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“In theory, theory and practice are the same. In practice, they are not.”
Albert Einstein, physicist (1879-1955)

ABSTRACT
Autoimmune diseases such as rheumatoid arthritis (RA) or multiple sclerosis
(MS) are commonly regarded as complex or multifactorial diseases. This complexity
regards to effector mechanisms involved in pathologic manifestations, and also to the
diversity of genetic and environmental factors that predispose individuals to such
diseases. Identification of genetic traits becomes relevant to better understand the
progression of these diseases, enabling the development of new therapies.
Autoantibody formation against cartilage structures (e.g. collagen type II, CII), anticitrullinated proteins (ACPA) and anti-Fc domains of other antibodies (rheumatoid
factors, RF) are pathogenic and typically observed in RA patients. It is thus important
to investigate their role in the disease development.
In study I we evaluated the usefulness of a particular outbred stock of mice, the
Northport heterogeneous stock (HS), in the study of genetic associations of different
animal models. We observed that HS mice were suitable for studying disease models of
MS, while being limited to study certain RA models, due to the absence of particular
major histocompatibility complex (MHC) alleles. By introducing an arthritis
permissive MHC H-2q allele, in study II we made use of the best characterized animal
model of RA in mice (collagen-induced arthritis, CIA), and evaluated the genetic
associations of autoantibody production during the course of the disease. The genetic
associations with RF and ACPA production were evident and clearly distinct from antiCII antibody responses. Amongst several identified quantitative trait loci (QTLs), we
distinguished the Fc gamma receptor (FcγR) and immunoglobulin heavy chain (IgH)
loci as the most central QTL regulating autoantibody formation. The Cia9 congenic
fragment confirmed our FcγR association, while the involvement of the IgH locus on
specific antigen recognition was thoroughly investigated in study III. Here we
identified different germ-line polymorphisms controlling the antibody production and
recognition of a specific CII epitope, named J1. Finally, in study IV, Cia37 congenic
mice were used to investigate the role of vitamin D receptor (VDR) polymorphisms in
arthritis susceptibility. The influence of vitamin D on cytokine secretion and the VDR
gene expression profile observed, strongly implicate the VDR and vitamin D as
regulators of autoimmunity in mice.
In summary, several genetic associations as well as mechanistic hypothesis
involving autoantibody formation are described in this thesis. We hope these findings
can be of use for better understanding the pathology of RA, as well as for the
development of new therapeutics to treat RA patients.
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1 INTRODUCTION
The content of this introduction attempts to give the reader generalized but also
descriptive information about the immune system: how it protects us from infections
and what can go wrong if it turns against its host. It also intends to bring the reader
closer to the topic of rheumatoid arthritis, and how genes and the environment can
influence the behaviour of the immune system in this disease. I also describe different
animal models and gene identification strategies that were used during my data
collection. The influence of genes on the immune system, in the development of
arthritis in mice, has been the main focus of my PhD thesis.

THE IMMUNE SYSTEM SIMPLIFIED
During our lifetime we are constantly challenged by bacteria, viruses, fungi, and
other complex organisms usually called parasites. Although some are not harmful to
our existence such as the commensal bacteria living in our guts, others are considered
to be pathogenic and can lead to serious health conditions. To assist us in keeping a
physiological homeostasis we hold a cellular and humoral system able to control and
expel these foreign organisms from our bodies – the immune system. Immunology,
which is the science studying the immune system, originated in the late 18th century
when in 1796 Edward Jenner used cowpox to vaccinate a young boy against smallpox
(1). It was however not until several years later that significant contributions to the
development and understanding of immunology were made. The microbiologists
Robert Koch, famous for his wonderful work studying microorganisms and
tuberculosis (2), and Louis Pasteur, who among other experiments extended Jenner’s
vaccination strategies (3, 4), are two names that will always be associated with
immunology and remembered in the text books.
To distinguish between self and non-self is the primary goal of the immune
system. Considering its way of action, the immune response is usually divided into
innate immunity and adaptive immunity. These concepts will be reviewed in a more
comprehensive way, enough to understand the immunological content of this thesis as
well as the implications of the results presented.

Innate Immunity
The innate immune system constitutes the first line of defence against foreign
pathogens, after our physical barriers (e.g. skin and mucosal epithelia). Some of the
constituents of the innate immune system have very similar structure blocks across
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species, not only between mammals and other vertebrates, but also including insects
and plants (5). This indicates that innate immunity is well conserved through evolution,
presenting an effective discrimination between self and non-self. Supporting it is the
fact that animals or plants relying only on innate immunity have no manifestations such
as autoimmunity, allergy or transplant rejection (6).
The decision of action against a particular pathogen is made by pattern
recognition receptors when encountering pathogen-associated molecular patterns
[PAMPs, (7); e.g. lipopolysaccharides or lipoproteins of bacterial origin]. The innate
immune system is also responsible for clearing out cellular debris from the body, which
includes dead cells and cells that are under stress. In this case, the innate immune
system relies on the recognition of danger-associated molecular patterns [DAMPs, (8);
e.g. DNA or HMGB1 – high-mobility group box 1]. One set of receptors responsible
for all these different recognitions, and probably the most described type of receptors
associated with the innate immune system, are the toll-like receptors [TLR, (9, 10)].
TLRs occur in different colours and flavours. They can be expressed either in the inner
or outer cellular membranes, and their milieu of recognition varies from peptide
structures to sugars, lipids or nucleic acids. So, depending on which PAMP or DAMP
they recognize, and if the recognition is done either alone or in combination with other
receptors, the resulting TLR-activation signalling cascade will differ (9, 10).

Cellular components
Amongst cells expressing innate immune recognition receptors are macrophages,
dendritic cells, mast cells, neutrophils, eosinophils and natural killer cells. After
recognition of a microbial intruder in the body, specialized cells called phagocytes
quickly engulf the microbe, through a process called phagocytosis. Once phagocytized,
the microbe is digested inside vesicles containing different proteases and toxic products
(e.g. nitric oxide and hydrogen peroxide), a process occurring at acidic pH (11, 12).
Macrophages are a type of phagocyte that reside in different tissues across the body,
and are commonly observed in infection-susceptible organs such as lungs and the gut.
They are differentiated monocytes, long-lived cells that screen the tissues for foreign
microbes, and are therefore one of the first cells to encounter the pathogen after an
infection. In the spleen, their function is to clear out the dying red blood cells from the
system. Neutrophils are also phagocytic cells of the innate immune system. They are
abundant short-lived cells that circulate in the bloodstream and are rapidly recruited to
the site of infection or acute inflammation, dying after completing their mission. Both
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macrophages and neutrophils use distinct TLRs and other membrane receptors to
recognize pathogens (11).
Another type of cell belonging to the innate system, but without phagocytic
capacity, is the natural killer (NK) cell. They survey the body, scanning cells for
levels of MHC-I (major histocompatibility complex class I – which is described in the
adaptive immunity section) in their membranes. Under normal conditions, MHC-I
molecules are expressed at high levels on the cell membrane of almost every cell in the
body. In a stress situation, the expression levels of MHC-I will decrease, and NK cells
will be able to sense this alteration and induce destruction of the cell by e.g. apoptosis,
thus eliminating the potential threat to the host (11-13). NK cells contribute to the
identification and elimination of virus-infected cells as well as tumour cells.
Besides their mechanical ways of dealing with pathogens, innate immune cells
also secrete small proteins called cytokines or chemokines. These are not exclusive to
the immune system, but are mainly secreted and targeted by immune cells. Despite
having different functions, their general role is to attract immune cells to the site of
inflammation, activate those cells and induce the expression of a variety of cellular
components that will aid in the elimination of the pathogen. During an inflammatory
response, innate immunity cells differentiate into short-lived effector cells at the site of
inflammation, with the main goal of clearing the infectious pathogens. If not
successive, the innate cells, in particular specialized antigen-presenting cells (APCs;
e.g. dendritic cells), will express co-stimulatory molecules to be recognized by cells of
the adaptive immune system (6). A more specific type of response against the pathogen
will then be set in action.

