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Abstract

Background: Type 1 diabetes is an autoimmune disease characterized by insulin
deficiency due to pancreatic islet beta cell function loss, resulting in increased blood
glucose levels. Beta-cell autoantibodies are markers of the autoimmune that might
be present months to years before clinical diagnosis. HLA-DR-DQ is strongly
associated with the risk of type 1 diabetes. The HLA-DR3/4-DQ2/8 genotype
confers the highest risk. However, only one in 15 (7%) of individuals with this
human leukocyte antigen (HLA) genotype develop the disease over a life-time.

Aims: The overall aim of this thesis was to investigate immunological markers and
survey type 1 diabetes pathogenesis. Specifically, we aimed to investigate if there
is an association between antigen-presenting cells’ ability to present antigen to
immune cells, HLA, and autoantibodies. In addition, we aimed to investigate plasma
lipid profiles in relation to HLA and to identify and examine novel type 1 diabetes
susceptibility loci.

Methods: Participants (n = 67) in the Swedish Diabetes Prediction in Skane (DiPiS)
study donated a blood sample for cross-sectional analysis of white blood cells.
Isolated peripheral white blood cells (CD16°CD66°, CD19*, CD16", CD14*CD16",
CD4", and CD8") were investigated by flow cytometry to examine the cell surface
median fluorescence intensity (MFI) of Class Il HLA-DQ. Information on follow-
up in the DiPiS study was obtained from the DiPiS database. HLA high-resolution
sequencing of HLA-DRB1, -DRB345, -DQAL, -DQB1, -DPA1, and -DPB1 was
performed. Type 1 diabetes-associated autoantibodies to insulin (IAA), glutamic
acid decarboxylase 65 (GADA), insulinoma-associated protein-2 (IA-2A), and all
three variants of zinc transporter 8 (ZnT8A) were analysed in standardized radio-
binding assays (papers I, Il and 1V). In Paper I, HLA-DQ cell surface MFI on
isolated blood cell subtypes was investigated in relation to HLA and autoantibodies.
In Paper 11, lipidomic profiles were determined using ultra-high-performance liquid
chromatography quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-
MS). Lipid profiles were investigated in relation to HLA and autoantibodies. In
Paper 111, molecular inversion probe sequencing (MIP) technology was used to
identify and examine additional type 1 diabetes susceptibility loci in HLA-DR3
homozygous type 1 diabetes patients (n = 365) and control subjects (n = 668),
originating from four large type 1 diabetes studies. In Paper 1V, TagMan® SNP
Genotyping Assays were utilized to identify a risk haplotype of three single
nucleotide polymorphisms (tri-SNP) in intron 1 of HLA-DRAL. The tri-SNP was
investigated in relation to HLA, autoantibodies, and HLA-DQ MFI on isolated cell

types.

Results: In Paper I, a pattern of decreasing HLA-DQ cell surface MFI was observed
with increasing autoimmunity burden, the burden of autoantibodies at cross-
sectional sampling (SAB), or over time during follow-up in DiPiS (cAB), on CD16",
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CD14*CD16°, CD4", and CD8" cells. HLA-DQ cell surface MFI was associated
with HLA-DQ2/8 in CD4" T lymphocytes, marginally in CD14*CD16™ monocytes
and CD8" T lymphocytes. These associations appeared to be related to
autoimmunity burden. In Paper 11, levels of several specific phospholipid species
varied with the level of autoimmunity but not the development of type 1 diabetes.
Five glycosylated ceramides were increased in IAA-positive subjects compared to
subjects without this autoantibody. Long-chain triacylglycerol levels seemed to be
associated with HLA genotypes. Paper 111 describes a new tri-SNP haplotype in
intron 1 of the HLA-DRAL gene found to modify the risk of type 1 diabetes in HLA-
DR3 homozygous subjects. In Paper 1V, four tri-SNPs (ACA, ACG, AGG, and
GCA) were identified. HLA-DQ cell surface MFI decreased with increasing
autoimmunity burden on CD16", CD14'CD16°, CD4", and CD8" cells in subjects
with the AGG haplotype compared to GCA.

