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Abstract
Type 1 diabetes (T1D) is a chronic inflammatory disease characterized
by destruction of the insulin producing β cells in the islets of
Langerhans by patients’ immune cells. The classical symptoms
include increased glucose levels in urine and blood, frequent
urination and enhanced thirst. Diabetes is the leading cause of
blindness, amputations, and kidney failures, contributing to
premature death. The disease has a strong genetic component and is
also influenced by the environment.
The non-obese diabetic (NOD) mouse is the most widely used model
organism for T1D. NOD mice develop T1D spontaneously with
incidence rates of up to 80% in females and 30% in males. The
disease occurs in two phases; insulitis - the infiltration of immune
cells in the islets of Langerhans and overt diabetes caused by the
destruction of insulin producing β cells. The disease in the NOD
mouse shares several features with the human disease for example,
strong genetic component, presence of autoantibodies towards islet
antigens, insulitis and increased blood glucose. Several disease
associated gene regions or loci [termed insulin dependent diabetes
(Idd) loci] have been associated with T1D development in NOD and
for some of these loci in the NOD, the human chromosomal
counterpart has been linked to the development of T1D in humans.
Although, T1D is recognized as a T cell mediated disease in both
mouse and man, many studies have shown the importance of B cells
in the pathogenesis of the disease. Autoantibodies appear prior to
islet infiltration and several molecular and cellular events precede
this beta-cell autoimmunity. Although the pathogenesis of T1D is well
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characterized,

less

is

known

about

the

environmental

and

immunological factors that trigger the disease.
In this thesis, we studied the contribution of B cell anomalies to the
skewed immune response observed in the NOD mouse. Previously
our group established that B cells in the NOD mice captured copious
antibodies of IgG and IgM type on their surface. In this thesis, we
have observed that NOD B cells also captured IgE on their surface.
IgE is associated with allergy and seldom associated with
autoimmunity. However, recent reports indicate the pathogenic role
of IgE also in autoimmune diseases. In our study we observed that
NOD mice display enhanced IgE in the serum already at one week of
age. In addition, upon treatment of pre-diabetic NOD mice with antiIgE antibodies, diabetes incidence was delayed. We hypothesize that
the presence of IgE in the system may be explained due to enhanced
class switching. Antibody feedback however, is an essential
component of the immune response and can lead to either enhanced
or dampened responses. Thus, increased IgE may provide positive
feedback that might sustain an immune response.
Another feature of NOD B cells described by the Lejon lab is the
enhanced expression of TACI, a TNF super family receptor. TACI
regulates B cell homeostasis, activation and class switching. Here we
have aimed to analyze the biological consequence of this feature. In
vitro stimulation of B cells by the TACI ligand APRIL resulted in
enhanced plasma cell differentiation accompanied with increased
class switching and IgG production. In addition, TACI+ cells were
observed in NOD germinal centers facilitating increased BAFF uptake
and subsequent escape of low affinity antibody producing clones.

ii

NOD mice respond vigorously towards several T-dependent antigens
upon immunization. In this thesis, we tested the response towards the
conventional antigen hen egg lysozyme (HEL). Indeed, NOD mice
elicited an enhanced and prolonged immune response to HEL
immunizations. Serum HEL-specific IgG level was significantly
increased

and

was

predominantly

of

the

IgG1

isotype.

Immunofluorescence analysis of NOD spleen revealed the presence of
spontaneous germinal centers which others have perceived to provide
a ready niche for the entry of naïve B cells that encountered novel
antigen. Adoptive transfer experiments of purified B and T cells from
NOD into NOD.Rag2-/- (NOD-RAG) mice illustrated the importance
of B cell intrinsic defects in the reproduction of the original
phenotype as observed in NOD.
Through this thesis we aimed to understand how these B cell
anomalies contributed to skewed immune response towards self and
non-self-antigens in the NOD mice.
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Introduction
Immunity
The molecules, cells, tissues and organs in our body that protect us
from the attack by foreign elements and organisms are a part of the
body’s Immune System. The immune system is multifaceted and has
evolved to identify and kill pathogens and altered self-cells (e.g.
Tumour cells). It also plays an important role in overall tissue and
organ homeostasis by clearing out apoptotic cells.

The immune

system is specialized to distinguish between self and foreign [1].
The process that the immune system uses to clear pathogens and/or
repair a wound involves a series of physical events that are collectively
called Inflammation.

Inflammation occurs when the barriers are

breached by pathogens or when there is a wound that makes the body
vulnerable to infections. It is characterized by the following cardinal
symptoms: heat, pain, redness, swelling and loss of function.
The immune system is broadly classified into:


Innate immunity



Adaptive immunity

The innate immunity corresponds to the physical barriers like skin,
pH of body secretions, mucus layers, small hair for e.g. in the ear etc.
– all of which prevent the entry and binding of pathogens in the body.
It also comprises of the innate immune cells neutrophils, mast cells
basophils, macrophages, eosinophils, natural killer (NK) cells, innate
lymphoid cells (ILCs) and specialized epithelial cells in the gut which
promote inflammation upon breach and are able to detect a wide

1

variety of pathogens with their pattern recognition receptors (PRRs)
[1, 2]. These cells especially the epithelia are able to secrete antimicrobial peptides and molecules into the mucus layers, which
function as irritants to pathogens. The complement system in sera is
also part of innate immunity. Therefore, the innate immunity is also
referred to as the first line of defence. Some form of innate immunity
is present in all organisms including plants [1].
The adaptive immunity comprises of cells and organs of a more
sophisticated and specific nature. Here the immune system selectively
targets a specific pathogen and deals with the elimination of that
pathogen. The cells involved are the lymphocytes which have specific
receptors namely the antibodies and T-cell receptor (TCR) that
recognize specific epitopes on the antigen. The antibodies can
recognise soluble antigens and antigens in their native form; TCR
recognises peptide antigens bound to specific display molecules
known as major histocompatibility complex (MHC) in mice and
human leukocyte antigen (HLA) in humans [3]. T cells are educated
in the thymus to recognise both peptide antigen and the MHC by a
process called MHC restriction. This unique process depends upon
the accessory molecules CD4 or CD8, depending on the T cell type
[4]. CD4+ T cells called T-helper (Th) are restricted to MHC class II
and recognise peptide antigens bound to it and CD8+ T cells
(Cytotoxic T cells/CTL) are restricted to MHC class I [5]. There are
other cells like the NKT cells that are restricted to non-classical MHC
class I molecules that display lipid antigens [6].
The adaptive immunity is triggered only when the innate immunity
fails to clear the pathogen. The cells of the adaptive immunity include
the variety of T cells (Th1, Th2, Th17, Treg etc.) and B cells (B1, MZ,
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FoB, Breg) and natural killer like T (NKT) cells (that belong to both
innate and adaptive immunity). The dendritic cells (DC) form the
bridge between the innate and adaptive as they use their PRRs,
pinocytosis and phagocytosis to detect pathogens. They however,
process and present the antigen to the T cells and bring in the
antigens from periphery for B cells in order to activate them. DCs also
secrete cytokines and chemokines and provide the T cells with
survival signals through co-stimulation that in turn provide survival
signal to B cells. The most important feature of the adaptive
immunity is the immunological memory that it forms, so that upon
secondary encounter of the same pathogen the response is faster and
more robust thereby providing lifelong immunity. Both and B and T
cells form memory cells. Only vertebrates are known to have an
adaptive immune system [1, 3]. A summary of immune cells and their
functions is presented in Table 1.
Deviations or anomalies in the immune system components or cells
can impair the immunity of the organism. A common deviation seen
is the lack of tolerance to self-antigens. This leads to a condition
called Autoimmunity. Even though autoimmunity is seen in varying
degrees in healthy individuals, it is taken care of by the checkpoints in
central and peripheral tolerance. However if this tolerance is broken,
the individual will suffer from autoimmune diseases where the
immune system reacts to self –antigens causing chronic inflammation
[7]. Autoimmune diseases mostly occur when adaptive immunity fails
to maintain self-tolerance.
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Cell type

