpreting results where 
rodents are used as allergic models. 

Levels of Fc RI on mast cells and basophils depend on serum concentrations 
of IgE (69, 70). The expression of Fc RI on mast cells is reduced by 83 % in 
mice lacking IgE, but the expression is significantly increased if IgE is 
administered (70). Interestingly, it was recently shown that IL-10, as well as 
IL-4, reduces protein expression of the -chain in mouse mast cells while the 
levels of both the - and -chains were unaffected (71). In the same study, 
the authors showed that IL-4 and IL-10 partially block the up-regulation of 
Fc RI expression induced by IgE. Thus, it is tempting to speculate on the 
homeostatic regulation of Fc RI on mast cells. IgE may increase Fc RI 
expression, while it may be decreased by IL-4 and IL-10.  

Fc RII
Unlike the other Fc-receptors, Fc RII (CD23) is a lectin. The C 3-domain of 
IgE binds to the C-terminal lectin domain of Fc RII. However, the binding is 
at least 1000-fold weaker compared to Fc RI, and Fc RII is consequently 
called the low-affinity IgE-receptor (KD 106 M). Two membrane-bound 
isoforms have been described; Fc RIIa and Fc RIIb, which differ in cell 
distribution and in the first amino acids in their short cytoplasmic tail. While 
Fc RIIa is constitutively expressed on B cells and follicular dendritic cells, 
the expression of Fc RIIb is more widespread. Besides B and T cells, 
expression of Fc RIIb can also be induced on mast cells, macrophages, 
eosinophils, platelets and Langerhans cells and eosinophils. Furthermore, a 
soluble form of Fc RII, sFc RII, can be released in sera after cleaving the 
stalk region of the membrane-bound molecule. Elevated concentrations of 
sFc RII, as well as increased levels of Fc RII on their B cells and monocytes 
have been found in sera of allergic patients (72, 73).  

Binding of IgE to Fc RII down-regulates the production of IgE, and one 
study demonstrated that the -germline transcript was inhibited in vitro after 
anti-Fc RII treatment (70). A candidate for regulating this IgE-suppression 
are follicular dendritic cells in germinal centers, as over-expression of 
Fc RII in both murine B and T cells did not have any effect on IgE 
production (74). Another study showed an increase in IgE levels after 
administration of antibodies that bind to the stalk region of Fc RII (75). This 
phenomenon was explained by possible conformational changes after 
oligomerization of Fc RII, making IgE-binding more complicated. Hence, if 
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IgE cannot bind to Fc RII, the IgE-production will not receive a negative 
feedback signal. However, the mechanism for Fc RII signaling is still 
unresolved.

Mast cells and basophils 
The effector cells of atopic allergy are of two distinct types; mast cells and 
basophils. Apart from causing trouble to pollen-allergic individuals in May, 
mast cells and basophils are important in immune responses to parasites. 
Both cell types contain cytoplasmic granules and constitutively express 
Fc RI on their surfaces. Mast cells, however, are located in the tissue, while 
basophils predominantly are found circulating in peripheral blood.  

Mast cells are strategically located in the epithelia and can be considered as 
lighthouse keepers in the ocean of immune cells. They originate from 
pluripotent stem cells in BM, but mature in peripheral tissue. Human skin 
contains approximately 10 000 mast cells per cubic millimeter (76), but they 
are also abundant in lung, lymphoid tissue, nasal mucosa, urinary bladder 
and around large and small blood vessels. They increase in numbers during 
atopic allergy and other disorders such as rheumatoid arthritis and 
tuberculosis (77). Upon cross-linking of Fc RI, mast cells release their 
potent cytoplasmic granules containing preformed histamine, TNF-  and 
proteases, in addition to de novo synthesized mediators such as 
prostaglandins, leukotrienes and cytokines (e.g. IL-1, -3, -4, -5, -6 and -13). 
Further, murine mast cells can be activated by mechanisms other than cross-
linking of Fc RI, such as the binding of IgG to Fc RIII. Moreover, TLR 
have been found on mast cells and consequently bacterial products can cause 
mast cell activation, just like the complement factors C3a and C5a, which 
bind to their respective receptors, leading to degranulation.  

Basophils constitute a separate leukocyte type despite many similarities with 
mast cells, such as Fc RI expression and release of histamine and TH2-
cytokines. Like mast cells, basophils originate from pluripotent stem cells in 
BM, but unlike mast cells they mature in the BM wherefrom they enter the 
circulation. Basophils comprise less than 1% of peripheral blood leukocytes 
and even during allergic asthma they only double in numbers. Furthermore, 
they have a short life-span even if they migrate to the tissue, in contrast to 
mast cells, which seem to be very long-lived (78). Human basophils have 
more than 200 000 Fc RI on their surface (69) and cross-linking of Fc RI 
leads to basophil degranulation, similarly to when C3a and C5a bind to their 
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respective receptors. Upon appropriate stimulation, basophils release their 
granula contents, which contain histamine, leukotrienes, IL-4 and IL-13 (77).  

Allergens
Allergens are defined as non-parasitic environmental antigens that elicit 
allergic reactions in sensitized individuals. Typical allergens include birch 
pollen, animal hair and dander, nuts, mold spores and dust mites. Why some 
molecules are more allergenic than others is not clear (79-81).  

Curiously, there can be non-reciprocal cross-reactivities between allergens. 
Mal d 1, for example, is a non-sensitizing apple allergen that can cross-react 
with the IgE specific for the major birch pollen allergen, Bet v 1,while the 
reciprocal reaction does not occur. Hence, apples do not generally cause 
allergic reactions if one is not sensitized against birch pollen. This indicates 
intrinsic properties of some antigens that enable them to elicit IgE responses. 
Enzymatic activity, solubility and/or glycosylation of antigens are often 
indicated as structural properties that might indicate whether antigens are 
allergenic or not. However, structural studies of allergens show that they are 
a heterogeneous group (81) and so unifying allergen features still remain to 
be found. Nevertheless, common allergen features include:  

Small size: Allergens are often small proteins, or protein-coupled 
substances of between 15 and 40 kDa. 
Low-dose: Multiple exposures with low-doses of antigens seem to 
be more efficient than few exposures with high-doses. 
Entrance: Antigens that enter the body via the airway or skin are 
better IgE inducers compared to antigens that enter via the 
intraperitoneal route.
Adjuvant: Antigens co-administered with Alum can easily become 
allergens since Alum stimulates a TH2 response, in contrast to FCA, 
which stimulates a TH1 cytokine environment. 
Genetic constitution of the recipient: Only certain atopic 
individuals produce IgE against birch pollen.  