Conclusion: HLA-DQ cell surface MFI may be related to the degree of
autoimmunity burden. Lipidomic profiles may improve the sub-phenotyping of
subjects with a high risk of type 1 diabetes. The tri-SNP could help clarify the role
of HLA in type 1 diabetes susceptibility. These parameters may increase the
precision of predicting type 1 diabetes in subjects with increased genetic risk for
type 1 diabetes who are followed longitudinally.
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Introduction

The immune system

The immune system provides a layered defence of increasing specificity to defend
the body against infection. A fine-tuned signalling system is important for the
multitude of organs, cells, and proteins of the immune system to work together to
fight infection. Pathogens that enter the body are recognized by immune system
mechanisms that help clear the infection.

HLA

The human leukocyte antigen (HLA) system is a group of genes that encode proteins
on all cells except red blood cells and particularly on immune cells in humans. HLA
is analogous to the major histocompatibility complex (MHC) in other animals, such
as the mouse. HLA partly determines the response of an individual to infections and
influences the response of immune cells to pathogens. The HLA family comprises
more than 200 genes, and more than 40% encode proteins involved in immune
functions that play critical roles in defence against infectious diseases, cancer, and
susceptibility and resistance to autoimmune diseases. The nomenclature of HLA
alleles (Figure 1) is set by the WHO Nomenclature Committee’.

A hyphen separate gene Suffix to denote
name from HLA prefix Separator Field separators changes in expression

} | T |
HIT.A-DQTBl*OTS:OTZ:OI:OlN

t

HLA prefix Gene 1. Allele group 2. Subtype T 4. Define polymorphisms in introns
3. Define synonymous DNA within the coding region

Figure 1. Nomenclature of HLA alleles

The name of an HLA allele has a unique number separated by colons describing allele group (1), specific HLA protein
(2), define synonymous DNA within the coding region (3), and define differences (polymorphisms) in a non-coding region
(4). Additional suffixes may be added to indicate expression status: ‘null alleles’ (N), ‘low’ (L) cell surface expression
compared to normal levels, soluble ‘secreted’ (S) proteins or proteins present in the ‘cytoplasm’ (C) not expressed on
the cell surface, ‘aberrant’ (A) expression if it is unclear if a protein is expressed, or ‘questionable’ (Q) if a mutation in
the allele has been seen to affect expression levels in other alleles. The nomenclature of HLA alleles is set by the WHO
Nomenclature Committee’. Adapted from http://hla.alleles.org/nomenclature/naming.html.
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Figure 2. The HLA gene complex on chromosome 6.
Positions of the Class Il HLA-DR-DQ-DP genes are presented as a close-up. Reproduced from Regnell et. al?.

The HLA gene complex is the most polymorphic region in the human genome, with
close to 18,000 different HLA alleles characterized thus far. New alleles continue
to be identified and sequenced. The most updated list can be found in the
IMGT/HLA database®. The HLA gene complex is divided into three regions, Class
I, 11, and Il (Figure 2). Class I and Il genes encode molecules that bind and present
peptide fragments to T lymphocytes via the antigen-binding groove of the mature
HLA cell surface protein. Class | molecules are found on most cell types and present
endogenous peptides derived from the intracellular environment of infected or
damaged cells. The major function of the Class | molecule is to present antigens to
cytotoxic T (Tc) lymphocytes, which kill the infected or damaged cells. Class 11
molecules are primarily found on antigen-presenting cells (APCs) and present
antigens to the helper T (Tw) lymphocytes to elicit an immune response. The Class
I1 molecules sample the extracellular environment and thus present peptides, such
as bacteria or viruses, derived from outside the cell. Both Class | and Class Il HLA
genes are fundamental to the body’s recognition of self and non-self*°. The Class
111 region contains genes for cytokines and the complement system components that
have an important role in shaping an adapted immune response®. The complement
system is tasked with activation inflammation, labelling pathogens and cells for
clearance by immune cells and enhancing phagocytosis by innate immune cells.