Humoral components
Different humoral components, such as antimicrobial peptides or complement
proteins, are able to significantly damage bacteria thus helping in the clearance of
pathogens. Antimicrobial peptides are found in both plants and animals, and very likely
constitute the most primordial element in immunity. Defensins are one of the most
common classes of antimicrobial peptides. Some are able to interact and destroy
bacterial or fungal cellular walls, while others can penetrate the pathogen and act inside
the cell. Escherichia coli, a commensal bacteria in humans, is able to produce potent
antimicrobial peptides called colicins, which are important to restrict the growth of
dangerous pathogens in the gut (12).
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As the name suggests, the complement system complements the action of other
immunological factors in killing pathogens. The complement system involves many
distinct plasma proteins, which are activated after proteolytic cleavage, resulting in
potent anaphylatoxins (such as the components C3a and C5a), as well as structural
components of the membrane-attack complex (MAC). Essentially, the MAC is a multi
protein structure that creates a pore in the cell membrane of the pathogen, leading to its
death (12). The complement can be activated by three different pathways known as a)
the classical pathway, b) mannose-binding lectin pathway and c) alternative pathway;
all resulting in the recruitment of inflammatory cells, opsonisation (coating of a particle
in order to facilitate its phagocytosis) and killing of pathogens [Figure 1, (12, 14)].
Individuals deficient in complement often suffer from immune mediated diseases such
as systemic lupus erythematosus or asthma (14).

Figure 1 – Schematic representation of the different ways of complement activation, as well as involved
components.
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Adaptive Immunity
In comparison to the innate immunity, the adaptive immunity is a rather slow
response, although the number of effector cells largely exceeds those of the innate
compartment. Its efficiency of action in eliminating the infectious agent focuses on
molecular structural details of the pathogen, and involves clonal expansion of effector
cells specifically recognizing a distinct structure of the invader. This refined way of
action is only possible due to the prompt response of the innate immune system (6).
One advantage of possessing an adaptive immune system resides in the ability of
producing long-term living memory cells. In a second encounter with the same
pathogen, memory cells are quickly activated, resulting in a more rapid and efficient
response against the pathogen without needing to spend time on refining a new
response. This memory is unique to each individual, and only the antibody transfer
across the placenta from mother to child is passed on between generations. T cells,
acting through cell-mediated responses, and B cells, responsible for the production of
antibodies (11, 12), constitute the different lymphocyte populations of the adaptive
immune system.

T cells
Clonal expansion of lymphocytes does not confer adaptive immunity per se. The
protective effect of T cells requires that they can also distinguish self from non-self.
More specifically, they need to be able to uniquely identify cells that harbour pathogens
within and cells that have been in contact with pathogens or pathogen-derived
substances. T cells are thus divided into two major subclasses based on their effector
functions and expression of cellular co-receptors. T cells expressing the cluster of
differentiation 4 (CD4) are considered to be helper T cells, whose main functions are to
activate macrophages to kill the pathogen they have engulfed, or activate B cells to
produce antibodies. This cross-talk between cells is carried out via the secretion of
different cytokines, as previously mentioned. T cells expressing the co-receptor CD8
are referred to as cytotoxic T cells and, as the name implies, they are responsible for
directly killing infected cells. A process similar to the one induced by NK cells (12).

Antigen recognition
The interaction of T cells with the environment is done through membrane
receptors known as T cell receptors (TCR). These are protein complexes formed by
different protein chains (alpha, α; beta, β; gamma, γ; and delta, δ) assembling in pairs of
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α:β or γ:δ combinations (15, 16). Because the majority of circulating T cells present α:β
chains, the content described below will only refer to this subset of T cells.
The diversity of the TCR repertoire responsible for the recognition of numerous
antigens is established at the genomic level, involving a random process of gene
segment rearrangements. This process is similar to the one involving the production of
antibodies, and will be discussed in more detail in coming sections. For T cells to
become active, they need to encounter the specific antigen they were pre-designated
for. The TCR:antigen interaction, or recognition, requires the presentation of the
antigen by specialized MHC molecules in secondary lymphoid structures, which are
usually observed in the spleen and lymph nodes. Two different classes of MHC
molecules exist – class I and class II. MHC-I molecules are responsible for the
presentation of cytosolic antigens, and are specifically recognized by CD8-expressing T
cells (or NK cells as previously mentioned). These cytosolic antigens are commonly
derived from viruses that have taken control of the protein synthesis machinery of the
cell for their own benefit. The recognition of peptides in complex with MHC-I by CD8
T cells is of extreme importance for the rapid elimination of the infected cells, thus
minimizing the spread of the viral infection (7, 12).
On the other hand, MHC-II molecules are responsible for the presentation of
peptides of extracellular origin. As previously described in the innate immunity section,
foreign pathogens or pathogen-derived substances are commonly phagocytized or
internalized via cellular receptors by specialized cells. These antigens are not processed
in the cytosol, but rather in intracellular vesicles resulting from the phagocytosis. After
processed, these foreign antigens are loaded in MHC-II molecules that will then be
transported and displaced on the cell membrane, where presentation to CD4 T cells
occurs. Via secretion of different cytokines, CD4 T cells are then able to instruct other
cells of the immune system on what to do in order to clear the infection. To account for
the presentation of all existing peptides and make the adaptive immunity efficient, the
MHC constitutes a highly polymorphic molecule. In fact, it is the most polymorphic
molecule known, unique to every individual in the human population, except for
identical twins (7, 12).

T cell development and selection
Although lymphocyte precursors originate in the bone marrow, with some
exceptions the development of T cells takes place in the thymus (17). These two sites
comprise the central lymphoid tissues of the body. Specific cell-surface molecules
accompany different developmental stages of T cells in the thymus. Two of these
6

markers, and already mentioned ones, are the co-receptors CD4 and CD8. In the initial
stage of T cell development, neither of these markers is expressed, and T cells are
therefore referred to as double-negative thymocytes. The expression of a pre-TCR
complex induces T cells to express both CD4 and CD8 markers, resulting in a doublepositive population of thymocytes. This allows for the process of T cell selection to
take place. The first stage of T cell selection, termed positive selection, involves the
recognition of the self-MHC molecule by the TCR. This stage allows the selection of T
cells able to interact with the individual MHC, a feature of particular relevance for
further recognition of antigens. Thus, cells that fail to recognize the MHC molecule
will be eliminated from the selection process, while those able to recognize it will
proceed to the second stage of selection. Depending on which of the classes of MHC
they recognize, the double positive T cells will stop expressing one of the co-receptors.
The detailed process of this lineage commitment is however not fully understood (12,
18, 19).
The second stage of T cell selection is termed negative selection. During this
process, the newly selected single-positive T cells will be challenged with a variety of
self-antigens. Cells able to recognize self-antigens will be considered harmful since
they have the potential to start autoimmunity, and consequently they will be eliminated.
Only cells that do not recognize self-antigens will pass the selection process and
proceed to the periphery for immune surveillance. A transcription factor named AIRE
(autoimmune regulator) controls the expression of antigens in the thymus, and thus
regulate the negative selection of organ-specific T cells (18, 20).