General mechanism of atopic allergies 
As previously mentioned, two exposures to an allergen are required to 
induce a hypersensitivity response. An allergic response can therefore be 
divided into two phases; the sensitization phase and the effector phase 
(Figure 3). 
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Figure 3 The allergic response 

The first time the immune system is exposed to an allergen, an APC 
internalizes and degrades the allergen into peptides that subsequently bind to 
MHC II. The allergen peptide will thereafter be presented to a TH0 cell in a 
lymph node, and within a TH2-cytokine environment, allergen-specific B 
cells will switch into IgE-production. The allergen-specific IgE leaves the 
lymph node via the blood and binds to Fc RI either on basophils in the 
blood, or mast cells in the tissue. At this point, the IgE-coated basophil or 
mast cell is sensitized. A second allergen exposure is needed, however, 
before the clinical symptoms become evident during the effector phase.  

Many years may pass between the sensitization and effector phases. But 
once the immune system is repeatedly exposed to the allergen, IgE bound to 
Fc RI on mast cells or basophils can become cross-linked, ultimately leading 
to degranulation. The cross-linking of Fc RI initiates a signal cascade that 
causes exocytosis of preformed mediators such as histamine and proteases. 
Moreover, it initiates synthesis and secretion of cytokines (IL-3, IL-4, IL-5 
and IL-13) and lipid mediators, such as prostaglandin D2 (PGD2) and 
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leukotriene C4 (LTC4). The mediators have different pathological effects; 
histamine, for example, increases vascular permeability, proteases degrade 
tissue structures, IL-3 stimulates mast cell proliferation, PGD2 causes 
bronchoconstriction and recruits neutrophils while LTC4 stimulate mucus 
production. Altogether, these mediators are responsible for the spectra of 
atopic symptoms that may develop, such as hay fever, atopic eczema, asthma 
or in the worst case scenario, anaphylaxis.  

Increasing prevalence 
Undoubtedly, atopic allergies are caused by both genetic and environmental 
factors. Although atopic allergies were quite rare a few decades ago, they 
now constitute a major public health problem and up to 40 % of children are 
affected worldwide (82, 83). As our genes have not changed radically during 
the last 30 years, many epidemiological studies try to find unifying features 
in our environment that can explain this allergic trend. The popular “hygiene 
hypothesis” suggests that a somewhat sanitized westernized life-style, with 
limited exposure to viral and bacterial pathogens during childhood results in 
an unsatisfactory stimulation of TH1 cells (84, 85). A weaker TH1 response 
pave the way for a more pronounced expansion of TH2 cells and as a result, 
an increased allergic predisposition. But can fewer childhood infections and 
reduced exposure to dirt explain the increasing prevalence of allergy?  

According to the hygiene hypothesis, certain bacterial and viral infections 
during childhood can protect against development of atopic allergy. House 
dust, for example, contains bacterial endotoxins, among other things, and is a 
known inducer of TH1 cytokines (86). Intriguingly, low levels of endotoxin 
were correlated to development of atopic disease in Swedish, but not 
Estonian children (87). However, the median endotoxin levels in house dust 
were almost double in Estonian households compared to their Swedish 
counterparts (87). Furthermore, infections with measles and hepatitis A virus 
are inversely related to atopic development in many studies, which supports 
the hygiene hypothesis (88, 89). Nevertheless, conflicting data exist and 
measles infection in the first 2 years of life has also been shown to increase 
the prevalence of asthma, eczema and allergic rhinitis (90). Another 
interesting part of this hygiene hypothesis is that an altered gut flora 
contributes to the atopic trend. Atopic children have reduced levels of 
lactobacilli compared to non-atopic children (91), and lactobacilli have been 
shown to be a potent inducer of IL-12, a key-cytokine in the induction of 
TH1 mediated immunity (86). One study actually showed that children 
growing up in an anthroposophic lifestyle, which implies a restricted use of 
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antibiotics and vaccinations, and a diet with acidified vegetables containing 
lactobacilli, have fewer allergies than other children (92). In addition, 
children living on farms have been shown to have lower prevalences of hay 
fever and asthma (93), but considering that most atopic families have 
professions other than farming, it is hard to draw any conclusions. Hence, 
fewer pathogens in our environment, or a changed ratio of commensal 
microorganisms in our intestinal flora may contribute to the increased 
prevalence of atopic disorders. 

Other potential causes of the allergic trend that are frequently discussed 
include: tobacco smokes, air polluted with diesel particles, family size and 
socio-economic status (reviewed in (94)). Even if passive smoking during or 
after pregnancy is a risk factor for allergic diseases, it seems unlikely to be 
more than a contributing factor in the allergic trend. Air pollution, especially 
diesel exhaust, is also being suspected to stimulate TH2 cytokines, but results 
from different studies are contradictory (95, 96). Another consideration is 
the improved diagnostics and enhanced awareness of atopic allergies today. 
But despite this, the incidence of atopic allergies were estimated roughly to 
have doubled when the responses to identical questionnaires in a Swedish 
study between 1979 and 1991 were compared (97). Hence, new and reliable 
allergy diagnostics, together with increased awareness cannot be fully 
responsible for the allergic increase and are probably only part of the 
explanation.  

In a worldwide study involving more than 450 000 children in 56 countries 
(83), the highest prevalences of asthma were shown to be in the UK, 
Australia, New Zealand and countries in North, Central and South America. 
In contrast, Indonesia, Albania and several Eastern European countries had 
the lowest asthma prevalence. The prevalence of hay fever and atopic 
eczema was similar to that of asthma, even if Nigeria was a leader in both 
hay fever and atopic eczema, and Scandinavia was among the top-ranking 
countries in atopic eczema. These prevalences can probably be explained by 
some of the risk factors mentioned above, but other factors are certainly 
important. 

Allergy treatment 
The most suitable treatment of atopic allergy is allergen avoidance. This is 
possible if the allergens are not widespread, or when only a limited amount 
of allergens cause the atopic reaction. However, this is not always the case 
and therefore, the market for drugs against allergies is huge.  
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Today, corticosteroid is one of the most effective treatments available for 
allergy (98) (99). It is given as a general anti-inflammatory reliever and 
suppresses the transcription of genes for inflammatory proteins such as 
cytokines, enzymes and adhesion molecules. However, one drawback with 
corticosteroids is that they may have systemic effects. Besides 
corticosteroids, inhibitors of mast cell and basophil mediators such as anti-
histamines and anti-leuktrienes, which block their specific mediator 
receptors, are also frequently used. Another common treatment is mast cell 
stabilizers containing sodium cromoglycate, which can be effective for both 
hay fever and asthma. In addition to these classical treatments, many 
immunostimulatory compounds are being investigated. Bacterial DNA with 
CpG-motifs has been administered in murine asthma models to promote TH1
responses and prevent development of atopic asthma (as reviewed in (100)). 
In a recently published study, allergen-specific levels of IgE were reduced in 
atopic patients after they had seen a comical video (101). In addition, there 
was a significant increase of TH1 cytokines, IFN-  and IL-12, while TH2
cytokines, IL-4, IL-10 and IL–13, were significantly decreased. Whether this 
implies that atopic patients have a deficit of laughter and can be prescribed 
humorous videos remains to be seen. 