Identifying markers

Basic functions

Monocytes/
Macrophages

CD40, CD11b, CD64,
F4/80 and CD68

Phagocytosis, tissue
homeostasis, antigen
presentation

Neutrophils

CD11a, CD11b, Ly6C,
Ly6G

Eosinophils

CD11b, CD193, F4/80,
Siglec-F

Basophils

CD200R3, FcεRIα

Mast cells

FcεRIα, Ly6G,
histamine

Associated with allergy and
asthma, release histamine

Natural Killer
Cells

CD49b, CD335,
NKG2A/C/E/D, CD94

Cytotoxic cells of the innate
immunity, anti-tumour
immunity, anti-viral immunity

γδT cells

RORγT, CD3, CD16,
CD56

Intraepithelial leucocytes in
the mucosa, amongst others
provide immunity against
listeria

Natural Killer T
cells

αGalSer.
CD1dcomplex, PLZF,
CD160, CD94

Recognize lipid antigens
and provide immunity
against several bacteria

Dendritic cells

CD11c, CD123

Antigen presenting cells,
phagocytosis, activate
adaptive immunity

B cells

CD19, B220, IgM, IgD

T helper cells

CD4, CD3

Cytotoxic T cells

CD8, CD3

Innate Immunity

Granulocytes

Phagocytosis, netosis,
release of inflammatory
mediators to bacterial
infections
Associated with allergy and
asthma, release of
inflammatory mediators to
parasitic infections
Phagocytosis, associated
with allergy and asthma,
release serotonin and
heparin

Between Innate and Adaptive
Immunity

Lymphocytes

Adaptive Immunity

Lymphocytes

Responsible for humoral
immunity – produce
antibodies and have
memory
Restricted to MHC class II,
induce CD8 T cells to CTLS
and B cells to produce
antibody
Cell mediated immunity,
anti-tumour immunity, antiviral immunity

Table 1: A summary of the cells of the immune system and their function
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Autoimmunity
Autoimmunity is characterized by the failure of effective selftolerance, usually under environmental stress. Autoimmune diseases
affect approximately 5-7% of the western world’s population making
them one of the major causes for chronic illness [7, 8]. These diseases
are broadly classified based on their final effector mechanism as:


Systemic diseases – ex. Systemic Lupus Erythematous (SLE)
that affects all organs.



Organ-specific diseases – ex. Type 1 Diabetes (T1D) that
affects usually the pancreas of the individual.

Susceptibility to nearly all autoimmune diseases is strongly
influenced by genes in the MHC/HLA loci [7]. Despite the strong
genetic predisposition, autoimmune disease incidence between
monozygotic twins is less than 50%, suggesting susceptibility to be
multifactorial involving environmental stimuli [9, 10]. Infections can
also induce autoimmunity through molecular mimicry of foreign
antigens. In T1D, for example, cross reactivity is common between the
Coxsackie virus non-structural protein 2C viral protease and the
human antigen GAD65, a common target for auto-antibodies and T
cells in T1D [11-13].

Type 1 Diabetes
Type 1 Diabetes (T1D) or insulin-dependent diabetes mellitus (IDDM)
is a chronic autoimmune disease, where the insulin producing
pancreatic β-cells are selectively destroyed. Consequently, this leads
to low insulin levels and increased glucose in blood and urine which
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cause several complications such as blindness, renal failure etc. in the
patient, leading to premature death. The actual disease trigger is not
fully understood however; susceptibility is influenced by both genetic
and environmental factors. The highest incidence of T1D is seen in
Northern Europe compared to other parts of the world [14-16].
Insulin is required to be administered throughout a patient’s life as
there is no known cure for T1D.
Clinically, a patient with T1D is often diagnosed only after the
diabetes onset. However, the immunological events leading to
diabetes occur several years or months ahead of the clinical
symptoms. Pancreatic islets in patients are inflamed and infiltrated
with immune cells [16]. T1D has a type 1 interferon signature and
CD4+ T cells are considered the effector cells [17]. An exacerbated IFN
response is observed in the earlier stages of the autoimmune response
in T1D and this disease-associated transcriptional signature can be
detected in children with genetic predisposition to T1D before the
development of autoantibodies [17]. Indeed, the key feature for T1D is
the presence of autoantibodies to several islet antigens, highlighting
the importance of B cells. Autoantibodies are formed mainly towards
insulin, glutamic acid decarboxylase 65 (GAD65), insulinomaassociated antigen-2 (IA-2) and zinc transporter 8 (ZnT8) [18, 19].
These auto-antibodies till date are used to predict onset of T1D in
familial cases [17, 19].
T1D, like other autoimmune diseases, is multifactorial involving
several genes and environmental triggers. First-degree relatives of
patients with T1D have a 6% higher risk of developing the disease.
Concordance rate for monozygotic twins is reported to be around 30-
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50%, indicating the need to define the environmental factors
contributing to the disease [20].
Genetics of T1D
In the human disease, about 50 genetic loci have been associated with
T1D [21, 22]. The HLA region is the strongest risk factor, while
regions outside this have smaller contributions. The HLA-class II
alone is estimated to explain 40% of the inherited disease risk
especially genes encoding for HLA-DR and HLA-DQ molecules [23].
Most T1D patients express the DR3/4-DQ2/8 genotype [24, 25].
The mechanisms with which DR/DQ contribute to autoimmune
disease may be explained in the following ways:
1.

Specific or limited set of self-peptides may preferentially be
presented, which may allow many autoreactive T cells to
escape central tolerance in the thymus leading to a skewed
population of T cells that do not recognize all self-molecules
[26].

2.

Failure of polymorphic DR/DQ molecules to select a good T
regulatory cell (Treg) population could also make the body
vulnerable to autoimmunity.

3.

Presentation of endogenous antigens by HLA class II.
Although class II molecules traditionally present exogenous
antigens and class I present endogenous antigens, this system
is not absolute and cross presentation can occur. This could
alter how these antigens are presented to the immune system
and the response triggered [26].