B cells
While the effector mechanism of T cells is based on cell-to-cell interactions, the
contribution of B cells to the adaptive immunity is centred on their ability to produce
antibodies, while also performing antigen presentation. The entire antibody repertoire
of B cells is vast, but each B cell only produces one single type of antibody specificity.

Antibody structure and antigen recognition
B cells recognize antigens through immunoglobulins (Ig), which are cell
membrane-bound molecules uniquely expressed by B cells, also termed B cell
receptors (BCR). When B cells are fully differentiated they become plasma cells, and
secret immunoglobulins with the same antigen specificity as their BCR, called
antibodies. The function of the antibodies is thus to bind pathogens, or their products,
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and by that facilitate their phagocytosis by cells of the innate immune system. The
structure recognized by antibodies is called an epitope. These are usually small
molecular stretches of polysaccharides or proteins. The binding of the antibody to the
antigen is not a definite link, but rather a reversible interaction. The binding can be
dissociated by physical agents such as pH and temperature, or by the competition with
a second more specific antigen or antibody (12).

Figure 2 – Simplified structure of the antibody. Light blue and light green structures represent the variable
heavy and light chains, respectively, in particular the FR1, FR2, FR3 and FR4 regions. Dark blue and dark
green represent the constant heavy and light domains, respectively. Yellow and orange segments represent the
hyper variable regions of the heavy and light chain, respectively (CDR1, CDR2 and CDR3). The Fab portion
of the antibody, indicated by A, includes the variable domains responsible for antigen recognition, while the Fc
part, indicated by B, constitutes most of the heavy chain’s constant domain and is involved in the effector
function of the antibody-associated immunity.

Antibodies were the first molecules characterized as being involved in specific
immune recognitions (12). They constitute the secreted version of the BCR and present
the same general structure of a “Y”-shaped molecule. The arms of the “Y” include
variable domains unique to each antibody and are responsible for the antigen
recognition. The stem of the “Y” is a constant domain involved in the effector functions
of the immune response. As shown in Figure 2, a pair of two peptide chains needs to be
assembled for the structure of the antibody: two identical heavy chains (H chain) and
two light chains (L chain). While two types of L chain exist, called kappa (κ) and
lambda (λ), in humans and mice the H chain can be divided in five different subclasses
comprising the antibody repertoire, based on different constant domains – the
immunoglobulin M (IgM, µ chain), IgA (α), IgD (δ), IgE (ε) and IgG (γ). IgG is the
most abundant class of secreted antibodies and can further be divided into several
subclasses. The digestion of antibodies with the papaya-originated enzyme papain,
results in three protein fragments; two Fab fragments (fragment antigen binding) and
8

one Fc fragment (fragment crystallisable, see Figure 2). By genetic engineering
techniques the variable domains from both the heavy (VH) and light chains (VL) can be
linked and used for different immunological studies. Such a construct (ScFv, single
chain fragment variable) has been designed and used in study III.
The unique specificity of each antibody results mainly from three small segments
within the variable domains, known as hypervariable regions. When the
immunoglobulin acquires a tri-dimensional structure, these hypervariable regions, from
both the VH and VL domains, come together and form the area for pathogen
recognition. These regions are therefore also known as complementarity-determining
regions (CDR1, CDR2 and CDR3), while the amino acid sequences in between them
are called framework regions (FR1, FR2, FR3 and FR4).

Antibody repertoire
The efficiency of the adaptive immunity in terms of global protection strongly
depends on the number of antigens that can be recognized by both T and B cells.
During evolution, a complex genetic mechanism has evolved to allow this enormous
variability of pathogen-recognition motifs. Given the similarity between the TCR and
immunoglobulin structures, I will in the following section describe how the variability
of antigen-recognition is achieved in B cells.
As seen in Figure 2, the structure of immunoglobulins evidences a certain degree
of complexity. Different gene segments distributed across different chromosomes code
for the entire heavy and light chains building blocks. One might then wonder how do
all these different genes come together to form a structure like the antibody? Let us start
by enumerating the genes that code for all these structures. Immunoglobulins contain a
constant domain (coded by a CH or CL gene, referring to the heavy or light chain,
respectively) and a variable domain. For being the region responsible for each
antibody’s specificity, the variable domain is the most complex structure to be
assembled. It contains variable genes (VH or VL), diversity genes (D, which only
occur in the heavy chain, and β chain of the TCR) and joining genes (JH or JL) (21). In
humans, there are approximately 65 VH, 70 VL (40κ and 30λ), 25 D, 6 JH and 9 JL (5κ
and 4λ) genes that form all immunoglobulins (12). In a regular cell all these genes are
found relatively far from each other, but in B cells gene recombinations occur allowing
these genes to come together and facilitate spatial interactions (22). Thus, as shown in
Figure 3 for the immunoglobulin heavy chain (IgHv), a D and JH gene are initially
joined together. The process is followed by the assembly of a VH gene, and finally a CH
gene. These gene rearrangement events (named V(D)J rearrangements) are carried out
9

by RAG enzymes (recombinant-activating genes) and result in a completely random
selection of genes (23-25). Deficiency in RAG enzymes results in the absence of
functional TCRs and BCRs since gene rearrangement cannot occur. Severe combined
immune deficiency (SCID) is a pathology resulting from the inefficient use of RAG
enzymes (26).

Figure 3 – Schematic representation of the V(D)J rearrangements occurring in B cells. The mechanism
happens randomly an involves several enzymes such as RAG1, RAG2 and TdT. Adapted from (12).

The randomized gene rearrangement is not the only process contributing to the
diversity of antibody and TCR repertoires. During the rearrangement process, the DNA
ends that were left from excised segments (Figure 3) must be repaired and joined
together. This is accomplished by the enzyme terminal deoxynucleotidyl transferase
(TdT). In this gluing process, the ends of the DNA strands are modified by removal
and addition of nucleotides in a randomized fashion, further increasing the diversity of
these DNA segments. Mutations in this enzyme or lack of TdT impair the normal
development of B and T cells also resulting in a SCID phenotype. As previously
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mentioned, the number of genes making up the antibody repertoire in humans would
allow for 200 (40VL x 5JL) different κ chains, 120 (30VL x 4JL) λ chains and 9750
(65VH x 25D x 6VJ) heavy chains. The number of all possible combinations of one
light and one heavy chain can therefore result in more than 3.3 million different
antibodies. This number increases exponentially if we consider the tens of different
variations inserted by the TdT enzyme. The variability of pathogen recognition motifs
becomes virtually enough for the adaptive immune system to mount a specific response
to any pathogen it encounters during a lifetime.
Although the Ig class is mostly relevant in respect to the effector function of the
antibodies, several studies have shown that the Ig class also can influence the antigen
recognition, by conferring more or less flexibility to the molecule (27, 28). CH genes
can be further rearranged during the B cell development in a process known as classswitch, which will be described in the next section. The genomic disposition of the CH
genes allow an immunoglobulin to change from e.g. an IgM subclass to an IgG, but
never from an IgE to an IgG subclass (Figure 3).