In contrast to the allergen-independent treatments mentioned above, which 
only reduce allergic symptoms and do not cure the disease, 
hyposensitization, or allergen-specific immunotherapy, is an allergen-
dependent treatment. It has been used for nearly 100 years (102), and is 
based on repeated subcutaneous injections of purified allergens administered 
in escalating doses. This form of treatment is useful when insect venom or 
single allergens cause the allergic reactions. Despite the fact that 
hyposensitization has been used for a long time, the precise molecular 
mechanism of action is still unknown. However, patients who successfully 
respond to hyposensitization-treatment have increased concentrations of IL-
2, IL-12, IFN-  and allergen-specific IgG after treatment (103). Hence, 
hyposensitization might affect the balance between TH1 and TH2 and induce 
TH1-based immunity. Although treatment begins with injections of low 
allergen doses, there is a risk of anaphylactic shock.  

As IgE is involved in all allergen-triggered atopic reactions, an attractive 
treatment for allergy is to decrease IgE levels. In June 2003, the American 
Food and Drug Administration (FDA) approved the use of a recombinant 
humanized monoclonal antibody (MAb) that binds C 3 on circulating IgE 
for allergy treatment (104). Omalizumab, as the MAb is called, is approved 
for treating patients with moderate to severe persistent allergic asthma, and 



30

whose symptoms are poorly alleviated by corticosteroids (104). The drug is 
given by passive immunization, and total-IgE levels are decreased by 
approximately 90% within 24 hours of administration. Furthermore, the 
decrease in IgE levels is accompanied by a decrease in expression of Fc RI 
(reviewed in (105)). As previously mentioned, one drawback of passive 
immunization is lack of memory. Thus, the protective immunity of 
Omalizumab only lasts as long as the injected antibodies persist. An active 
vaccine strategy targeting IgE, therefore, should be developed. Data from 
several studies are presented in papers I, II and III in this thesis.  

Atopic allergies in dogs 

Dogs have received much attention in genomic research as different breeds 
have well characterized diseases that have much in common with the human 
counterparts. Thus, dogs can be seen as a valuable model to learn more about 
the corresponding human disorders (106).  

There seems to be a strong genetic component for atopic allergy in dogs as 
well as in humans (107, 108). As many dog breeds are domesticated and 
share environmental factors with humans they are one of the few natural 
allergic models we know of today. Dogs may therefore offer a short cut to 
reveal the impact of both genetic and environmental factors in atopy. 
Comparisons with wolves, the origin of all dogs, may be especially useful. 

In a study in which more than 30 000 dogs were examined, almost 9% were 
diagnosed with either atopic dermatitis or atopy (109). Generally, the 
immunological parameters seen in atopic allergy in dogs seems to correlate 
with the human counterpart. Allergen-specific IgE, for example, is 
associated with disease (110, 111). Furthermore, mast cells in dogs express 
Fc RI and as in humans, upon cross-linking they release both histamine 
(112) and proteases (111). In a study where skin from dogs with atopic 
dermatitis was compared to healthy dogs, it was found that atopic dermatitis 
is associated with significantly increased expression of the TH2 cytokine IL-
4 mRNA (113). In addition, expression of mRNA encoding the 
immunosuppressive cytokine, TGF-  was much lower in dogs with atopic 
dermatitis compared to those with healthy skin. It is likely, therefore, that 
there is a TH1/TH2 imbalance in atopic dermatitis in dogs, resembling 
pathogenesis in human atopic dermatitis. Hence, dogs are probably an 
excellent animal model for allergy. 
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The precise role of IgE in the pathogenesis of allergy and other diseases in 
dogs remains unclear. Considering the amount of parasites dogs have in their 
environment in addition to their atopic traits, understanding the role of IgE in 
dogs may well contribute defining both the allergic mechanisms and the 
escalating prevalence of allergies we see in humans today.  

Rheumatoid arthritis 
Rheumatoid arthritis (RA) is an autoimmune disease and is one of the most 
common forms of inflammatory arthritis worldwide. It affects up to 1% of 
the adult population, with a female:male ratio of 3:1 (114). RA is a 
symmetric arthritis that primarily involves small joints of the hands and feet, 
but it can also be systemic and virtually any organ can be involved. The 
mechanism behind RA is poorly understood and the pathogenesis most 
probably involves both environmental and genetic factors. Various MHC 
genes have been associated with RA but they are only estimated to account 
for 30% of the genetic influence (115).  

Today there are a number of rodent models for RA, and in many, RA is 
induced by injections of various adjuvant oils, reviewed in (116). The 
classical model for adjuvant-induced arthritis (AIA) is based on injections of 
FCA and is a T cell dependent model, causing cartilage erosion and other 
typical RA symptoms. Collagen-induced arthritis (CIA) is also T cell 
dependent, but unlike many other RA models, this model is induced by 
injections of proteins such as cartilage protein collagen type II. Pristane-
induced arthritis (PIA) and squalene-induced arthritis (SIA) are two other 
common RA-models induced by adjuvant oil injections. Pristane is a mineral 
oil that normally gives a more severe RA than squalene, an endogenous oil 
that is a precursor in cholesterol synthesis.

There are certainly also species-specific variations in these disease models, 
but animal models are helping to reveal the mechanisms behind human 
diseases. Only once these mechanisms are fully defined, can this knowledge 
contribute to the development of new therapies. 
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Present study 

Aim
The aim of this thesis was to develop and optimize a therapeutic vaccine 
against IgE and study its effect in two animal models, rats and dogs. 
Moreover, we addressed the question of whether levels of IgE in dogs 
correlate with health status or age and whether IgE-concentrations could be 
influenced by a chromosome interval in both naïve rats and in an arthritis 
model.  

Results and discussion 

Paper I 

Vaccination against IgE is possible  
Allergies are increasing and despite available treatments there is a need for 
new therapies. In atopic allergies IgE is the key player. No matter what 
allergen triggers the allergy or what the symptoms are, IgE is involved. This 
makes IgE an ideal target for molecular immunologists, and we set out to 
develop a therapeutic vaccine that would induce a strong response against 
IgE and thereby reduce the IgE-response in allergic individuals. 