These hypotheses suggest the potential pathways by which the HLA
class II molecules can be involved in disease onset by modifying the
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Th (T helper) and Treg cell repertoire and/or through alterations in
how the antigen is recognized in the periphery [23, 25, 26].
Non-HLA loci that prominently contribute to disease development
are the genes encoding for insulin, protein tyrosine phosphate nonreceptor type 22 (PTPN22), IL-2 receptor α (IL2Rα) that is essential
for T cell proliferation and differentiation, interferon induced helicase
1 (IFIH1) and cytotoxic T lymphocyte associated protein 4 (CTLA4)
that is an important regulator for T cell responses[21, 23, 27].
Being a complex disease, T1D susceptibility is based on multiple
genetic components and their interaction with each other and the
environment. Although genome-wide association studies (GWAS)
have successfully identified common variants involved in complex
disease etiology, for the majority of complex diseases including T1D,
<10% of genetic variance is explained by common variants. These
variants however, contribute to disease phenotype through small
additive effects. The complexity in inheritance may be attributed to
epigenetic inheritance, single nucleotide polymorphisms (SNP),
phase-dependent interactions between genetic variants, non-coding
microRNAs and post translational modifications [27-29].
Environmental factors contributing to T1D
Several environmental factors have been linked to trigger and
precipitate T1D in humans. Persistent viral infections have been
considered risk factors either as a trigger or as an accelerator of the
disease process, in this case destruction of pancreatic β cells.
Molecular mimicry of viral antigens by self-antigens either due to
alternate splicing or other post translational modification lead to
cross reactivity and immune recognition of self [9, 12, 13].
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Childhood obesity is also a contributor to type 1 diabetes and is
associated with younger age of onset [30]. Changes in metabolic
profile have been observed in familial T1D in Finland. Altered
metabolism with high levels of glutamic acid and other amino acids
and lipids is observed in children with genetic pre-disposition for T1D
progression [31]. Dietary gluten has also been associated with T1D
commonly due to the leaky gut phenomenon, also increasing the risk
for Coeliac Disease amongst these individuals [32]. Gut microbiota is
currently thought to be an important factor influencing many
autoimmune diseases including T1D [33].
Animal models for T1D
T1D pathophysiology is extremely difficult to study in human
patients, as the target organ is the pancreas. This means that the
pancreas is available for study only post mortem. For the ease of
studying this complex disease the two most commonly used
spontaneous models are the BioBreeding rat (BB rat) and the nonobese diabetic mouse (NOD; Figure 1). Table 2 summarizes the
similarities of the pathogenesis in these models with human T1D [34,
35].

Figure 1: Image of a NOD mouse
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Type 1 diabetes
characteristics
Genetic
predisposition
and polygenic
trait
MHC-Loci
contribution

Humans

Biobreeding (BB) RAT

Non-obese diabetic
(NOD) Mouse

Yes

Yes

Yes

HLA-DR and DQ

RT1u

I-Ag7, absent I-E

Environmental
influence

Diet and viral
infection
implicated in
pathogenesis
(lacking definitive
proof)

LCMV (lymphocytic
choriomeningitis virus)
prevents disease, diet
and bacterial vaccines
reduce diabetes
frequency

Coxackie virus
implicated in
pathogenesis. Over
120 interventions
known to prevent
diabetes

Autoantibodies
towards islet
antigens

GAD65, IA-2,
Insulin, ICA

ICA

Insulin, GAD65, IA-2,
ICA

Islet autoimmunity

Yes, peri-insulitis

Yes, peri-insulitis

Yes, full blown
insulitis
12-15 weeks
Mild

Age of onset
Adolescence
7-14 weeks
Ketosis
Severe
Severe
Table adapted from Roep et al (2004) and Mordes et al (2004)

Table 2: Similarities of the BB rat and NOD models with human T1D
Adapted from Roep et al (2004) and Mordes et al (2004)

The Non-obese Diabetic (NOD) mouse
The most commonly used model for T1D, the NOD mice develop
spontaneous diabetes caused by the combination of genetic and
environmental factors. These mice have auto-antibodies towards islet
antigens and have autoreactive T cells. The diabetes incidence is
about 80% for females and 30% for males [36-38].
Bacterial

and

viral

infections

and

the

diet

constitute

the

environmental influence for T1D of the NOD mouse [39]. These mice
are known to be more prone to T1D depending on their gut flora and
animal house environment. It is known that presence of segmented
filamentous bacteria protects them from autoimmunity [40]. Sex
hormones also seem to influence diabetes development in NOD mice,
a feature not observed in humans. Upon castration of NOD males,

10

there was increased susceptibility to T1D and androgen treatment of
NOD females was found to be protective [41, 42]. Metabolic
deviations in pre-diabetic NOD mice also contribute to T1D
development, a feature similar to humans. One example is glutamic
acid levels, which are higher in pre-diabetic NOD mice compared to
C57BL/6 mice, and an altered metabolic signature also observed in
humans with genetic pre-disposition to T1D [43].
The genetics of T1D in NOD mice is polygenic, similar to that in
humans. More than 50 loci on 15 chromosomes have been linked to
disease susceptibility in NOD mouse, designated insulin dependent
diabetes (Idd) loci [22, 44]. Similar to that in humans, the major risk
factor in the NOD mouse resides in the MHC region on chromosome
17 namely Idd1 [45]. Other regions that are strongly linked to disease
development are Idd3 on chromosome 3 that includes genes that code
for the immunoregulatory cytokines IL-2 and IL-21 [44]. Another
important region is Idd5 on chromosome 1, that includes genes
coding for CTLA-4 and Inducible T cell co-stimulator (ICOS), which
are important for T cell response regulation [46, 47].

Immune response in the NOD mouse
In the NOD mouse, the immune response towards the pancreas is
similar to that in humans (Table 2). The disease progression has two
phases – the infiltration of pancreas with immune cells called insulitis
and overt diabetes, marked by the death of approximately 80% of β
cell mass. The cells participating in the immune response include T
cells, B cells, dendritic cells, macrophages and NKT cells [48, 49].
Although CD4+ T cells are the main effector cells that drive the
destruction of β cells in pancreatic islets of diabetic NOD mice, the B
cells are also important to the initiation of disease. The B cells
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produce autoantibodies towards several islet antigens in NOD [5053].
In the Lejon lab, the focus has been to study the B cell related defects
in the NOD mouse and B cell contribution to T1D. In this thesis, the B
cell anomalies and mechanisms by which they possibly contribute to
T1D in NOD mice are discussed further.
B cells in mice
B cells arise in the bone marrow (BM) of the adult mouse from the
common lymphoid progenitor (Figure 2). Expression of B220 (CD45
isoform) ensures commitment to B cell lineage [54]. These are termed
pre-pro-B cells and form about 1% of total nucleated cells in BM [55].
These then mature to large pre-B cells that express the pre-BCR. This
serves as an important checkpoint in B cell development as nonfunctional pre-BCR results in rearrangement of the other heavy chain
allele or apoptosis. The µ-heavy chain is the first one to be
recombined through the VDJ recombination process [56, 57]. Once a
functional heavy chain is expressed, the rearrangement of the light
chains, either at κ (kappa) or λ (lambda) loci, by Rag-1 and Rag-2 is
initiated [58]. Upon expression of a functional BCR, the immature B
cells exit the BM and home to spleen as transitional (T1) B cells.
These then differentiate to T2 B cells that serve as a precursor to
mature B cells i.e follicular B (FoB) cells or marginal zone (MZ) B
cells [59-62].
Notch2 signalling in T2 B cells results in MZ B cell development along
with low BCR signalling strength and BAFF-R (B cell activating
factor-receptor) signalling for survival. MZ B cells are localised to the
marginal sinus of the spleen (Figure 3) [63, 64]. They are
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characterized as IgMhi IgDlow CD23low B220+ CD19+ CD21hi CD1dhi
CD9+ and constitute about 5% of splenic B cells [63]. Recent reports
have also indicated the presence of B cells with MZ like phenotype in
mouse lymph nodes which express low-affinity polyreactive BCRs on
their surface [65]. MZ B cells mostly recognise and respond to T
independent antigens and blood borne pathogens. Since they express
high CD1d on their surface they can present lipid antigens to invariant
NK-T (iNK-T) cells [66-68]. They also transport antigens from the
marginal sinus to the follicle for an effective antibody response.
Usually they form short-lived antibody secreting plasma cells that
secrete copious amounts of IgM and IgG [69].