B cell development
Unlike T cells that migrate to the thymus for development and selection, the
maturation of B cells occurs in the same place of their origin – the bone marrow.
Nevertheless, the B cell development also has distinct selection checkpoints. To begin
with, a B cell will only proceed in its development if the DNA rearrangement of the
heavy chain locus, and later the light chain locus, is successful. This positive selection
requires that the successful rearrangement also results in a protein complex able to
assemble at the cell membrane (the BCR), and marks the establishment of immature B
cells (29, 30).
As seen in Figure 3 the location of the Cµ chain gene is closest to the rearranged
variable chain gene segments, and therefore the first BCR of a B cell is of IgM class.
IgM is also the first antibody being secreted during an immune response. In the bone
marrow, immature B cells only express IgM, however, when entering secondary
lymphoid structures, they progressively start co-expressing IgD. This co-expression
occurs due to the proximity of the Cµ and Cδ genes and does not occur with any of the
other CH genes. During RNA transcription both Cµ and Cδ are processed but differential
splicing of the mRNA will dictate which protein is expressed (12).
The continuing maturation of B cells in the periphery is of critical relevance to
the immune system. Negative selection of B cells, which also occur in the bone
marrow, is considered to play an essential role in the maintenance of self-tolerance
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(29). Although the purpose of the immunoglobulin diversity is pathogen recognition,
newly generated immature B cells may also recognize auto-antigens. It is thus of
extreme relevance that these auto-reactive B cells are eliminated before they fully
develop into mature effector B cells. During the immature B cell stage (31), excessively
strong BCR signals (indicating auto-antigen recognition) lead to B cell apoptosis (32),
while very low or absent BCR signals result in receptor editing with rearrangement of
other light chains, if possible, or B cell anergy (12, 29, 33, 34).
During the full maturation of B cells, other classes of immunoglobulins can be
expressed. This class-switch process does not occur by means of RNA processing, but
rather by irreversible DNA recombinations (12). Besides class-switch, B cells can also
fine-tune their affinity towards a pathogen by a process known as somatic
hypermutation. This occurs only after antigen response and T cell help, and involves
nucleotide mutations specifically in the VH and VL genes. In contrast to the random
genetic rearrangements, these mutations are not random, but instead occur in hotspots
across the V region (35).

Break of Tolerance and Autoimmunity
As implied in the sections above, the purpose of the immune system is to destroy,
isolate, or remove any pathogens and toxic substances they produce that may harm the
homeostasis of the host. It is therefore crucial that the response of the immune system is
directed specifically against the pathogens and not against the host. Occasionally, the
immune system fails in making this distinction and reacts destructively against
particular host-antigens, resulting in autoimmunity.
Due to the strong natural selection pressure on the innate immune system, the
breaking of tolerance only concerns the adaptive immunity. B and T cell reactivity has
thus to be strictly regulated (tolerated), a process occurring during the previously
described selection stages of these cell populations. Nevertheless, T cells with an autoreactive repertoire still escape from the thymus, since not all self-antigens are expressed
in the thymus. To overcome this auto-reactive leakage, a peripheral T cell tolerance
process exists where self-reactive T cells are physically kept away from self-antigens,
are deleted e.g. by apoptotic stimuli, suppressed or inhibited, or they simply ignore the
antigens due to its low concentration (36). A subset of T cells, called regulatory T
cells or Tregs, act as main regulators of peripheral tolerance. These cells are
characterized by high expression of the interleukin 2 (IL-2) receptor (CD25), as well as
by the transcription factor Foxp3 [forkhead box P3, (37-39)].
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Despite all the existing tolerance mechanisms, auto-reactive cells can still break
tolerance. The incomplete expression of self-antigens during T cell education, or
infectious agents are considered to be involved in the development of certain
autoimmune diseases, such as multiple sclerosis or diabetes type 1 (40-42). For
instance, anergic auto-reactive T cells can be activated due to the structural similarity
between microbial and self-antigens [known as molecular mimicry, (43)], or by the
presence of co-stimulatory signals during inflammation (44). Moreover, several genetic
deficiencies or mutations are also associated with the development of autoimmune
diseases. This is the case for rheumatoid arthritis (RA), the autoimmune disease
studied in this thesis. As will be described in the following sections, the presence of
auto-reactive T cells and autoantibody producing B cells are both features of RA. The
topic of my PhD studies has been to identify genes and understand how genes influence
the manifestations of arthritis in mice.

ABOUT RHEUMATOID ARTHRITIS
Rheumatoid arthritis (in Swedish ledgångsreumatism) is a human autoimmune
disease influenced by both genetic (45, 46) and environmental factors (47-49). It is a
systemic disease that manifests itself by an inflammation of the peripheral joints,
resulting in chronic pain and irreversible destruction of joint-associated cartilage and
bone. The prevalence of RA is observed in approximately 0.5-1% of the world
population (50), reducing patients’ life expectancy and increasing the risk of
developing other comorbidities (51), such as cardiovascular disease. The economic
burden of RA for the society is thus of significant relevance.

Disease Characteristics
RA is classified as an autoimmune disease, meaning that the individual’s immune
system starts attacking itself in an uncontrolled way. In RA, this attack is directed
against the joints, resulting in a chronic inflammation. The inflammation of the
synovium leads to the secretion of pro-inflammatory cytokines, chemokines, matrix
metalloproteinases, growth factors and complement proteins, among others. These
factors not only sustain the activation and proliferation of the synovial cells, but also
recruit new immune cells from the blood stream. Recruited auto-reactive immune cells
thus destroy the extracellular matrix of cartilage and bone, resulting in permanent joint
deformation [(52), Figure 4]. Like in most other autoimmune diseases, women are
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predominantly affected in RA, for whom the prevalence can be three times higher than
in men.

Figure 4 – Illustration of A) a normal joint and B) a RA joint. In RA, inflammation of the joint occurs, and
cartilage and bone are continuously attacked by the immune system, resulting in permanent deformation of
the joint structure.

The diagnosis of RA is not always clear to assess, and patients are sometimes
aware of the disease symptoms years before they are diagnosed. The classification of
RA requires that patients fulfil several criteria. These were previously described in
1987 and have recently been revised and described by the American College of
Rheumatology and European League Against Rheumatism, in the 2010 Rheumatoid
arthritis classification criteria [Table 1, (53)].
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______________________________________________________________________
Table 1 – The 2010 American College of Rheumatology/European League Against Rheumatism classification
criteria for RA. A score of ≥6/10 is required for the classification of a patient as having RA. Adapted from
(53).

Score
A. Joint involvement
1 large joint

0

2-10 large joints

1

1-3 small joints (with or without large joints)

2

4-10 small joints (with or without large joints

3

>10 joints (at least 1 small joint)

5

B. Serology
Negative RF and negative ACPA

0

Low-positive RF or low-positive ACPA

2

High positive RF or high-positive ACPA

3

C. Acute-phase reactants
Normal C-reactive protein and normal erythrocyte sedimentation rate

0

Abnormal C-reactive protein or normal erythrocyte sedimentation rate

1

D. Duration of symptoms
< 6 weeks

0

≥ 6 weeks

1

______________________________________________________________________

The serology components described in Table 1 are relevant when studying RA,
since patients can be divided into serological positive or negative groups. Rheumatoid
factors [RF, (54)] and anti-citrullinated protein antibodies [ACPA, (55)] are well
described and constitute a hallmark of RA diagnosis. The former ones are
autoantibodies directed against the Fc portion of immunoglobulins, usually of the IgM
isotype, while the later are autoantibodies raised against protein regions where the
amino acid residues of arginine have been converted into citrulline. Both ACPA and
RF positive patients are at a higher risk of developing a more severe joint damage (56,
57). The relevance of B cells and (auto)antibodies for the pathology of RA has been
15

properly illustrated. Immune complexes are abundant in the synovial fluid of RA
patients, resulting in the activation of the complement cascade and leucocyte infiltration
into the joints (1). But B cells are not just responsible for producing antibodies. They
are in fact very good antigen presenting cells and able to secrete a variety of cytokines
and chemokines. In arthritis, depletion of B cells results in the reduction of T helper 17
(Th17) responses (58) while enhancing the activity of Tregs (59). The depletion of B
cells using anti-CD20 antibodies has, since its initial trials (60, 61), shown remarkable
effects as a therapy for RA.