Even though the concentrations of IgE are minute in sera, it is a self-protein 
against which we are tolerized. Thus, in order to make a therapeutic vaccine 
against IgE, the tolerance against IgE had to be broken. Previous 
experiments in our group revealed that it was possible to induce a response 
against IgE in sensitized rats and thus suggesting that the tolerance can be 
broken (117). In those experiments, rats were immunized with a recombinant 
IgE vaccine made from the rat C 2-C 3-domains coupled to a GST-protein 
derived from Schistosoma japonicum. However, the GST-C 2-C 3-protein
expressed in bacteria was poorly soluble and rough denaturation was 
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required to isolate the protein. Another hazard with this construct/protein 
was the possibility of generating cross-linking antibodies against C 2-C 3-
epitopes outside of the Fc RI-binding region, which, in the worst-case, could 
cause a potent mast cell degranulation. Therefore, we set out to make a new, 
soluble, easily produced and properly folded vaccine in the form of a 
chimeric IgE molecule, but with a minimal self-derived target region.  

The target region of the vaccine is the C 3-domain of the recipient species 
IgE, which is the domain directly involved in receptor binding. Flanking this 
target region is C 2 and C 4 from a distantly related mammal. These regions 
functions both as structural support for proper folding of C 3 and also as a 
foreign carrier. Rat C 3 was the target region used in this study as we 
vaccinated rats, and it was flanked by C 2 and C 4 derived from opossum 
(Monodelphis domestica) (see Figure 4). The sequence identity between 
opossum and rat IgE is only 43%, which for our purpose made opossum a 
perfect fusion partner to rat C 3. Thus, a vaccine where opossum C 2 and 
C 4 flanked rat C 3 was constructed by PCR amplification from cDNA 
clones. The vaccine was expressed in a mammalian cell line, and easily 
purified on Ni2+-chelating columns due to a six-histidine affinity tag 
introduced in the 5’ primer of the opossum C 2. The recombinant vaccine 
component ORO was born. 

Cε3

Cε2

Cε4

ORO OROO OMO OOO PPP
6xHis

Opossum Rat Mouse Platypus

Figure 4. Schematic figure of the various recombinant proteins: ORO, OROO, 
OMO, OOO and PPP.  

We also made variants of the vaccine to learn more both of how far we could 
go in minimizing the C 3 domain of the vaccine and about the influence of 
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sequence alterations on efficacy and safety. A minimized C 3 variant of the 
vaccine was designed and named OROO; opossum C 2 and partial rat C 3
fused to partial opossum C 3, and opossum C 4. Further, we designed a 
protein named OMO in which mouse C 3 was flanked by opossum C 2 and 
C 4. The objective of the OMO protein was to study the influence of 
sequence alterations in the self-derived target region. Since mouse C 3 is 
81% identical to the corresponding rat domain, it can be regarded as a 
mutated form of rat C 3. Furthermore, in order to compare the response 
against the vaccine carrier to the self-part, i.e., opossum C 2/C 4 versus rat 
C 3, opossum C 2-C 3-C 4, named OOO, was expressed. Another object of 
the OOO-protein was to study the possibility of cross-reactivity between 
distantly related species. For the same reason, the C 2-C 3-C 4 from 
platypus (Ornithorhynchus anatinus) was expressed, PPP, and was used as 
another potential carrier protein. 

Non-immunized rats have significant strain-dependant differences in their 
tendency to produce more or less IgE and have therefore been classified as 
high, medium or low responder strains (118). In this study we used four 
different rat strains; (i) the high-responder Brown Norway with initial IgE 
levels between 500–110 000 ng/ml, (ii) the so called “high-responder” 
Louvain with 1–27 ng IgE/ml, (iii) the medium-responder Wistar that ranged 
between 7–155 ng/ml and (iv) the low-responder strain Lewis with initial 
IgE levels between 1–16 ng/ml. Rats are not naturally allergic so to mimic 
the deregulated control of IgE in atopic patients, we sensitized the rats in this 
study against ovalbumin (OVA). The rats received an initial dose of 10 g
OVA in PBS and thereafter 3 g OVA biweekly throughout the study. The 
OVA-sensitizations did not affect the levels of IgE in either the Brown 
Norway or the Lewis strains, whereas both Louvain and Wistar showed an 
approximately eight-fold increase in IgE-titers after sensitization.  

Rats were vaccinated either with ORO, OROO, OMO, OOO, PPP or the 
negative control BSA. The adjuvant, FCA, was used in the initial 
vaccination, and FIA in subsequent administrations. Blood samples were 
collected before the vaccinations, and at several time points in the treatment 
program. Analyses by ELISA were performed on the sera and IgG-titers 
against IgE were determined in an anti-IgE assay, whereas a total-IgE 
ELISA was used to determine absolute levels of IgE. 

Vaccination with ORO resulted in high IgG-titers against IgE in all rat 
strains including the high responder strain, Brown Norway. This was indeed 
promising. It proved that the recombinant ORO protein induced IgG against 
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rat IgE, since the ELISA plates that were used in the analysis of the 
responses against IgE were coated with whole rat IgE. The low-responder 
strain, Lewis, showed the most pronounced response against IgE, but 
considering their extremely low IgE levels they ought to have the least 
difficulty in breaking tolerance against IgE among the vaccinated strains. 
However, the vaccine was not developed solely to increase the levels against 
IgE. We were also interested in whether the induced anti-IgE levels had any 
impact on the IgE levels and last, but not least, if decreased IgE levels have 
any clinical significance with regard to allergic symptoms.  

Indeed, the levels of IgE were distinctly reduced in three out of the four rat 
strains immunized with ORO. All Wistar and Lewis rats had less than 10 ng 
IgE/ml after two vaccinations, and the reduction of IgE was statistically 
significant between the vaccinated group and the control group. Four out of 
nine Louvain rats also showed a reduction in IgE levels to less than 10 ng/ml 
at week 22, whereas the BSA-treated control rats had IgE-values ranging 
from 18 to 300 ng/ml. However, in the Brown Norway strain the IgE levels 
remained unaffected. To investigate the clinical effect of the vaccination, an 
Evans Blue test was performed. The sensitization allergen, OVA, was 
injected into the skin of both vaccinated and control Wistar rats, the 
vaccinated animals clearly showed less severe skin reactions as compared to 
the control animals. Hence, mast cell reactivity was much weaker in the 
ORO vaccinated animals and we conclude that there is a beneficial clinical 
effect of the vaccine in sensitized Wistar rats. 