Spleen

Bone Marrow

CLP

Early
pro-B

Late
pro-B
CD43,
CD45,
CD19

Large pre- Small
B
pre-B
Pre-BCR
CD43,
CD45,
CD19

Immature
pre-B
CD45,
CD19,
IgM

T1 B
cell

T2 B cell
CD21,
CD23
IgM, IgD

MZ B cell
IgM,
CD21

FoB cell
IgD CD23

Figure 2: B cell development in mouse in bone marrow and spleen

Follicular B (FoB) cells constitute the majority of the B cells in the
lymphoid organs. These cells recirculate through the lymph and blood
and are long-lived. A strong BCR signal to T2 B cells allows them to
differentiate to FoB cells [63]. They populate the B cell follicles of all
major lymphoid organs i.e spleen, lymph nodes and Peyer’s patches
(Figure 4). These cells are characterized as IgMlo IgDhi CD23+ B220+
CD19+ CD21low CD1dlow CD9- [63]. FoB cells are responsible for
providing immunity to T dependent antigens and reside in proximity
to T cell zones in the lymphoid organs. They interact with CD4+ T
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cells, give and receive co-stimulation and are able to class switch into
other antibody classes (IgG, IgA and IgE). Upon activation, they
differentiate in to antibody secreting plasma cells and memory cells
[70].

Figure 3: Representative image of a splenic follicle in NOD mouse. The FoB
cells (red) are stained with anti-IgD, the germinal center (GC; green) is
stained with GL7 and the BAFF (blue) bright MZ B cells are seen as a ring
around the follicle.

All B cell responses require co-stimulation and/or survival signals
from the microenvironment for antibody production, memory
formation and antibody class switch. Some important molecules that
aid in these responses are transmembrane activator and calcium
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modulator and cyclophilin ligand interactor (TACI; TNFRSF13B), B
cell maturation antigen (BCMA, TNFRSF17) and BAFF-R. TACI and
BCMA bind a proliferation inducing ligand (APRIL). BAFF-R and
TACI bind B cell activating factor (BAFF). Both APRIL and BAFF
promote B cell survival, maturation and tolerance [71-73]. TACI
deficient mice are unable to class switch in response to APRIL [74]
and generate long-lived plasma cells [75, 76] emphasizing its role in
germinal centre (GC) responses.
Several overlapping tolerance mechanisms at distinct checkpoints in
B cell development and differentiation ensure the elimination of
autoreactive B cells. In fact, only 5% of the newly formed bone
marrow B cells are recruited into the peripheral B cell pool [77]. Both
central and peripheral tolerance mechanisms are in place for this
purpose. Central tolerance mechanisms are present in the bone
marrow during the development B cells, and include receptor editing,
anergy and deletion of developing B cells [78-80].
Despite the stringent central tolerance, some autoreactive B cells
escape negative selection in the bone marrow. Especially B cells with
low-affinity to self-antigens and autoreactive B cells that have not
encountered their antigen in the bone marrow, can enter into the
naïve B cell compartment in the periphery [78]. To ensure elimination
of such autoreactive cells, tolerance mechanisms are also established
in the periphery. As in the bone marrow, naïve B cells in the spleen
that encounter a strongly cross-linking self-antigen will undergo
clonal deletion, and those that meet soluble self-antigens (low or very
low avidity interactions) become anergized [80]. Self-reactive B cells
are also extrinsically regulated through competition for BAFF. With
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large numbers of circulating B cells the autoreactive cells fail to
receive enough BAFF and are competitively eliminated [81].
During an immune response, activated B cells form GCs and undergo
somatic hypermutation (SHM). Variable region mutations during
SHM can at times create or increase antibody affinity for selfantigens. Autoantibodies are not often seen in high affinity antibody
responses, indicating that tolerance mechanisms operate at this level
too [82]. Apoptosis is triggered in GC B cells that bind too avidly to
self-antigens [83]. GC B cells are also negatively selected against selfreactivity due to local competition for antigen presented on FDCs and
survival cytokines secreted by TFH cells [80].
Antibody classes and their functions
There are five known classes of antibodies named after their heavy
chain isotype - IgM, IgD, IgG, IgE and IgA. IgM is the first
immunoglobulin to be expressed during B cell development through
the VDJ rearrangement by RAG-1 and RAG-2 genes. IgM, IgG, IgE
and IgA are present both as secreted and membrane bound (BCR)
however, IgD is mostly membrane bound. IgM is pentameric in its
secreted form. IgA is both monomeric and dimeric in its secreted
form. IgG is the most common antibody present in large titres in the
serum and has the longest half-life [62]. IgG and IgA provide passive
immunity to the infant through transplacental transport and breast
milk [62, 84]. IgM and IgG are the major antibodies in circulation
usually secreted against a variety of pathogens including viruses. IgA
is present in all mucosal secretions, saliva and breast milk. IgE, which
has the shortest half-life, is usually secreted against parasitic
infections and allergies. The half-life of IgE increases when it binds to
the FcεRI on mast cells [62].
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Each of the antibody class has the typical ‘Y’ shape of the antibody
comprising the antigen-binding fragment (Fab) at the ‘v’ part and
effector part (Fc) formed by the constant stem of the ‘Y’. The secreted
antibodies can bind to immune cells that have Fc receptors on their
surface. The Fc part specifies the effector function of the antibody i.e.
neutralization,

agglutination,

opsonisation,

precipitation,

complement activation and antibody induced cell death. Antibodies
when bound to their Fc receptors provide feedback mechanisms
either by enhancing the immune response or by regulating it [62].
Immunoglobulin feedback mechanism is essential for maintenance
and regulation of immune response [85]. For example, IgG subclasses
are known to dampen an ongoing immune response when bound to
their inhibitory FcγRII, on the other hand IgE is known to enhance
the immune response when bound to FcεRII commonly known as
CD23, the low affinity receptor for IgE on B cells and other cell types
[85, 86]. IgG3 and IgM can activate the complement [85].
Antibodies have a role in homeostasis. Natural IgM and IgG coat
apoptotic cells to enhance phagocytosis by macrophages [87]. Natural
antibodies (NAbs) are directed towards self-antigens and other
antibodies