HLA has been widely studied for its role in transplantation biology and is important
roles in transplantation immunology. Certain highly polymorphic HLA genes
function as histocompatibility barriers and are critical markers for donor-recipient
matching in bone marrow transplantation. A donor with an identical HLA type can
donate tissue more successfully than a donor who is not matched®.
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Immune cells

The immune system cells develop from stem cells in the bone marrow and become
different types of white blood cells (Figure 3). White blood cells can be found in the
tissues and peripheral blood of the body.
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Figure 3. White blood cells are part of the immune system and develop in the bone marrow.

Granulocytes cells (eosinophils, neutrophils, basophils, and mast cells), monocytes, and lymphocytes (B lymphocytes,
T lymphocytes and natural killer cells) are the three main types of white blood cells. The image was created using
BioRender.com.

A general description of immune cells

There are three main types of white blood cells: granulocytes, monocytes, and
lymphocytes. Granulocytes (eosinophils, neutrophils, basophils, and mast cells)
contain granules with toxic material in their cytoplasm released in response to a
pathogen. The granules contain antimicrobial agents, enzymes, and other proteins.
Phagocytes include macrophages, neutrophils, dendritic cells, and eosinophils, and
their function within the immune system is to identify and eliminate pathogens that
might cause infection. Phagocytes engulf pathogens by attaching to and wrapping
around them, trapping them in a phagosome (a compartment in the phagocyte). The
pathogen is destroyed when the phagosome lyses with a lysosome or granule
containing toxic material. Eosinophils are phagocytic cells that release toxins to kill
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parasites and bacteria and cause tissue damage. Neutrophils are granulocytes and
phagocytes. Neutrophils are considered the first responders of the innate immune
system that rapidly migrate to sites of inflammation. They specialize in engulfing
and digesting cellular debris, pathogens, and other foreign substances”. Basophils
are non-phagocytic cells responsible for defence against parasites. Mast cells are
granulated tissue cells that degranulate in response to tissue injury and initiate
inflammatory reactions through the vasoactive properties of histamine.

Any substance capable of eliciting an adaptive immune response is called to as an
antigen (antibody generator). An antigen taken up by an APC is combined with HLA
and presented on the cell surface of activated T and B lymphocytes. Antibodies are
a type of protein created by plasma B lymphocytes in response to pathogens.
Antibodies are pathogen-specific and attach to a pathogenic antigen’®. Antigen-
presenting cells (APCs) (dendritic cells, monocytes, macrophages, and regulatory T
lymphocytes) process and present antigens on Class | and Il MHC cell surface
epitopes (Figure 4). Dendritic cells are professional APCs that link innate and
adaptive immunity. Monocytes migrate to sites of inflammation and mature into
tissue macrophages and dendritic cells. A macrophage specializes in engulfing and
digesting cellular debris, pathogens, and other foreign substances, consequently
stimulating other immune cells. Dendritic cells are professional APCs that display
antigens to activate naive T lymphocytes.

Lymphocytes (B lymphocytes, T lymphocytes, natural killer (NK) cells and
cytotoxic T (T¢) lymphocytes) are cells of the adaptive immune system that carry
out an immune function in response to a stimulus. Mounting an appropriate immune
response depends on the careful regulation of lymphocyte activation. To this end,
lymphocytes require two independent signals to become fully activated. The first,
an antigen-specific signal is sent via the unique antigen receptor: T cell receptor
(TCR) on T lymphocytes or surface immunoglobulin on B lymphocytes. A co-
stimulatory signal is a secondary signal independent of the antigen receptor and is
critical to allow full activation, sustain cell proliferation, prevent anergy and/or
apoptosis, induce differentiation to effector and memory status, and allow cell-cell
cooperation. The expression of inhibitory receptors, in turn, regulates co-stimulation
upon lymphocyte activation. Lymphocytes stimulated through the antigen receptor
alone fail to produce cytokines, are unable to sustain proliferation, and often
undergo apoptosis or become nonresponsive to subsequent stimulation®*°,