In addition, among the evaluated vaccines, the ORO vaccine was confirmed 
to be the most potent vaccine candidate against IgE in Wistar rats. Both 
OROO and OMO resulted in considerably weaker responses against IgE and 
neither OROO nor ORO reduced the concentrations of IgE to the same 
extent as ORO. Two out of four OOO-immunized rats reacted against rat-
IgE in the ELISA, but the response was at least 125-times lower than that in 
the ORO-vaccinated animals. PPP vaccination did not reveal any cross-
reactivity at all.  

The presence of cross-linking antibodies against opossum-epitopes after 
ORO-vaccination could be a risk, but we did not detect any such problems. 
This potential risk was analyzed by using sera from Wistar rats immunized 
with OOO, ORO or OROO, to provoke skin reactivity in Brown Norway 
rats. However, no skin reactivity was detected in any provocation tests, 
either with sera or with PBS, the negative control. In contrast, the positive 
control, MAb anti-rat IgE, caused extensive mast cell cross-linking and 
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degranulation. Another safety issue of the vaccine that we addressed was 
whether the induced response against IgE was reversible. Thus, we wanted 
to see if a discontinued treatment made the animals return to pre-vaccination 
state. Eleven months after the last booster injection, the titers against IgE 
were reduced by 89-99% in the Lewis rats. Hence, the response against IgE 
was indeed reversible with time.

In conclusion, in paper I we describe active immunization against IgE. We 
show that a therapeutic vaccine against IgE can induce a strong antibody 
response against self-IgE in rats, which leads to a reduction in the IgE levels. 
Taken together, our results suggest that the vaccine has the potential to 
become a therapeutic method for allergic individuals in different species, for 
example dogs and humans.  

Paper II 

Mineral-oil adjuvants increase the immune response against IgE 
In order to optimize the antibody response against the vaccine we had to find 
a suitable adjuvant. Freund’s adjuvants were used in paper I, but since this 
adjuvant is permitted only in rodents, we wanted to evaluate other candidates 
that can be used in humans. We chose to study adjuvants that were either 
commercially available, or in the last phase of clinical trials, namely 
aluminum hydroxide (alum), ISCOM’s, Montanide ISA 51 and Montanide 
ISA 720, and compared them to Freund’s.  

In the first adjuvant study, study 1, Wistar rats were sensitized against OVA 
prior to the first vaccination and throughout the vaccination program, as 
described in paper I. Further, they were immunized with ORO at weeks 0 
and 3, and sera was collected before sensitization and vaccination, as well as 
in week 5, two weeks after the booster vaccination. Sera from week 5 was 
used in the comparative ELISA analyses, and we measured the response 
against both the target region, rat C 3, and the carrier, opossum C 2 and 
C 4. Since no standards existed, we made a relative scale and compared the 
responses induced with the different adjuvants to that induced with Freund’s. 
Thus, the response against rat C 3 and opossum C 2 and C 4, respectively, 
with Freund’s adjuvants was set to 100%. In study 1, the rats were 
vaccinated with ORO together with alum, ISCOM’s or Freund’s. The 
ISCOM’s were Cu2+-conjugated and we administered them either with 100 

g ORO, ISCOM (100), or 25 g ORO, ISCOM (25), to study if a lower 
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concentration of ORO on the ISCOM surface would facilitate presentation of 
ORO.

Table 2: Adjuvants used in study 1, paper II.

Adjuvant 
Induced response against

rat C 3

Induced response against 

opossum C 2-C 4

 Freund’s 100 % 100 %  

 Alum - 20 %  

 ISCOM (100) - 75 %  

 ISCOM (25) 5 % 125 %  
The relative titers of anti-rat C 3 and anti-opossum C 2-C 4 are given as median values from 
rats vaccinated with ORO and adjuvant. The mean value from ORO-vaccinated rat with 
Freund’s was set to 100%. 

Neither alum, ISCOM (100) nor ISCOM (25) induced any significant 
response against rat IgE as compared to Freund’s adjuvant, as seen in table 
2. Thus, with regard to responses against IgE Freund’s was the superior 
adjuvant. However, the response against the carrier, opossum C 2 or C 4,
was comparable after immunizations with Freund’s and ISCOM, 
respectively. The highest anti-opossum titer was actually seen in the ISCOM 
(25) treated group in which the titer was 25 percentage units higher than that 
in the Freund’s group. Alum, however, was the least potent adjuvant for 
ORO, we did not detect any response against rat IgE and the response 
against the carrier opossum C 2 and C 4 was only 20% of that with 
Freund’s. In brief, only Freund’s adjuvant gave a significant antibody 
response against self-IgE, i.e., the rat C 3. Thus, we extended our search into 
the “oil field” for an adjuvant that could replace Freund’s.  

In the second adjuvant study, study 2, two purified oil adjuvants were 
compared to Freund’s. Once again, Wistar rats were immunized with ORO, 
but this time together with either a mineral oil based adjuvant, Montanide 
ISA 51, or a plant oil based adjuvant, Montanide ISA 720, or Freund’s. In 
addition, we tried to increase the immunogenicity by spiking the two oils 
with immunostimulatory substances from bacteria. As in study 1, the rats 
were immunized at weeks 0 and 3, and sera collected at week 5 were used in 
comparative ELISA analyses. As before, the response against Freund’s was 
set to 100%. Montanide ISA 51 appeared as an obvious alternative to 
Freund’s, and the median response against rat IgE was 160% compared to 
that with Freund’s (see Table 3). Montanide ISA 720, on the other hand, 
only induced 15% of the response induced with Freund’s. Hence, in 
comparison to the mineral oils, the plant oil was less potent as an adjuvant 
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for ORO. In contrast, the response against non-self IgE, anti-opossum, was 
similar with all three adjuvants.  

Table 3: Adjuvants used in study 2, paper II.

Adjuvant 
Induced response against

rat C 3

Induced response against 

opossum C 2-C 4

Freund’s 100 % 100 % 

Montanide ISA 51 160 % 70 % 

 +MDP 50 % 85 % 

 +MPL 80 % 70 % 

 +MDP+MPL 65 % 100 % 

 +MDP+MPL+fMLP 40 % 90 % 

Montanide ISA 720 15 % 120 % 

 +MDP 40 % 110 % 

 +MPL 55 % 70 % 

 +MDP+MPL 5 % 60 % 
The relative titers of anti-rat C 3 and anti-opossum C 2-C 4 are given as median values from 
rats vaccinated with ORO and respective adjuvant. The mean value from ORO-vaccinated rat 
with Freund’s was set to 100%. Abbreviations used: MDP, muramyldipeptide; MPL 
monophosphoryl lipid A; fMLP, formylmethionine. 