(anti-idiotypes)

to

ensure

maintenance

of

tissue

homeostasis and regulation of immune response. Usually when an
anti-idiotype antibody binds to both the Fcγ receptor and the BCR, it
inhibits BCR mediated signaling in the B cell [87-89]. Idiotype- antiidiotype interactions aid in regulating B cell self-reactivity. This is a
correction mechanism, where the anti-idiotype antibody aids in
clearance of the autoantibody. Impaired idiotype- anti-idiotype
interactions form the basic feature of many autoimmune diseases
including

T1D,

thereby

promoting

continued

autoantibodies which can contribute to disease [89].
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existence

of

Humoral response and germinal centres

B cells can recognize both membrane bound antigens and soluble
antigens. T cells, however, can only recognize antigens bound on
MHC class I/II molecules. B cell follicles in the secondary lymphoid
organs provide a favorable environment for antigenic encounter. Here
B cells can encounter soluble or large antigens on the surface of
macrophages, follicular dendritic cells (FDCs) and dendritic cells [9092]. Mechanism by which antigens of differing sizes reach the B cell
follicle remains unclear. Entry through subcapsular sinus pores in
lymph nodes or simple diffusion have been speculated to be the
mechanisms for small antigens (<70 kDa) [93, 94]. The larger
antigens (>70 kDa) have limited access to the follicle. However in
vivo evidence points to an efficient mechanism for transport of such
antigens usually tethered to the surface of antigen presenting cells
(APC) [95]. Antigen recognition by the BCR results in activation of
the B cells. In the process the B cells migrate to the T-B cell boundary
for full activation [96]. This migration of B cells is directed by the
expression of the chemokines CCL19 and CCL21 by the stromal cells
along with their receptor CCR7 [97].
Some of the activated B cells continue to express high levels of CXCR5
and reenter the B cells follicle where they continue to proliferate. B
cells can either differentiate to form extrafollicular plasma blasts that
are essential for rapid antibody production and early immune
responses [98]. Or activated B cells can enter germinal centres, where
they either differentiate into plasma cells, which can secrete highaffinity antibody following affinity maturation, or memory B cells,
which confer long-lasting protection from secondary challenge with
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antigen [98-100]. A schematic of germinal centre events is presented
in Figure 4.
Germinal centers (GC) are highly dynamic and transient structures in
which B cells proliferate to undergo clonal expansion, class switch
recombination, SHM, and affinity maturation during an immune
response. These structures consist of a network of specialized cells
such as CD4+ CXCR5+ T follicular helper cells (TFH cells) and FDCs
(Figure 6). The complex network of helper cells provide CD40L, IL-4
(FDCs) and IL21 (TFH cells) which are essential for B cell survival
[82]. Germinal centers provide a specific niche for the highly
proliferative B cells to undergo SHM, differentiation to plasma cells
and long lived memory B cells [99, 101, 102]. During an immune
response, newly activated B cells can reuse the existing germinal
centers in presence of T cell help [103]. GC B cells express high levels
of activation-induced deaminase (AID) which is responsible for the
deamination of cytidine residues which enables SHM and class
switching [104-106].
Deletion of self-reactive and low affinity B cell clones also occurs
simultaneously in the GC. This negative selection is achieved by
limiting availability of cognate TFH cell interaction [107] and pro
survival factors such as BAFF [108]. This results in the generation of
high affinity B cell clones secreting class switched antibodies. This
mechanism is affected in autoimmunity and the self-reactive clones
escape the negative selection.
Majority of the plasma cells migrate to the bone marrow or local
mucosa-associated lymphoid tissues and a smaller proportion of GCderived plasma cells is retained in the spleen. Cytokines important for
plasma cell survival include IL-5, IL-6, BAFF, APRIL and TNF [82].
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Memory B cells persist in the body for a long time after antigen
exposure and recirculate through secondary lymphoid organs to
increase the probability of meeting their cognate antigen. They
respond to antigen re-encounter with secretion of high affinity
antibodies [109].

Autoreactive
Plasma cells

IgG Plasma
cells

Light Zone

Dark Zone

IgM Plasma
cells

Figure 4: Schematic of germinal centre reaction. About five clones enter the
GC during an immune response. They undergo proliferation, class switch
and SHM in the dark zone and are selected for affinity by FDC and TFH in
the light zone. High affinity IgM and IgG clones are allowed to exit whereas
autoreactive clones are usually deleted. However, some autoreactive clones
may escape the selection in the GC and form memory and plasma cells, a
process that may be increased in an autoimmune disease. B cells – circular
blue, green and purple cells; B cells with BCR – memory cells; TFH cells –
circular red cells; FDC – purple cells with long dendrites.
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B cell deviations in the NOD mouse
The B cells in NOD mouse have defects that aid in autoimmunity
towards islet antigens [53, 110, 111]. Moreover, depletion of B cells
with