Risk Factors
As a multifactorial disease, the susceptibility and development of RA are affected
by several genes, environmental and stochastic factors, which together cause the
pathologic events. The complete aetiology of RA is therefore still unknown. The
prevalence of RA varies between ethnic groups (62) as well as geographic locations.
Whereas in South European and Asian countries it is estimated between 0.1-0.7%,
North European and North American countries have a prevalence rate of 0.5-1.1%,
with values reaching 6% in certain native-American populations (63).

Genetic associations

The genetic contribution to RA has been determined from studies of monozygotic
twins to be at the most 65% (45). The MHC-II (human leucocyte antigen in humans,
HLA) constitutes the main part (~35%) of the genetic contribution to RA (64). Since its
association to RA was first described in the 1970s (65), significant efforts have been
made to identify which particular MHC molecules are responsible for the strong
predisposition to RA. The HLA-DRB1 alleles have been shown to be the most relevant
ones, leading Gregersen and colleagues to propose an explanation of the molecular
genetics of RA, called the shared epitope hypothesis (66). According to this hypothesis,
the associated DRB1 alleles share an amino acid sequence (positions 67-74) located in
the peptide-binding cleft of the MHC. These molecules are thus able to present a
common epitope to T cells and thereby influencing the immune system in a way that
triggers the development of RA (66, 67).
Over the years, other genes outside the MHC locus have been associated with the
risk of developing RA. Polymorphisms in the protein tyrosine phosphatase, nonreceptor type 22 gene (PTPN22) are the second best characterized susceptibility
polymorphisms in RA. Initially found to be associated with type 1 diabetes (68),
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PTPN22 was soon after also found to be associated with RA (69, 70) and other diseases
(71, 72). The PTPN22, or rather the resulting protein lymphoid tyrosine phosphatase
(LYP), influences the phosphorylation of proteins involved in the downstream
signalling of the TCR activation (73). As a result, the associated 620W allele of
PTPN22 down-regulates the TCR signalling in a more efficient way (74). This T cell
hyporeactivity has repercussions at the level of T cell selection, a situation that has
previously been shown to associate with autoimmunity (75). Besides being associated
to RA susceptibility, the R620W polymorphism of PTPN22 has also been associated to
the presence of RF (69) and anti-cartilage specific antibodies (76) in RA patients.
The importance of T cells in the development of RA is also supported by genetic
associations with the cytotoxic T lymphocyte antigen 4 (CTLA4) gene (77, 78) and the
signal transducer and activator of transcription 4 [STAT4, (79)]. CTLA4 is a protein
expressed on the cell membrane of T cells that interacts with co-stimulatory molecules
on antigen presenting cells, and consequently acts as a negative regulator of T cell
activation (80). On the other hand, STAT4 is a transcription factor essential in the
development and maturation of Th1 and Th17 cell populations (81).
B cell- and innate immunity-related genes have also been associated with RA.
PADI4 (peptidyl arginase deiminase type IV) is an enzyme involved in the conversion
of amino acid residues of arginine into citrulline, a process called citrullination. As
shown in Table 1, ACPA detection is a hallmark of RA (55, 82), and demonstrates a
higher RA specificity than the RF detection (83, 84). Several genetic studies have been
contradictory in associating PADI4 polymorphisms to RA (85-88). However a recent
meta-analysis of 27 different studies suggests that PADI4 polymorphisms constitute a
significant risk factor for RA, especially in the Asian population (89). As mentioned
before, C5 is a constituent of the innate immune system complement cascade. The
locus TRAF1/C5 has been associated with the regulation of both RA (90) and animal
models of RA (91, 92). The distinction of each gene as RA risk factors has, however,
not yet been accessed. The reason resides on the close proximity of the two genes,
TRAF1 (TNF associated receptor 1) and C5, and by the fact of both contributing to
important immunologic pathways.
Presently, over 50 genetic associations have been identified to be associated with
the risk of developing RA (93). Although extensive research has been done regarding
the genetic contribution to RA, little has been done to evaluate its influence on the
disease severity (46, 94).
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Environmental associations

Apart from the genetic contribution to RA, several environmental factors have
been investigated and considered to be associated with the risk of developing the
disease (49). Among the most commonly studied environmental factors, such as
alcohol consumption (95), smoking, diet, levels of circulating hormones or sun
exposure, smoking is the only factor shown to increase the risk of developing RA (47,
48, 96). The effects of smoking are of particular relevance to serologically positive
patients (97), especially for those carrying the HLA-DRB1 shared epitope alleles (98,
99), or even PADI4 polymorphisms (100). Smoking constitutes a risk factor for the
production of anti-CCP (cyclic citrullinated peptide) antibodies in these patients, and T
cells reacting to citrullinated proteins have been described in patients carrying the
HLA-DRB1 susceptible allele (101).
Evaluating the effect of diet on RA is difficult due to the common issue of
inaccuracies in assessment of dietary intake. The existing data is thus not clear, but
nevertheless it points to a beneficial effect of e.g. olive oil and fish oils consumption,
both in terms of prevention as well as in the treatment of RA (102-104).
The geographical prevalence of RA as well as other autoimmune diseases has
raised the hypothesis that vitamin D levels constitute a risk factor for RA. Several
epidemiological studies show an association between low levels of circulating vitamin
D and an increased risk or increased severity of the disease (3, 105, 106). The results
are, however, conflicting (107), but animal models of different autoimmune diseases
support the hypothesis that vitamin D plays a role in autoimmunity (10, 108-111).
Vitamin D is a cholesterol-derived molecule that requires solar exposure (ultra-violet B
radiation) to be converted from 7-dehydrocholesterol to pre-vitamin D3, which
spontaneously isomerizes to cholecalciferol. Cholecalciferol (as well as other forms of
vitamin D) is transported in the blood stream via the vitamin D binding protein. Its
complete activation requires two hydroxylation processes, which in normal conditions
occur first in the liver (25-hydroxyvitamin D3) and later in the kidney (1,25dihydroxyvitamin D3 or calcitriol, hereafter just referred to as vitamin D for
simplification). The action mechanism of vitamin D occurs via its receptor, the vitamin
D receptor (VDR), and its main physiological role is to increase the efficiency of
intestinal calcium and phosphorous absorption (112).
The VDR is a nuclear protein that influences the transcription of a wide variety
and number of genes. In immunity, the VDR can influence the levels of cytokine
secretion, cytotoxicity or cell proliferation. Different immune cells hold the enzymatic
machinery required for activating vitamin D, and can thus make use of its effects in an
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autocrine and paracrine manner (113). Nevertheless, the association between certain
polymorphisms in the VDR gene and the risk of developing RA (114-117) or other
autoimmune disorders (118-120) is not clear.