Moreover, since Freund’s complete adjuvant is a rather impure mineral oil 
containing heat-killed Mycobacterium tuberculosis, we wanted to explore 
the possibility of enhancing the adjuvant effect of pure Montanide oils by the 
addition of immunostimulatory substances from bacteria. Therefore, a series 
of experiments were conducted in rats immunized with ORO together with 
Montanide ISA 51 or 720, spiked with muramyldipeptide (MDP), 
Monophosphoryl lipid A (MPL), or formylmethionine (fMLP), or with 
combinations of these substances. Comparative ELISA analyses were 
performed on sera collected at week 5 and again, the response to Freund’s 
was set to 100% on the relative absorbance scale. However, we did not 
observe any enhancement in the response against self-IgE when Montanide 
ISA 51 was administered together with any of the three immunostimulatory 
bacterial compounds, MDP, MPL or fMLP, as shown in Table 3. An 
explanation may be that pure Montanide ISA 51 reaches a maximum in 
adjuvant activity by itself, without the additives. Perhaps the bacterial 
additives result in a faster influx of phagocytes and as a result, a faster 
clearance of ORO. In contrast, the adjuvant effect of Montanide ISA 720 
against rat IgE was clearly enhanced with MDP and MPL, respectively. A 
possible explanation could be that Montanide ISA 720 is a milder adjuvant 
than Montanide ISA 51, and can consequently be triggered to be more 
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irritating without being cleared. If so, this would explain why Montanide 
ISA 720 together with both MDP and MPL resulted in a decreased response 
against rat IgE. Maybe this caused the balance to tip over, from being an 
irritating adjuvant to a truly annoying adjuvant that needed to be cleared.  

From this study, we conclude that adjuvants based on pure mineral oil, 
without additional immunostimulatory compounds, appear to be the best 
adjuvant candidates in vaccines intended to regulate the in vivo levels of 
self-proteins. Hence, Montanide ISA 51 is the most promising adjuvant 
candidate for ORO, but the metbolizable oil, Montanide ISA 720, might be a 
good alternative if it is administered together with bacterial compounds.  

Paper III 

Levels of IgE are exceptionally high in dogs, but can be reduced after 
vaccination against IgE 
All models have their limitations. Rodents are excellent animal models 
especially since there are numerous reagents available to analyze the various 
reactions. Hence, plenty of research has been done in mice and rats. 
Nevertheless, rodents are not naturally allergic and must therefore be 
sensitized in order to serve as allergy models. In contrast, allergic diseases 
are common in dogs and the clinical symptoms resemble the human 
counterpart. However, lack of reliable diagnostic tests for dogs has been a 
major drawback and confirmation of the involvement of IgE in dog allergy 
has therefore been somewhat elusive. 

The intention behind this paper was to develop a reliable total-IgE ELISA 
for dogs, and thereafter analyze the absolute IgE levels in a cohort of dogs of 
different breed, health status and age. Further, we wanted to investigate 
whether an allergy-vaccine against dog IgE containing a dog C 3 region, 
could induce a response against IgE in Beagle dogs, and if such a response 
would decrease the levels of IgE in these dogs. Beagles are traditionally 
classified as an allergic dog breed and are therefore commonly used in 
allergy studies. The vaccine was administered together with one of three 
mineral oil based adjuvants; Montanide ISA 206, 51 or 50. 

In order to develop a reliable total-IgE ELISA for dogs, we needed pure 
reagents. Therefore, a recombinant IgE-protein from the entire C2-C3-C4 
domain of the dog -heavy chain was produced, and named DDD. 
Polyclonal anti-sera against dog IgE was purified from rabbits immunized 
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with DDD, and later used as coating antibody in the ELISA. As a secondary 
antibody in the ELISA, a monoclonal antibody against dog C 2 or C 4 was 
developed from DDD-immunized mice. The advantage of using pure DDD 
in the immunizations is that no other isotypes can interfere in the ELISA, 
and accordingly, our ELISA only measures IgE. Since there is 
approximately 67 000 times more IgG than IgE in sera, the likelyhood of 
IgG-contamination is significant when IgE is purified from normal sera. If 
these purified IgE-samples, contaminated with IgG, are used in 
immunizations there is a risk of false positive signals to IgG in the 
polyclonal anti-sera. This contamination problem can probably in part 
explain the contradictory IgE levels in dogs that have been published, 
ranging from 0.14 g/ml to milligram levels of IgE per milliliter (119, 120). 
Further, the pure IgE-protein, DDD, was also used to generate a standard 
curve to determine absolute IgE levels. 

Using this new IgE-assay, we show that the levels of IgE range from 1 to 41 
g/ml in a cohort of 76 dogs of different breeds and health status. This is 

remarkably high considering that non-atopic humans without parasitic 
infections normally have 0.15 g IgE/ml. However, we did not detect any 
differences in the IgE levels among the different dog breeds, or among dogs 
diagnosed to be either healthy or suffering from autoimmune diseases, 
parasite infections or those with atopic dermatitis. In fact, two of the lowest 
IgE levels of 4 and 5 g/ml were observed in dogs diagnosed with atopic 
dermatitis.  

In addition, we show that IgE levels are remarkably low in sera from young 
dogs. Among three litters of Rhodesian Ridgebacks, only 7–8 weeks old, the 
levels of IgE were between 0.2 and 1 g/ml, and only one of a total of 33 
puppies had more than 4 g IgE/ml. In contrast, the dam to one of the litters 
had 20 g IgE /ml in her sera, i.e., in the same range as observed in other 
adult dogs. This could indicate that in dogs the level of IgE is increased after 
birth. It is tempting to speculate that dogs accumulate a TH2 response with 
the prominent antibody IgE against parasites in the environment in which 
they grow up. If so, the hypothesis of an increase of IgE as a result of a 
continuous parasite burden in the environment of dogs could explain their 
exceedingly high IgE levels.  

Despite the uncertain role of IgE in dog allergy, we set out to develop a new 
allergy-vaccine for dogs. We speculated that even if total-IgE levels in dogs 
are exceptionally high, a pool of allergen-specific IgE could still be reduced. 
Similarily to ORO we utilized opossum C 2 and C 4 as the carrier, but this 
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time dog C 3 was the target region. Thus, the ODO-vaccine is a recombinant 
protein constructed of the third constant domain from the dog -heavy chain 
flanked by opossum C 2 and C 4. The ODO-protein was produced in the 
same way as the ORO-protein described in paper I. Nine Beagle-dogs were 
vaccinated twice, at weeks 0 and 3, with ODO administered together with 
one of three mineral oil adjuvants; Montanide ISA 206, 51 or 50. Blood 
samples were collected prior to the vaccinations and at weeks 5 and 11. 
ELISA analyses were performed on the collected sera. IgG-titers against IgE 
were determined in an anti-IgE assay, whereas the developed total IgE 
ELISA was used to determine absolute levels of IgE. 