monoclonal

antibodies

like

anti-CD20,

supresses

T1D

development in NOD mice [52, 112]. This established the role of B
cells in T1D autoimmunity although how B cells participate in T1D
pathogenesis is not entirely deciphered. They may serve as APC to
autoreactive T cells and/or produce autoantibodies that skew the
immune response [113].
Compared to other mouse strains, the NOD mouse has an altered Igrepertoire with an altered VH gene utilization pattern, which is also
reported in humans [114, 115]. The natural antibody repertoire in
NOD is multireactive corresponding to an altered B cell selection and
activation [116]. Transgenic NOD mice that produce B cells
expressing a mutant membrane bound IgM (unable to secrete), have
increased insulitis and T1D incidence, suggesting the role of B cells in
promoting the disease which is independent of Ig-secretion [49]. The
APC function of B cells is probably more critical for diabetes
development than autoantibody secretion. NOD mice with MHC class
II deficient B cells have reduced T1D incidence, despite the ability of
DCs and macrophages to express MHC class II [117]. A CD4+ T cell
response to several autoantigens is impaired in B cell deficient NOD
mice, emphasizing the role of B cells as APC [111, 118, 119].
Engagement of CD28 on T cells with its ligand CD80/ CD86 on APCs
is a critical costimulatory signal for T cell proliferation [96]. Resting
splenic B cells express low levels of CD80 and CD86. However, it has
been shown that splenic and islet-infiltrating B cells in the NOD
mouse have enhanced expression of CD80 before insulitis, ensuring
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potent T cell activation and islet infiltration [120]. Self-reactive B cells
constitute the major APC subpopulation in NOD islets before insulitis
is established [121]. From these studies the ability of NOD B cells to
capture and present specific islet antigens to islet-reactive NOD T
cells is evident [117, 118, 122].
Defects in B cell tolerance could also contribute T1D in NOD mice.
NOD B cells are resistant to BCR-dependent activation-induced cell
death and hyperproliferate upon BCR stimulation. These hyper
activated B cells are mostly found in the spleen, pancreatic lymph
nodes and islets [121]. For e.g. NOD mice fail to eliminate transgenic
autoreactive B cells, as HEL-specific NOD B cells that encounter HEL
as a neo self-antigen in soluble form are not as efficiently deleted or
anergized, compared to transgenic B cells from C57BL/6 mice [50].
However, through T cell help, anergy is reversed in NOD IgHELtransgenic B cells, a feature not observed for self-reactive B cells from
C57BL/6 [119].
The spleen and the pancreatic lymph node are most likely the sites of
primary interaction between autoreactive B cells and CD4+ T cells in
the NOD mouse since, the pancreatic lymph nodes are important sites
for T cell activation and expansion and the spleen is the largest
reservoir of diabetogenic T cells [51]. B cells and T cells that infiltrate
the islets can also organize into tertiary lymphoid structures with GCs
that contain B cells enriched for the GC marker GL7 and for
sequences containing multiple mutations within CDRs [123]. NOD B
cells display enhanced expression of TACI on their cell surface [124],
a feature that may rescue the autoreactive B cells from the GCs.
The B cells in NOD mouse are also known to have a prolonged
response towards both self and non-self-antigens, a feature mapped
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to multiple Idd regions [125]. They also have the capacity to capture
immunoglobulins on their surface [126] which might enhance their
capacity to carry immune complexes to the secondary lymphoid
organs and enhance immune responses. The NOD mice also display
an expanded MZ B cell compartment which can present lipid antigens
to NKT cells through CD1d [127]. The inhibitory FcγRII receptor is
defective in NOD, impairing the feedback mechanisms and is
associated with increased serum IgG1 and IgG2a [128]. Further
investigations are still needed to understand the precise role B cells
play in contributing to Type 1 Diabetes in NOD mouse and in
humans.
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Aim of the thesis
The aim of the thesis is to understand anomalies of the NOD B cell
compartment,

which

in

turn

could

contribute

to

immune

perturbations in general and potentially to the development of T1D.
The specific aims are:


To understand the role of B cells in the initiation phase of the
T1D in NOD mouse and the influence on the immune
response.



To identify the molecules that may contribute to B cell hyper
responsiveness, more specifically TACI.
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Methodological considerations
Mice
All the mice used in the study were bred and housed in Umeå
Transgenic Core Facility (UTCF), Umeå University. NODShilt/J
(NOD), NOD.Rag2-/- (NOD.Rag), C57BL/6J (B6), C57BL/6.H2g7
(B6g7) mice have been bred at UTCF for over ten generations. The
CD23 knockout mice on BALB/c background and DO11.10 TCR
transgenic mice were obtained as breeding pair from Professor
Birgitta Heyman, Uppsala University and bred in the our animal
facility. Only female mice of different ages were used in all the
experiments. Experimental procedures were performed in strict
compliance with the relevant Swedish and Institutional laws and
guidelines and approved by the Umeå research animal ethic
committee (A44-12; 03/07/2012, A2-15; 15/1/2015).
As discussed previously, the NOD mouse is a model for T1D that
mimics the human disease and is a preferred tool due to the ease of
study. This mouse model, like the others is inbred and has been
essential in deciphering several immune mechanisms in T1D.

B and T cell adoptive transfers
To study the role of B cells in IgE- immune complex transport,
adoptive transfers in CD23-/- KO mice were performed as described
in Henningsson et al. Briefly, CD4+ T cells were isolated from
DO11.10 spleens and transferred to 8 week old CD23-/- mice. 24
hours later, B cells isolated from NOD and B6 spleens transferred in
the mice that already received T cells. Cells were transferred into the
recipient mice through the intra venous (i.v) route. Three hours post
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B cell transfer; the mice were injected i.v with 20µg of OVA-TNP and
50 µg of IgE anti-TNP immune complex. Spleens were harvested 72
hours post immunization and flash frozen in liquid Nitrogen. This
allows the understanding of the role of CD23, the low affinity receptor
for IgE on NOD B cells.
To study the cells playing a major role in the immune response, B and
T cells from NOD and B6g7 were transferred in to immune deficient
NOD.Rag mice. Untouched B and T cells were isolated from HEL
primed NOD or B6g7 mice using commercially available kits and
transferred to the NOD.Rag mice. In some experiments, FACS sorting
was employed to isolate untouched B and T cells prior to transfer.
Cells were transferred into the recipient mice through the i.v route.
This allows for the study of only the transferred cells as the recipient
mice lack both B and T cells. Recipient mice were immunized with
HEL three days post cell transfer and the antibody response was
measured four weeks later by ELISA.
A major limitation here has been to get enough cell numbers for
transfer. Cell mortality was higher when isolation kits were used for
cell purification; on the other hand, the time taken to purify using
FACS sorting was very long.

23G3 Hybridoma culture and anti-IgE purification
B cell hybridoma producing murine anti-IgE (clone 23G3) was
obtained from Prof. D.H Conrad, Virginia University and were
cultured in DMEM with 5% FCS. Supernatant of the cell culture was
collected and ran through a HiTrap™ protein-L column that captures
κ light chain antibodies selectively. This ensured the purity of the
antibody being isolated, eliminating possible contamination with
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bovine IgG present in the growth media, which could potentially
hinder the binding of anti-IgE to the cells.

ELISA
ELISA was used to determine serum levels of IgE (Paper I), antibody
response to HEL and NP-HEL (paper II & III), determine antibody
clearance of anti-KLH IgG1 (paper III). This method is preferred for
its sensitivity and robustness. Sandwich and Indirect ELISA were
mostly used.

Immunizations
Most immunizations were performed intra peritoneally (i.p) - AntiIgE (paper I), NP-HEL (Paper II), HEL (Paper II and III) and antiKLH IgG1 (Paper III), as larger volumes and more viscous solutions
could be easily administered.

Flow cytometry
Flow cytometry was used for analysis of cell surface expression of IgE
(Paper I), TACI and BAFF-R (Paper II), calcium release upon antiIgM stimulation in B cells (Paper III) and all cell surface markers.
This method allows for separation and distinction based on cellular
and surface molecular staining properties and is very sensitive as well
as specific.

Immunofluorescence and Immunohistochemistry
To determine the histological location of transferred CD4+ T cells in
spleens of CD23-/- mice and IgE in NOD and B6 spleens (paper I),
germinal centers in NOD and B6 spleen (paper II & III), BAFF in
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spleen (paper II) 8μm thick cryosections obtained from frozen
spleens were stained. NOD and B6 pancreas sections (8µm thick)
were also stained for infiltrating B cells, T cells and IgE.
This method allows for visualization of location of cells and structures
formed during an active immune response. This is important as
location directs the microenvironment and signals that are essential
for SHM and class switching. However, only one layer can be
observed at a given time point and hence there is loss of information
from subsequent time points. Sectioning of organs like the pancreas
may also lead to loss of information in other lobules. A technique such
as optical projection tomography as demonstrated by Hörnblad et al
[129] may be better alternative to view the infiltration and tertiary
lymphoid structures in whole mouse pancreas.