B lymphocytes develop in the bone marrow and can mature into plasma or memory
B lymphocytes. Plasma lymphocytes produce large volumes of antibodies in
response to pathogens, while memory B lymphocytes carry a memory of past
infections. Memory B lymphocytes are long-lived and capable of responding to a
particular antigen on its reintroduction long after the exposure that prompted its
production.
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Figure 4. MHC class | and Il pathways

Antigen-presenting cells process and present antigens on Class | and Il MHC cell surface epitopes through different
pathways. Class | MHC molecules present peptides derived from cytosolic proteins to cytotoxic T lymphocytes while
Class Il MHC present processed antigens derived from extracellular proteins to helper T lymphocytes. Reprinted from
"MHC Class | and Il Pathways", by BioRender.com (2022), retrieved from https://app.biorender.com/biorender-
templates.
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T lymphocytes develop in the thymus and enter the periphery as naive T
lymphocytes mature but are not activated. Naive T lymphocytes become activated
once they bind to an antigen presented on Class Il MHC on a macrophage or
dendritic cell surface and receive a co-stimulatory signal. Ty lymphocytes secrete
cytokines to mediate inflammation signals and immunity to other immune cells and
help B lymphocytes produce antibodies. Cytokines are a protein that impacts the
immune system by either ramping it up or slowing it down. Tc lymphocytes and
natural killer (NK) cells interact with signals from other cells to activate and inhibit
innate, non-specific immunity. Tc lymphocytes are the primary effector cells of
adaptive immunity and eliminate infected cells. Natural killer lymphocytes are
related to Tc lymphocytes but lack antigen receptors. Memory T (Twm) lymphocytes
are derived from activated Tc lymphocytes and are long-lived and antigen-
experienced. After Tc lymphocytes attack a pathogen, Tm lymphocytes linger to stop
any recurrence. Ty lymphocytes are quickly converted into large numbers of T
lymphocytes upon re-exposure to a specific invading antigen, thus providing a rapid
response to past infection. Regulatory T (Tres) lymphocytes regulate the self-
reactivity of T lymphocytes in the periphery to help suppress the immune system”®,

Immunity

The innate, adaptive, and passive immune systems mediate an immune response to
pathogens. The innate and adaptive immune systems complement each other and
interact to efficiently form an overall system of immune defence (Figure 5)%*. The
innate immune system is directed towards immediate responses to pathogens. Type
I and Il interferons are cytokines and signalling proteins that signal neighbouring
cells to raise a barrier, signal infected cells to die or recruit white blood cells to
stimulate long-lasting immunity®*2,

The adaptive immune response can be either humoral or cell-mediated. A series of
interactions between APCs and B and T lymphocyte cells in a humoral response
result in an antibody response. APCs engulf and degrade infectious agents and
present antigen fragments on the cell surface by Class Il HLA molecules (Figure 5).
Tw lymphocytes binding to Class II HLA on APCs activate the proliferation of Tn
lymphocytes and release of cytokines. Tw lymphocytes then bind to the HLA
complex on B lymphocytes, activating B lymphocyte proliferation and
differentiation. B lymphocytes transform into plasma cells that secrete large
guantities of antibodies directed against the specific antigen. Some B lymphocytes
transform into memory cells that allow a faster antibody-mediated immune response
upon future infection®*2. This process is utilized in vaccination strategies to generate
immunity®®. A cell-mediated response involves cytotoxic T lymphocytes binding
MHC class | on APCs and results in the lysis of foreign or infected cells (Figure
5)8,12_
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Passive immunity is provided when antibodies to pathogens are given instead of
producing them through the own immune system. Passive immunity can occur

naturally during pregnancy when maternal antibodies are transferred through the

placenta or during breastfeeding and protect the offspring from infection®*2,
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Figure 5. The innate and adaptive immune systems and their overlap.