We observed a significant increase in the anti-IgE levels in all vaccinated 
dogs. The levels of anti-IgE peaked at week 5, two weeks after the final 
vaccination. Considering that the initial levels of IgE in these dogs were 
between 7 and 21 g/ml, it is notable that the ODO-vaccine was potent 
enough to induce such strong responses against IgE. In addition, a decrease 
of IgE was observed in nearly all dogs after the first vaccination. Between 
weeks 0 and 11 of the treatment program, the median reduction in the IgE 
level was 65%. However, we could not discern any difference among the 
adjuvants used in this study. Thus, neither the anti-IgE nor the total-IgE 
levels differed among the groups that received ODO with Montanide ISA 
206, 51 or 50. One reason to this lack of difference among the adjuvants can 
be that all three adjuvants actually were equally efficient. 

In summary, paper III shows that dogs have extraordinarily high levels of 
IgE in sera, ranging from 1 to 41 g/ml. The high IgE levels were not 
connected to health status, i.e., not linked to diagnoses as healthy or 
suffering from autoimmune disease, parasite infection or atopic dermatitis. 
Further, we show that the levels of IgE are significantly lower in younger 
dogs. The median levels ranged from 0.2 to 1 g IgE/ml in three Rhodesian 
Ridgeback litters, whereas the dam of one of the litters that had 20 g
IgE/ml. Moreover, a new allergy-vaccine for dogs was administered to nine 
Beagles using different mineral oil-adjuvants. Despite initially high IgE 
levels, a response against IgE was induced in all dogs, and this response 
resulted in decreased IgE levels. This suggests that the allergy-vaccine is 
potent and can induce a response against self IgE, even when the initial 
levels of IgE are as high as these observed in dogs. 
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Paper IV 

IgE levels are influenced by an interval on rat chromosome 4 in both 
naïve rats and an arthritis model 
The genetics behind atopy is complex. Considering all factors that are 
involved in atopic reactions, it is not surprising that many candidate loci 
have been found to correlate with atopic diseases (43). Cytokines are 
involved in the TH2 imbalance seen in atopy, but other factors also regulate 
this multi-genetic disorder. In addition to various cytokine genes, 
polymorphism in the genes for both IgE and the Fc RI -chain have been 
proposed as candidate loci in atopy, and linkage analysis has confirmed their 
contribution (43). The correlation between TH2 and SOCS-3 also suggest 
that other regulatory genes may be involved in atopy (63).  

In this study, we investigated the impact of an interval on rat chromosome 4 
on IgE levels. Three rat strains were used; DA and PVG.1AV1 as well as the 
congenic rat strain DA.C4R3(PVG), hereafter called C4R3. The congenic 
strain C4R3 is a DA rat, which by selective breeding has a  10 cM interval 
from PVG.1AV1 chromosome 4. In previous studies, DA rats have been 
shown to be susceptible to experimental arthritis and thus develop arthritis 
after induction with various substances, such as injections of different 
adjuvants. In contrast, rats from the PVG.1AV1 strain are arthritis-resistant 
and studies have shown that the  10 cM interval on chromsome 4 is 
involved in this immunity (121, 122). Consequently, C4R3 rats appear to 
have the same arthritis resistance as PVG.1AV1 rats on account of their 
arthritis-protecting interval on chromosome 4, even though the C4R3 rats, on 
the whole, are DA rats. The interval covers many genes and is part of the 
Oia2 locus, which is a region highly involved in determining susceptibility 
to arthritis induced with FIA (123) as well as squalene and pristane (121). 
Moreover, the interval has been linked to experimental autoimmune 
encephalomyelitis (EAE) (124, 125), an experimental model for multiple 
sclerosis (MS). The human homologue is located on chromosome 12, which 
has been linked to both RA and MS (126-128). It contains several 
immunological genes including CD4 and receptors for natural killer cells 
and complement factors (121). 

We analyzed the levels of IgE in sera from naïve DA, PVG.1AV1 and C4R3 
rats. As summarized in Table 4, we found that in non-injected arthritis-
resistant rats, PVG.1AV1, the IgE levels were relatively high compared to 
those in the arthritis-prone DA rats. C4R3 rats had IgE levels that were 
between those of its parental strains DA (low) and PVG.1AV1 (high). 
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Hence, genes in the transmitted chromosome 4 interval seem to influence the 
production of IgE in rats. Interestingly, there appears to be an inverted 
correlation between arthritis susceptibility and IgE levels in these rat strains. 
It is therefore tempting to speculate that there is an imbalance in these 
animals that result in either TH1 immunity with inducible arthritis or TH2
immunity with high IgE levels.  

Table 4: Comparison of the rat strains used in paper IV  

 DA C4R3 PVG.1AV1 

Rat genome DA DA PVG.1AV1 
Origin of C4R3 DA PVG.1AV1 PVG.1AV1 
IgE levels in naïve rats + ++ +++ 
Susceptibility to PIA +++ ++ + 
Susceptibility to SIA +++ ++ - 
IgE levels after PIA - ++ +++ 
IgE levels after SIA - - ++ 

In addition to determining the IgE levels in the naïve rats, we investigated if 
the levels of IgE were altered after injections of the oils, pristane or 
squalene. Pristane, a non-metabolizable adjuvant oil that can induce arthritis, 
was found to increase IgE levels in both PVG.1AV1 rats and in the congenic 
C4R3 rats. In contrast, the IgE levels in the DA rats were decreased after 
pristane injection (Table 4). Hence, only rats with C4R3 from PVG.1AV1 
showed increased IgE levels after injection of pristane. Sera used in the IgE 
analyses in this study were collected from rats used in an arthritis study, in 
which pristane was used to induce arthritis, a PIA-model. Hence, we found 
an inverse correlation between IgE levels and arthritis development in PIA. 
In contrast, we could not observe any correlation between IgE levels and the 
development of arthritis after squalene injection. In the SIA-model, as in the 
PIA-model, we observed decreased IgE levels in the DA rats and increased 
IgE levels in the PVG.1AV1. However, IgE levels in C4R3 remained 
unaffected after injection of squalene and the rats only developed weak 
phenotypic signs of arthritis. One explanation for this apparent discrepancy 
in induced IgE levels using different adjuvant oils could be that pristane is a 
mineral oil that most probably remains longer in the tissue than the 
endogenous oil, squalene. This could also explain why pristane normally 
induces a more chronic arthritis than squalene.  