Statistics
Mann–Whitney test for unpaired samples or Student’s t-test or twoway ANOVA or Chi-square test were performed where applicable and
a two-tailed p value was calculated. A p value < 0.05 was considered
significant.
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Results and discussion
IgE in NOD mouse – implications in T1D progression
IgE has been widely associated with allergy. Autoimmunity and
allergy have been previously considered mutually exclusive, a notion
now challenged by the increased observation of IgE antibodies in
patients with autoimmune diseases [130]. IgE binds to the FcεRI on
mast cells and upon being crosslinked by an antigen causes the mast
cell to release the mediators of allergy for e.g. histamine. Valenta et al
coined the term ‘autoallergy’ when IgE was found directed towards
self-antigens in patients with autoimmune diseases [130]. Presence of
IgE has been associated with poor disease prognosis in patients with
bullous pemphigoid and SLE [131, 132]. IgE directed towards GAD65
has also been observed in patients with T1D [133].
We, in the Lejon lab, have looked at several B cell anomalies in the
NOD mouse. These include excess capture of IgM and IgG on the B
cell surface and increased expression of TACI on B cells [124, 126]. In
line with previous studies from our lab, we observed increased
capture of IgE on NOD B cells (Paper I) [126]. Moreover, an increased
level of IgE was also detected in the red pulp of the spleen of NOD
mice, implying that additional cell types also displayed this feature
(Figure 1 A-D, Paper I). However, IgE capture was partly but not
exclusively mediated by CD23. It is known that CD23 (FcεRII) is
found on several cell types residing in the red pulp including
macrophages and eosinophils [86]. IgE levels on B cells in NOD mice
were increased through all ages starting from one week and did not
correlate with serum levels of IgE (Figure 2A-B, Paper I). This
increased availability of IgE may be explained due to the preferential
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production of IgG1 in NOD mice, resulting in some B cells to develop
to IgE producing plasma cells which is usually the next isotype these
B cells switch to [128, 134]. We and others have observed an
increased IgG1 response following immunization with antigens such
as HEL, associated with the escape of these cells from the GC (Paper
III and [128, 134]).
In NOD mice, it was observed that early depletion of B cells using
anti-IgM antibodies prevents diabetes development [135]. In paper I,
we administered anti-IgE antibodies for duration of 5 weeks, starting
when the mice were 3 week old. Depletion of IgE using anti-IgE
delayed diabetes development (Figure 4, Paper I). It has been
suggested that IgE mediates feedback on the immune system by
increasing antigen presentation and thereby, enhancing the immune
response [85, 136-139].
We stained pancreas section from NOD and B6 mice to clarify the
occurrence of IgE at the site of inflammation. We observed a distinct
IgE staining in one NOD mouse (13 weeks) (Figure 5, Paper I). This
implies that localized IgE production may occur. The presence of
tertiary lymphoid structures in and around the infiltrated pancreatic
islets as observed by us and others [140] suggests that class switching
could occur at the site of inflammation and that the IgE might be
specific to islet antigens.
In conclusion, we suggest that IgE antibodies could contribute to the
pathogenesis of T1D in the NOD mouse either through sustained
inflammation due to the IgE feedback mechanism or aid in
destruction of the β cells by opsonization, if they are β cell antigen
specific. In addition, it is plausible that excessive class-switching in
germinal centers due to sustained inflammation in tertiary follicles
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could initiate production of non-specific IgE. However, more work
needs to be done to identify the antigen targeted by IgE.

Enhanced expression of TACI on NOD B cells –
implications for better survival of autoreactive B cells
Autoreactive B cells escape the checkpoints during a GC reaction in
autoimmune diseases. One reason for better survival of these clones
could be increased survival signals in the environment. TACI is a
molecule that regulates B cell survival and class switching. TACI
deficient mice have been reported to be unable to produce IgG1, IgA
and IgE in response to APRIL [74] and generate long-lived plasma
cells [75, 76]. TACI has been revealed to function as a negative
regulator of B cell homeostasis [141-143].
Previously we reported that NOD B cells contain an increased
percentage of TACIhigh cells [124]. This upregulation of TACI in the
NOD mouse may reflect an attempt to downregulate the generally
activated B cell. However, as a consequence of the TACIhigh phenotype
in the NOD mouse, other effects such as increased plasma cell
differentiation, isotype switch and immunoglobulin production could
also be expected. This was supported by our observation (Paper II) of
an increased plasma cell differentiation and Ig production in APRILstimulated B cells of NOD mice compared to B6 mice. In addition
TACI+ NOD B cells populated GCs, bound more BAFF and produced
low affinity antibodies against T-dependent antigen (Figure 4-6,
Paper II).
As described in Paper II, we stimulated the cells with APRIL to avoid
the potential contribution of other factors that may differ between
NOD and B6 mice (i.e. signaling pathways) as it has been previously
demonstrated that there is a synergy between TACI, TLR, CD40-
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ligation and/or cytokine signaling (i.e. IL-4) [144, 145]. Although the
contribution of the APRIL binding receptor BCMA cannot be
excluded, the difference we observed was most likely was due to
enhanced TACI expression on NOD B cells (Figure 2 and 3, Paper II).
As previously mentioned, increased TACI expression could contribute
to highly activated B cell repertoire prone to plasma cell
differentiation and isotype switch. Our lab and others have reported
that NOD mice exhibit an enhanced and prolonged immune response
[125, 146, 147]. However, based on the fact that the immune response
trait was assayed 21 days after immunization, versus the recent report
that TACI was involved in generating long lived plasma cells (i.e.
assayed 35 days after immunization) [75], we speculate that TACI
contributes to a prolonged and enhanced immune response at a later
stage.
In order to ensure survival of high affinity clones in GC, survival
factors such as BAFF is limited. However, excess BAFF allows for
survival of low affinity and autoreactive clones [81, 108]. Sequestering
of BAFF in GCs has been attributed to TACI expression in GC B cells
[108]. Correspondingly, we observed that B6 mice immunized with
HEL display little or no TACI+ B cells in the GC. However, both
unimmunized and immunized NOD mice failed to downregulate TACI
expression on GC B cells (Figure 4, Paper II). This led us to analyze
the expression of BAFF in GCs. Indeed, both unimmunized and HEL
immunized NOD mice stained positively for BAFF in GC (Figure 5,
Paper II). In addition, BAFF staining was observed in the marginal
zone reflecting the TACI bright nature of MZ B cells [148].
Low affinity IgG form the bulk of the natural antibodies (for e.g.
against insulin) in NOD mice [116, 149]. We hypothesized that the
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increased presence of BAFF in the NOD GCs could affect affinity
maturation against a conventional antigen and therefore, we
immunized NOD and B6 mice with NP-HEL. We observed that NOD
mice produced proportionally more low affinity antibodies as
deduced from the ratio between NP4-BSA and NP20-BSA signals,
supporting our hypothesis (Figure 6, Paper II). Targeting of BAFF in
the NOD mouse has been shown to protect against T1D [150]. We
speculate that the property of NOD B cells to respond with higher
titers during an (auto)immune response and to generate low affinity
antibodies may contribute to epitope spreading towards autoantigens
as observed in these mice [116].