Present Treatments
At the time being, no cure exists for RA. The development of therapeutic
approaches has nevertheless significantly improved the quality of life of RA patients.
Initially, rheumatologists used NSAIDs (non-steroid anti-inflammatory drugs) to
relieve the disease symptoms. However, the prescription of DMARDs (diseasemodifying anti-rheumatic drugs), such as gold, hydroxychloroquine or methotrexate
(MTX), was able to reduced the structural joint damage progression in RA patients
(121), in particular MTX. Following the recent advances in RA research, biologic
agents have been introduced as treatment. These include monoclonal antibodies and
recombinant proteins targeting pro-inflammatory molecules. The first and most
successful biological agent used to treat RA was a monoclonal antibody against the
tumour necrosis factor alpha [TNFα, (122)]. Since the development of TNFα inhibitors
(e.g. Infliximab) other biologic agents have emerged. These have been designed from
new insights in RA pathology, but also because of poor or non-response to anti-TNFα
therapies among some patients. Presently, agents targeting IL-1 (e.g. Anakinra) or IL-6
(e.g. Tocilizumab), CTLA4 fusion proteins (e.g. Abatacept) or anti-CD20 monoclonal
antibodies (e.g. Rituximab, targeting B cells) have been designed to improve and
increase the treatment options of RA (123, 124).
Several studies and clinical trials using different agents or combinations of agents
have been used to outline recommendations for the treatment of RA (125). MTX is the
most effective and most commonly used DMARD, and its use is often recommended as
a joint therapy together with more specific biologic agents. In any case, the potent
immunosuppressive effect of glucocorticoids is still used in RA therapy. They are often
used in the beginning, during early RA, since DMARDs are slow acting drugs and the
response to a particular biologic agent is uncertain.
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HOW TO IDENTIFY GENETIC ASSOCIATIONS
Considering the strong genetic component involved in the susceptibility to certain
diseases, it has been of much interest for researchers to identify those genomic traitregulating regions (QTL, quantitative trait locus). While Mendelian diseases (i.e. single
gene disorders) occur due to a single causative genetic variant, multifactorial diseases
such as RA present very diverse genetic variants that can interact with each other, or
with environmental factors. The degree of complexity of each disease thus requires
different genetic approaches. Regardless of the approached used, the goal is to identify
regions, or more particularly specific genetic variants that are shared between subjects
suffering from the same pathology, while differing from healthy individuals. The
strategies used have been improved over the years and allowed researchers to identify
genes involved in the susceptibility to develop multifactorial diseases.

Human Genetic Approaches
In humans, family linkage studies have initially been used to identify QTLs
regulating particular diseases. The method is based on how the observed pathology
moves along the family’s genealogic tree. The genotyping of the individuals is usually
done by microsatellites (di, tri or tetranucleotide repeats) and results in relatively large
QTLs. Since only a few chromosomal recombinations occur during meiosis, a marker
located close to a causative variant will likely be inherited together with that same traitcausative polymorphism. The method has, therefore, been successfully used in the
identification of gene variants causing typical Mendelian diseases (126, 127). In the
case of complex diseases, the QTLs obtained by linkage analysis represent too large
genetic fragments for the causative variants to be associated with the disease.
In genetic association studies of multifactorial diseases, large population cohorts
replace the family studies used in linkage analysis. Instead of the small number of
recombinations within a single family and the resulting large QTLs, the vast number of
genomic recombinations in a population result in short distanced recombinations that
can be carefully analysed. Since the past 5 years, the genetic mapping of complex
diseases has predominantly been done by genome-wide association studies (GWAS).
In GWAS, a large group of unrelated individuals, including both patients and healthy
controls, are genotyped across the whole genome using the coding information
retrieved from single nucleotide polymorphisms (SNPs). These SNPs are nucleotides
that differ between individuals and could result in a different gene expression profile or
different protein structures. The correlation between the associated SNPs and the
disease phenotype in a particular region of the genome allow researchers to potentially
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identify genes that are likely to regulate the observed phenotype (127, 128). Dense
genotyping and re-sequencing of GWAS hits constitute the current focus of human
genetics research, aiming at identifying the causative variants of a given human disease.
Presently, the 1000 Genomes Project allows human genetic associations to be
analysed in more detail, reducing the size of identified QTLs by imputing genotypes.
Ethical issues are however a great limitation in human genetics. Genetic manipulation
and selective breeding are not possible in the human population, and animal models
become a very useful tool in the final steps of gene identification. Moreover, the more
complex structure of the human genome facilitates gene identification in animal models
(129, 130).

Experimental Animal Approaches
In mice, a larger set of strategies can be used to identify genes regulating
diseases, or particular disease phenotypes. Advanced inter-cross lines (131), partial
advanced inter-crosses (132-134), F2 crosses (135), congenic strains (136, 137), or
the use of heterogeneous stock (HS) mice (138, 139) are among the most useful ones.
In this thesis, both HS mice and congenic mice have been used to map genetic regions
responsible for regulating different immune phenotypes in collagen-induced arthritis.

Heterogeneous stock mice

The HS mice used in studies I, II and III belong to the Northport stock and
comprise eight inbred mouse strains: A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J,
CBA/J, DBA/2J and LP/J (140). These mouse strains, for which the genomic sequence
is known, have been inter-crossed in a random fashion for over 60 generations,
resulting in a very heterogeneous, mosaic-like genome. They represent, grosso modo,
the human population, in the sense that each individual is different from all the others.
Hence, a similar approach as GWAS can be used in these mice to identify diseaseassociated loci (138, 141). The power of the linkage analysis strongly depends on the
number of SNPs used and the distance between them. The higher the number of SNPs
used and the shorter the distance between them, the stronger is the power of the
analysis. HS mice are powerful QTL mapping tools (142), with the advantage of the
genomic sequence of each of the eight inbred mouse strains being known. The
observed SNP associations can be traced back to its original founder strain and as a
result, e.g. congenic animals can be produced to confirm observed associations. The
main limitation of using HS mice for mapping genetic associations is based on the
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number of inter-crosses performed. The less inter-crosses done, the larger the identified
QTLs will be, and vice versa.

Congenic mouse strains

Congenic mice are inbred mice that have a defined genetic region (the congenic
locus) originating from a different inbred strain. To exemplify let us consider a mouse
strain that we call A, and a second strain called B. A congenic mouse is thus a mouse
with a genomic fragment originating from the strain A while the rest of the genome, the
background, is from strain B. This is achieved by initially crossing strain A with strain
B, and the resulting offspring in subsequent backcrosses to strain B. This backcrossing
is done until all the genome is identical to the strain B with the exception of the desired
congenic fragment from strain A. Since half the genomic information of an individual
derives from the mother and the other half from the father, 10 backcross generations to
the strain B will theoretically remove 99.9% of the genomic information originating
from strain A (genetic information of A = 100% / 210). When comparing phenotypes
between congenic mice and wild-type mice that are 100% B, one can directly link the
observed phenotype differences to the genetic fragment covered by A in the congenic
mice. The process is however very time consuming, and the single gene identification
not always easy to accomplish (129).