In the innate immune system, responses to infectious agents are generally immediate and non-specific, such as
phagocytosis and endocytosis by macrophages and neutrophils. Pattern-recognition receptors (PRRs), such as Toll-
like receptors (TLRs), recognize pathogen-associated molecular patterns on various microorganisms. Soluble PRRs,
such as complement proteins, and acute phase reactants, such as C-reactive protein (CRP), also have a role in innate
immunity as they label microorganisms and bind to apoptotic cellular debris in a non-specific manner. In the adaptive
immune system, a specific immune response is achieved by engaging receptors with a selective reactivity with specific
antigens (T-cell receptors (TCRs) and immunoglobulin receptors on B lymphocytes). An adaptive immune response
includes expansion and differentiation of the specific responder cells, which establishes a memory for the specific
antigen response. The relationship between the innate and adaptive immune systems has not yet been fully established.
Macrophages endocytose or phagocytose antigens in a non-specific manner and present it to T lymphocytes, generating
a highly specific immune response. Co-stimulation of B lymphocytes by TLRs can result in the production of specific
antibodies to self-antigens. Cytokines may stimulate both an innate and adaptive immune response. Complement
proteins also have a role in the innate and adaptive immune systems as they mediate the effector responses induced
by antibodies. APC, antigen-presenting cell; BCR, B cell receptor; MHC |, Class | major histocompatibility complex;
MHC II, Class Il major histocompatibility complex; Tn lymphocyte, helper T lymphocyte; Tc lymphocyte, cytotoxic T
lymphocyte. The image is adapted from Gregersen et. al.!* using BioRender.com.

Immune tolerance

Tolerance is defined as specific unresponsiveness of the adaptive immune system
to particular antigens and is characteristic of the normal immune system®.
Tolerance is classified into central or peripheral tolerance depending on where the
state is originally induced.

Central tolerance (negative selection) is the process of eliminating any developing
autoreactive B or T lymphocytes reactive to the self-proteins'***. During the
maturation in the bone marrow, B lymphocytes undergo negative selection when
they bind self-proteins. Autoreactive B lymphocytes either undergo apoptosis,
induced an anergy (a state of on-reactivity), or receptor editing. The self-reactive B
lymphocyte changes specificity by developing a new B lymphocyte receptor,
achieved by rearranging genes. Receptor editing gives B lymphocytes a chance to
edit the B lymphocyte receptor before apoptosis or to enter an anergic
state’!* Thymocytes are immature T lymphocytes that mature in the thymus and
undergo a positive and negative selection process determined by their interaction
with HLA and self-peptides (Figure 6). T lymphocytes must be able to recognize
Class | or Il HLA with bound non-self-peptide. During positive selection, non-
functional and strongly self-reactive thymocytes do not interact with the Class | or
I HLA complexes and are eliminated by apoptosis. Thymocytes with a sufficient
affinity for Class | or Il HLA mature into cytotoxic or helper T lymphocytes,
respectively. During negative selection, the thymocyte affinity to self-peptides is
tested where self-reactive thymocytes undergo apoptosis.
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Figure 6. Positive and negative selection of T lymphocytes.

A positive and negative selection process of interaction with HLA and self-peptides help thymocytes mature into T
lymphocytes. During positive selection, non-functional and strongly self-reactive thymocytes are eliminated by apoptosis
as they do not interact with the Class | or I HLA complexes. Self-reactive thymocytes undergo apoptosis during negative
selection as their affinity to self-peptides is tested. Reprinted from "Positive and Negative Selection of T Cells", by
BioRender.com (2022), retrieved from https://app.biorender.com/biorender-templates.