In conclusion, the presence of an interval from PVG.1AV1 rat chromosome 
4 influences levels of IgE both in naïve rats and after pristane injection. In 
contrast, injection of squalene only increases IgE levels in PVG.1AV1 and 
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not in the congenic DA rat with the interval on chromosome 4 from 
PVG.1AV1.

Concluding remarks
As the title states, my thesis concerns more or less IgE, and we show that 
therapeutic vaccines, adjuvants and genes can have an effect on the levels of 
IgE.

Today, IgE is best known for its detrimental role in allergy in western 
societies, and both humans and dogs suffer from atopic allergies. Most 
probably, IgE has a beneficial role in some parasitic infections, but 
considering the decrease in parasitic infections in western societies, it is 
possible that a lack of IgE would not be a disadvantage. The use of 
Omalizumab, the MAb against IgE, in various clinical studies supports the 
idea that IgE is a rudimentary immunoglobulin, at least in atopic humans, 
and no severe side effects have been reported. This implies that active 
vaccination with the therapeutic vaccine against IgE, presented in this thesis, 
may be a potential method to decrease levels of IgE and, consequently, the 
allergic symptoms in humans as well as in dogs.  

As we all learned in childhood, it is important to be correctly balanced on a 
seesaw, and the same is true for the use of adjuvants. Adjuvants are required 
to induce proper immune responses against pure vaccines, but too much 
adjuvant can cause tissue damage, as shown in the various RA models. We 
show that a mineral oil adjuvant, Montanide ISA 51, induces strong antibody 
responses against the therapeutic IgE-vaccines, ORO and ODO, in rats and 
dogs, respectively. Hence, in this case, the adjuvant is required to reach the 
desired protective immune response against IgE. However, we also present a 
study in which another mineral oil, pristane, is used to induce arthritis. Thus, 
before an adjuvant can be used in combination with a vaccine, it is crucial to 
examine how the adjuvant dose, the route of immunization and the species 
variation might affect the immune response.  

Levels of IgE depend on many factors, and the genetic impact is 
indisputable. Many studies remain before we learn the precise mechanisms 
behind IgE synthesis and which loci are involved. Comparing genomes from 
various species with similar diseases might be a short cut to identifying 
candidate loci in addition to comparing disease-prone and disease-resistant 
individuals within one species. The use of both rats and dogs in comparative 
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studies for allergic traits will therefore certainly be valuable and can perhaps 
also help to unravel the role of IgE in humans today. 
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Summary in Swedish 

I immunförsvaret finns det antikroppar som försvarar kroppen mot 
inkräktare. Antikropparna är proteiner som cirkulerar i blodet och de har till 
uppgift att känna igen och fånga antigener. Antigener kallas alla främmande 
ämnen som en människa kan bilda antikroppar mot. Bakterier, virus och 
parasiter är således antigener som våra antikroppar kan fästa till och 
därigenom skydda oss emot. I kroppen finns det miljontals olika antikroppar, 
men trots att de är så många är var och en unik och känner igen olika delar 
av antigenerna. De miljontals antikroppar som finns i oss människor kan 
delas in i fem olika grupper: IgG, IgA, IgM, IgD och IgE. Beroende på 
vilken av de fem antikroppstyperna som fångar antigenet så kommer 
immunsvaret att se olika ut. En antikropp består sålunda av två funktionellt 
skilda delar: en del som känner igen och fäster till ett antigen och en annan 
del som bestämmer försvarslinje (Figur 1). 

Antikroppstypen IgE är en del av kroppens försvar mot vissa parasiter, men 
är idag mest uppmärksammad då den har en nyckelroll i allergiska 
reaktioner. Vid en allergisk reaktion är det just IgE som orsakar de allergiska 
symtomen. Endast 0.02% av alla antikroppar i blodet är IgE, men allergiker 
kan ha upp till 10 gånger mer IgE än icke-allergiker. Det bästa sättet för en 
allergiker att undvika allergi är att undvika det antigen som orsakar 
allergierna. Men, många allergiker har mer än ett antigen som orsakar deras 
allergi och antigenerna kan dessutom vara svåra att undvika. En 
pollenallergiker har svårt att undvika pollen när björkarna blommar vilket 
leder till att IgE antikropparna orsakar astma, hösnuva och/eller eksem.  

I denna avhandling presenteras en ny form av allergibehandling. Genom att 
framställa, och i försöksdjur injicera, ett protein som ser ut som IgE har vi 
visat att IgE-nivåerna sjunker i blodet efter vaccinering och att de allergiska 
symtomen minskar. Kroppen uppfattar IgE-vaccinet som ett antigen och 
bildar antikroppar mot vaccinet, primärt IgG, som i sin tur fångar upp de 
egna allergiframkallande IgE antikropparna. Vi har provat det beskrivna 
allergivaccinet i två djurmodeller; råttor (papper I och II) samt hundar 
(papper III), och ser då en tydlig nedgång av IgE-nivåerna efter vaccinering. 
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Då hundar är ett av de få djur som likt oss människor har allergiska besvär, 
har vi även studerat IgE-nivåer i hundar. Trots att det är känt att även 
hundars allergireaktioner är IgE-medierad, så har det varit oklart i vilken 
grad IgE-nivåerna är relaterade till deras allergier. Vi utvecklade därför en 
ny metod att mäta hundars IgE-nivåer i blodet. Med denna metod fann vi att 
hundar har exceptionellt höga IgE nivåer oberoende om de är friska eller har 
allergiskt eksem, autoimmuna sjukdomar eller hudparasiter (papper III). Att 
ställa allergiska diagnoser endast från att mäta IgE från hundblod kan därför 
vara vanskligt. Vi mätte dessutom IgE från tre hundkullar och konstaterar att 
till skillnad från de vuxna hundarna så hade valparna låga IgE-nivåer. 

Både miljö och gener påverkar vilka som utvecklar allergi. Det är dock inte 
klarlagt exakt vilka gener som är involverade eller heller till vilken grad de 
är involverade. I den sista studien undersökte vi hur en del av en kromosom, 
som innehåller många olika gener, är inblandad i regleringen av IgE i råtta. 
Denna kromosomala region har tidigare visat sig vara involverad i råttors 
mottaglighet för ledbesvär i en reumatisk artrit modell, men vi fann att den 
även påverkar IgE-nivåerna i råtta (papper IV). Om den kromosomala region 
även påverkar människors IgE-nivåer återstår att studera.  
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