ANIMAL MODELS FOR RHEUMATOID ARTHRITIS
The use of animal models to study RA has proven to be a useful tool in the
identification of genes and pathways that regulate different stages of the disease (129).
Also, when using animal models, the environmental conditions can be standardized or
manipulated between experiments, allowing the identification of different external
factors that influence the disease manifestations. None of the existing models mimic,
however, all the characteristics of RA. In mice, some are described as spontaneous
models, such as the K/BxN (143), SKG (75), IL-1 receptor antagonist deficient [IL1Ra-/-, (144)] or TNFα transgenic mouse (145), while others need to be induced. Some
of the existing inducible models have been used throughout this thesis and will be
discussed in more detail in the following chapters.
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Collagen-Induced Arthritis
The collagen-induced arthritis (CIA) mouse model is by far the most
commonly used and better characterized model for RA. Initially discovered in the rat
(146), the description of the CIA model soon after followed in the mouse (147) and
non-human primates (148). In this model, mice are immunized with collagen type II
(CII) emulsified in an adjuvant, generally complete Freund’s adjuvant (CFA). The
relevance of CII in RA is based on the constituents of the joint. A network of CII fibres
constitutes the major component of the joint cartilage structure, and is exposed to a
continuous breakdown and synthesis (149). The synovial cells, responsible for clearing
the local debris, may thus be involved in the presentation of CII to the immune system,
as evidenced by the role of synovial fibroblasts in the development of RA [see (150)
for review]. The contribution of immune cells to the pathogenesis of RA and CIA is,
nonetheless, considered being of extreme relevance and remain extensively
documented. The CIA model is dependent on both T cells (151) and APCs, where B
cells play a relevant role in the production of autoantibodies against CII (152). The
level of dependency on these cell types is such that mice deficient of either T cells
(153) or B cells (154) are incapable of developing arthritis.
CIA, like human RA, is strongly dependent on the MHC-II allele being expressed
(155). While some MHC-II molecules appear to have no capacity of presenting
peptides from the immunized CII molecule to T cells, the Aβq molecule from the MHC
H-2q is the most efficient in performing such presentation (155, 156). As a result,
animals bearing the H-2q allele usually develop a severe arthritis phenotype upon CII
immunization. Besides the H-2q haplotype, the expression of the H-2r allele also
confers susceptibility to arthritis in mice (157). DBA/1 (H-2q), C57BL/10.Q (H-2q) and
C57BL10.RIII (H-2r) thus constitute the most susceptible mouse strains to CIA.
As in RA, a proliferative synovitis occurs in CIA destroying the adjacent
cartilage and resulting in articular injury (147). The first macroscopic signs of arthritis
are observed three to five weeks after CII immunization, depending on the mouse strain
used. CII-specific reactive T cells and anti-CII antibodies can be found in secondary
lymphoid organs a few days after immunization and in circulation after two weeks,
respectively. The extension of the CII molecule (141kDa) encourages a large number of
B cell epitopes and consequently a vast range of different anti-CII antibodies (136, 152,
158-161). Although not all anti-CII antibodies present arthritogenic properties (162,
163), the passive transfer of arthritis by anti-CII reactive serum (164, 165) or specific
anti-CII mAb (166, 167) demonstrates the relevance of the B cell anti-CII response in
the CIA model. The relevance of some of these anti-CII antibodies will be discussed in
more detail in studies II and III. In contrast to the B cell response, the H-2q-related T
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cell responsiveness to CII has one single epitope (168). This immune dominant CII
epitope is susceptible to post-translation modifications, namely glycosylation, a process
that is critical for CII recognition by T cells (169) and shown to be of major importance
for T cell tolerance in CIA (170).
The CIA model has, nevertheless, several drawbacks that should be taken into
account when designing and evaluating experimental results. Certain strains,
particularly the DBA/1 mouse strain, are susceptible to environmental changes such as
group-induced stress, resulting in spontaneous arthropaties (171). Moreover, the
prevalence of CIA is not 100%, which introduces a certain degree of variability
between experiments, with the quality of the CII used being of particular relevance
(172).

Glucose-6-Phosphate Isomerase-Induced Arthritis
Similarly to the CIA model, the glucose-6-phosphate isomerase (G6PI) induced
arthritis model is also based on the immunization of an antigen emulsified in CFA. The
model originates from the previously mentioned K/BxN spontaneous mouse model
(143). In the K/BxN mouse, the transgenic expression of both TCR-Vα4 and -Vβ6 with
further presentation of G6PI-derived peptides by the MHC-II Ag7 allele (present in the
NOD mouse strain), results in spontaneous development of arthritis (143, 173-175).
Apart from the T cell dependency, the model also presents a strong B cell component,
evidenced by the passive transfer of arthritis by the K/BxN sera (174) or specific antiG6PI antibodies (176, 177).
The G6PI-induced arthritis in mice is thus based on the immunization with
recombinant human G6PI, resulting in the development of a symmetric polyarthritis
that is both MHC-II and background dependent (178, 179). The first signs of arthritis
can be visible already by day 10 after immunization, and last for approximately 30 days
more (longer in the very susceptible C3H.NB strain). The H-2q and H-2p haplotypes
seem to be crucial for the development of the disease, followed by the production of
anti-G6PI antibodies (179). Mice immunized with a G6PI-arthritogenic peptide, instead
of the G6PI protein, also develop arthritis, but the manifestations are milder (180) and
fewer titres of circulating anti-G6PI antibodies can be measured (181).
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Collagen Antibody-Induced Arthritis
The collagen antibody-induced arthritis (CAIA) is an MHC-independent model
(167) widely used to study the effector phase of CIA without implicating its priming
phase. As mentioned in the description of the CIA model, the passive transfer of
arthritis can be achieved by injection of specific anti-CII mAbs into naïve mice. AntiCII mAb produced from B cell hybridomas generated from CII-immunized mice (160,
163, 182) are intravenously injected as single mAb or as an antibody cocktail (166,
167, 183). The clinical signs of arthritis are observed 24-48 hours after the antibody
injection, and subside relatively soon after. An innate immunity activator such as
bacterial lipopolysaccharide (LPS) is usually given to mice a week after the antibody
administration in order to enhance the antibody reactivity and consequent arthritic
prevalence and severity (184). The disease symptoms last for about 3-4 weeks after
LPS administration.
The model can be used in T or B cell deficient mice (185), but it requires the
involvement of complement components (186) as well as Fc gamma receptors (FcγR)
(187). The effectiveness of the model is not only dependent on the isotype of the mAb
(183) but also on the arthritogenicity of the mAb used (162, 163, 188).
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2 MAIN RESULTS AND DISCUSSION
In this section I will summarize the findings of each of the studies presented, and
discuss in a more detailed and up-to-date way the results obtained. All studies presented
and discussed in this thesis had as a major goal to identify genes or genetic variants
influencing a particular disease phenotype. We observed that a given population of
outbred mice was not susceptible to develop CIA, although presenting very
heterogeneous genetic variants (study I). The insertion of the arthritis-permissive MHC
H-2q allele overcame this limitation, and allowed us to study the genetic regulation of
autoantibody formation during CIA (study II). With the obtained associations, we
identified genetic polymorphisms and investigated the regulation of these genetic
variants in the production of a particular anti-CII antibody (study III). Finally, using a
congenic approach, we identified the vitamin D receptor gene as a link between
different immunological pathways and the general regulation of CIA (study IV).