Immune response in the NOD mouse is more robust –
B and T cell interplay
Previously, we and others have observed that NOD mice respond
intensely to both foreign and self-antigens by producing large
amounts of antigen specific IgG [151, 152]. Autoantibodies in NOD
mice and humans are essentially of IgG isotype and have been shown
to arise from germinal center reaction [149]. This response was also
found to be T-cell dependent, as NOD.nu/nu mice (that lack thymus)
did not respond [125].
In Paper III, we aimed at analyzing the mechanism contributing to
the enhanced and prolonged response in the NOD mouse towards the
conventional antigen, HEL. Our control B6 mice have previously been
reported to be low responders to HEL+CFA as compared to several
other strains, and the MHC has been suggested to be an important
factor in this response [153]. The use of CFA alone in NOD mouse
skewed the immune response and prevented the mice from
developing T1D [154]. In our protocol we have used HEL+IFA, a
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combination that is not sufficient to promote a robust response in
almost any strain [155]. However, as previously described, NOD mice
responded well to antigen given with this adjuvant [155]. In line with
our previous finding, MHC was observed to have a potent influence
on this trait [125] as B6g7 mice (which shared the I-Ag7 with NOD
mice) responded to HEL with titers comparable to that in NOD mice.
A potential cause for the high serum levels of IgG1 against HEL
observed over time (Figure 1A, Paper III) could be the inefficient
clearance of antibodies in the NOD mouse. To test this, we injected
monoclonal anti-KLH IgG1 antibodies as described by Viera et al
[156], and determined the remaining level of anti-KLH antibodies in
serum at several time points. We observed a slower clearance of the
IgG1 antibodies in both strains. In our study we have not included the
B6g7 mice as we expect the strain to behave similarly. We, therefore,
excluded inefficient clearance as a contributor to the phenotype.
Since, NOD mice have a highly active B cell repertoire and preexisting GCs [116, 157], this preset may provide a favorable milieu for
the maintenance of an immune response. It has also been shown that
pre-existing GCs are reused upon activation of B cells by a new
antigen and relevant T cell help [103]. As described previously by
Luzina et al [157], we also observed that non-immunized NOD mice
had a large number of pre-existing GCs compared to B6 mice (Figure
3, Paper III). This difference was not evident post-immunization,
supporting the theory of GC reuse. However, we did not look for
spontaneous GC formation in B6g7 mice, which might give an insight
to if the MHC alone is sufficient, to get T cell help or if the
environment contributes in the availability of this privilege.
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Increased BAFF availability in GC (Paper II) and enhanced TACI
expression on GC B cells could contribute to B cell survival, plasma
cell differentiation, as well as class switch to IgG (Paper II). In line
with this it has also been described that the presence of excess BAFF
can activate transitional B cells and promote autoantibody production
in a TACI dependent manner [158]. Accumulation of long-lived
plasma cells in the spleen promoted the differentiation of CD4+ T cells
to TFH cells that in turn contributed to the persistence of humoral
autoimmunity [159].
We also tested BCR induced activation of B cells using anti-IgM
antibodies. Strangely, we noticed that NOD B cells were hyporesponsive, in particular to low concentrations of anti-IgM. BCR
stimulation with low concentrations of anti-IgM may mimic
physiological stimulation by foreign or self-antigens. So it is plausible
that this hypo-responsiveness had consequences during B cell
development in the bone marrow. As previously described, NOD B
cells escaped negative selection during development [50] an
indication of autoreactive clones and low-affinity clones (Paper II)
released in the periphery. This feature may lead to the avoidance of
antigen induced anergy in the periphery and activation induced cell
death thereby contributing to the prolonged and enhanced immune
response.
In order to confirm that B cell anomalies contributed to the skewed
immune response in HEL, we adoptively transferred NOD and B6g7
cells into NOD Rag mice in various combinations as described in
Paper III. We observed that B cells of NOD origin seemed sufficient to
respond to HEL irrespective of the origin of the T cells. On the
contrary, B6g7 B cells in combination with NOD T cells did not
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respond. It is plausible that the TACI+ B cells along with the hyporesponsive BCR may be better at responding to low amounts of
survival signals as well as producing antibodies towards HEL,
although other explanations cannot be excluded at this point. We also
speculate that B6g7 B cells may have a lower expression of TACI, and
hence would not have access to sufficient amounts of BAFF to survive
or class switch. The fact that the B6g7 spleen cells had the ability to
respond if they were located in a NOD-RAG environment suggests
that the myeloid compartment and/or stromal cells could provide a
milieu promoting an immune response.
The proposed explanation for the cause of the prolonged and
enhanced immune response towards HEL in NOD mice could be
extended to an immune response towards self-antigens, thereby
providing additional understanding of the mechanisms promoting
autoimmunity.
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Conclusion
The thesis covers some important B cell anomalies that might
contribute to the skewed immune response towards both self and
non-self-antigens in NOD mice. The immune response is highly
dependent on cell-cell interactions, reception of survival signals and
regulation of inflammatory mediators such as cytokines. There may
be several deviant aspects that could contribute to this complex
interplay and lead to autoimmunity. Some of them are listed in this
thesis and are as follows:


The TACIhigh phenotype of NOD B cells could enhance survival
of low-affinity clones and result in an increased class
switching due to an increased availability of BAFF. Preexisting GCs in NOD mice may contribute to the robust
response to novel antigens.



The immune response to HEL usually promoted antibodies of
the IgG1 isotype and might, along with decreased BCR
signalling strength, serve to maintain the low-affinity pool.



Excessive class switching in the NOD mouse may yield IgE
antibodies. IgE is increased in the NOD mouse suggesting
potential autoallergy, as it was also found in tertiary lymphoid
structures in the pancreas. Depletion of IgE antibodies with
anti-IgE treatment in pre-diabetic NOD mice delayed T1D
disease onset.

The mechanisms together may contribute to a skewed immune
response in the NOD mice leading to events that facilitate
precipitation of T1D in these mice. A model based on these anomalies
is hereby proposed (Figure 5).
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B cells infiltrate NOD pancreas and with
other imune cells form tertiarly lymphoid
structures and germinal centers

IgM Plasma
cells

Class switching
Antigen
recognition

B cell with enhanced
TACI expression and
low BCR signal

IgG1/ IgE
Plasma cells

GC reaction in the presence
of abundant BAFF leads to
class switching, escape of
low affinity and autoreactive
cells

Low-affinity /
autoreactive
Plasma cells

Antibodies provide
feedback to sustain the
immune response

Figure 5: Schematic model of the skewed immune response in the NOD
mouse towards self and non-self-antigens
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