Thymocytes can migrate into the periphery as naive T lymphocytes and are activated
by HLA and self-peptides below a certain threshold. Most T lymphocytes develop
into effector cytotoxic or helper T lymphocytes that will mediate both humoral
(antibody-mediated) and cellular immune responses'*** (Figure 7).

Peripheral tolerance is a secondary mechanism to ensure that B or T lymphocytes,
leaving the bone marrow or thymus, do not become autoreactive. Peripheral
tolerance is distinct from central tolerance and occurs as developing immune cells
exit the thymus or bone marrow before their export into the periphery. Trec
lymphocytes are key mediators of peripheral tolerance and develop during the
negative selection where the T lymphocyte receptor shows a high affinity for self-
peptides. The mechanism of the regulatory T lymphocytes is not fully understood
but includes managing effector immune response on many levels. Regulatory T
lymphocytes may inhibit activation of T lymphocytes by APCs, inhibit
differentiation of T lymphocytes into cytotoxic effector cells and/or prevent T
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lymphocytes from helping B lymphocytes in antibody production!. Peripheral
tolerance is key to preventing over-reactivity of the immune system from

autoreactivity to self-antigens or various environmental antigens (such as
allergens)***4,
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Figure 7. Central and peripheral tolerance.

Strongly self-reactive and non-functional thymocytes are eliminated through a positive and negative selection process.
In the positive selection process, self-reactive thymocytes have self-peptides that interact with major histocompatibility
complex (MHC) proteins. Non-functional thymocytes are prompted to apoptosis in the negative selection process.
Thymocytes that are allowed to migrate into the periphery as mature T lymphocytes are positively selected and activated
by self-peptide and MHC below a certain threshold. In the periphery, the thymocytes mature into T lymphocytes, that
are key mediators of peripheral tolerance. Most thymocytes develop into helper and cytotoxic T lymphocytes that
mediate both humoral (antibody-mediated) and cell-mediated immune responses, while some develop into regulatory
T lymphocytes. Regulatory T lymphocytes regulate or suppress other cells in the immune system to maintain immune

homeostasis and self-tolerance, dampen inflammation, and prevent autoimmunity. The image is adapted from
Gregersen et. al.* using BioRender.com.
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Autoimmunity

Autoimmunity is an abnormal response by the immune system against self-antigens.
Deficits in central and peripheral tolerance allow autoreactive B and T lymphocytes
into the periphery and cause autoimmune reactions against self-antigens™. The
immune system does not randomly lose the ability to distinguish between self and
non-self-antigens. Certain individuals have a genetic susceptibility to developing
autoimmune diseases. The main sets of genes suspected in many autoimmune
diseases are related to HLA. Type 1 diabetes, celiac disease, and autoimmune
thyroiditis are examples of autoimmune diseases where variants of Class Il HLA
genes confer a risk of developing the disease®®. However, only a small fraction of
genetically predisposed individuals may develop an autoimmune disease.
Autoimmunity may be present without any clinical symptoms. Autoantibodies are
common biomarkers of autoimmunity; in some cases, their presence is a risk factor
for autoimmune disease. Genetic risk factors also have a role in determining the
progression of clinical disease, and identifying these factors offers a possibility to
develop targeted preventive therapies™.
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Type 1 Diabetes

Type 1 diabetes is an autoimmune disease characterized by insulin deficiency due
to loss of the pancreatic islet beta cells (Figure 8), both in numbers and in function,
resulting in increased blood glucose levels'®’. What triggers the immune-mediated
insulitis destroying islet beta cells and ultimately type 1 diabetes is still unknown.
When symptoms of diabetes appear, it has been estimated that only 10-20% of the
beta cells are still functioning, and insulin therapy is necessary for survival*®*°,
Younger children often have a shorter asymptomatic period, months before clinical
onset, 