STUDY I
Heterogeneous stock mice are susceptible to encephalomyelitis and antibodyinitiated arthritis but not to collagen- and G6PI-induced arthritis
In study I, we investigated the usefulness of Northport stock HS mice in several
autoimmune disease models, for the purpose of fine mapping QTLs regulating those
diseases. CIA after immunization with rat, bovine or chicken CII, G6PI-induced
arthritis and CAIA were used as RA models. Myelin oligodendrocyte glycoprotein
(MOG), mouse spinal cord homogenate (mSCH) or rat (r)SCH were used to induce
experimental autoimmune encephalomyelitis (EAE), a model for multiple sclerosis
(MS). CIA (155), G6PI-induced arthritis (178, 179) and EAE models (189, 190) are all
MHC- and background-dependent models. Although the major arthritis-permissive
MHC-II haplotypes were not present in the HS cohort, the HS-comprising C57BL/6J
strain carries the H-2b allele, a haplotype shown to confer susceptibility to mice after
chicken CII immunization (191, 192). In fact, only when chicken CII was used as
immunogen we observed a mild CIA development in 2 out of 68 animals, while none
of the mice immunized with bovine or rat CII developed the disease. The immunization
of CII with a stronger adjuvant did not rescue the CIA phenotype as previously
described (192). This fact suggests that the activation of auto-reactive T cells and
consequent CIA development may strongly depend on the MHC-II haplotype, as
recently demonstrated (193). Anti-collagen antibody responses were evaluated by
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ELISA and no differences were seen between the different immunization protocols.
Similarly, we could not induce G6PI-induced arthritis in the HS mice.
On the other hand, 50% of the HS mice injected with a cocktail of arthritogenic
anti-CII antibodies developed the characteristic phenotypes of the CAIA model. The
relatively low prevalence of the disease, compared to the C57BL/10.Q (B10.Q) mouse
strain (~80%), can be explained by the different genetic backgrounds comprising the
HS cohort. For instance, three of the HS strains (A/J, AKR/J and DBA/2J) present a
two base pair deletion in the coding sequence of the complement component C5 gene.
For an unknown reason, the segregation of this haplotype was shown to be negatively
selected (194, 195), and mice with this deletion will not have a functional C5 protein
(196), a pre-requisite for the development of CAIA (Klaczkowska et al, unpublished
data) and similar disease models (197, 198). This genetic variant also influences the
CIA development (137), in a MHC-independent manner. After our publication (199), a
paper by Johnsen and colleagues (200) demonstrated that the K/BxN serum transfer
model was successfully used to fine map genes regulating arthritis severity, in the same
HS stock. The K/BxN serum transfer model of arthritis has a very similar effector
mechanism compared to CAIA. The main difference resides in the specificity of the
antibodies used; anti-CII antibodies in CAIA, while serum from arthritic K/BxN mice
with antibodies targeting the G6PI protein is used in the serum transfer model. The data
presented by Johnsen et al supports our observations with the CAIA model.
In the case of EAE, H-2b, H-2d and H-2k (201-203) haplotypes have been shown
to be susceptible to the disease, although with a different prevalence. We observed that
immunization with homologous SCH resulted in the most severe manifestations, and
occurred with a much higher prevalence than with rSCH. The less severe EAE
phenotype of MOG immunized animals, compared to mSCH, can be explained by the
absence of pertussis toxin in the former model. Pertussis toxin is a toxin originating
from the bacteria Bordetella pertussis that is able to disrupt the blood-brain barrier
(204) and allow immune cells to access the central nervous system (CNS), thus
facilitating the induction and severity of EAE. Moreover, mSCH contains not only
MOG but also other potential autoantigens such as proteolipid protein (PLP) or myelin
basic protein (MBP), both initially considered to be the main inducer of EAE (205).
When assessing the anti-MOG response, rSCH immunized mice showed the highest
titres of antibodies, although mice immunized with mSCH displayed significantly more
severe disease. This is most likely explained by the origin of the immunogen, since the
MOG protein used for ELISA also originated from the rat. Although mouse and rat
MOG proteins are highly conserved, the observed antibody response may also reflect
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the reactivity towards the immunized rSCH-containing MOG peptides, rather than
autoantibodies against self-MOG in the case of mSCH immunization.
Hence, we concluded that HS mice from the Northport stock can be used to study
the genetics involved in animal models of MS and in CAIA, while they are less suitable
to study CIA or G6PI-induced arthritis due to the lack of arthritis permissive MHC-II
genes.

STUDY II
Genetic control of antibody production during collagen-induced arthritis
development in heterogeneous stock mice
In study II, we introduced the MHC H-2q allele in the HS mice through a F3
cross with the B10.Q strain, in order to render these mice susceptibility to CIA. This
was shown to be successful, allowing the identification of several QTLs regulating
incidence, severity and onset of CIA (194). Over 1700 animals were immunized with
CII, of which 1640 blood samples were collected before disease onset and at the peak
of disease, in order to evaluate the genetic regulation of autoantibodies. Total antibody
titres anti-CII, IgG1 and IgG3 isotype responses against CII, as well as responses
towards major CII epitopes (C1, U1 and J1) were evaluated. Moreover, RF and ACPAs
were included in the screening.
Both anti-CII and anti-CII peptide responses were shown to be higher in sick
animals, compared to healthy individuals. And for the exception of anti-CII titres of the
IgG3 isotype, all responses were significantly higher at the peak of the disease,
compared to the earlier time point. The IgG3 subclass constitutes a T cell-independent
response of B cells to carbohydrate chains found in e.g. bacteria (206-209). Although
lysine residues on CII can be post-translation modified by hydroxylation and
glycosylation (210), these residues do not occur at such a high frequency to induce a
specific IgG3 response. Besides, lysine residues have been shown to be important in the
stabilization of the triple helical conformation of CII (211), and are therefore not
always glycosylated. The higher IgG3 anti-CII response observed before onset of the
disease, comparatively to the peak of disease at day 50, suggests that this type of
response is influenced by the composition of the initial CII preparation. In fact, the
genetic associations with IgG3 response mostly map to innate immunity responsive
elements, such as QTLs containing the Ncf2 (neutrophil cytosolic factor 2) or Tlr1
genes, on chromosomes 1 and 5, respectively. Some of the described Tlr1 ligands have
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been defined as having mycobacterial origin (212), e.g. Mycobacterium butiricum
found in CFA, whereas TLR1 deficiency in humans associate with a higher
susceptibility to tuberculosis [Mycobacterium tuberculosis (213)].
On the other hand, the secretion of IgG1 subclass is known to be more dependent
of T cell help (214). The associations to anti-CII IgG1, like for IgG3, differed between
the two analysed time points. It strongly associated with a QTL on chromosome 6
containing the Igbp1b (also known as CD79A-binding protein) gene at day 14, and
with the FcγR locus on chromosome 1 at day 50. CD79A is a component of the BCR,
required for proper BCR assembly and signalling during positive B cell selection (12,
215, 216). IGBP1B binds to CD79A and it is thought to stabilize different
phosphorylation events (217) involved in downstream signalling of BCR activation. An
impaired BCR signalling can lead to hypogammaglobulinemia, a situation where
abnormally low amounts of IgG are produced and secreted (218). It is thus not
surprising that such gene associates with the initial levels of IgG1 but not at day 50
after CII immunization. On the other hand, FcγR are membrane proteins responsible for
the recognition of different IgG subclasses, and through which the effector functions of
antibodies take place (219). Expression of different FcγR have been seen to influence
the pathologic manifestations of RA (220, 221), whereas certain polymorphisms have
been considered as a risk factor of developing RA in Asian individuals (222, 223).
Besides the IgG1 response, the FcγR locus was also associated with clinical score of
CIA. Although the highest associated SNP was found between FcγRIV and FcγRIII, we
cannot exclude any of the other FcγRs from playing a role in the observed phenotypes.
Our association with the locus was confirmed by the Cia9 congenic strain, a fragment
deriving from the NOD (non obese diabetic) mouse strain in the B10.Q background.
The FcγR haplotype of the NOD (identical to the DBA/1 mouse strain but different
from C57BL/6 or B10.Q strains) has been implicated in arthritis susceptibility of
otherwise resistant strains, e.g. C57BL/6, due to a deficiency of FcγRIIb (224). FcγRIIb
constitutes, to date, the only Fc receptor with inhibitory properties (225). It is thus not
surprising that an impaired function of this Fc receptor results in a higher prevalence
and severity of CIA, as a consequence of increased antibody titres. The low affinity of
IgG3 to any of the known Fc receptors (226, 227) may explain why the locus was not
found to associate with IgG3 levels.
With the exception of the anti-J1 response, showing a monogenic regulation
(more thoroughly investigated in study III), all other analysed anti-CII epitope
responses revealed several genome-wide associations across the genome. Nevertheless,
the strongest genetic association was mapped in all cases to the IgH locus on
chromosome 12. This association relates to the diversity of genes occurring in the IgH
29

locus, which differ between each mouse strain comprising the HS cohort. The response
to CII epitopes in the mouse has previously been shown to be germ-line encoded (228,
229), and the IgH association confirms the relevance of particular IgH genes in the
development of autoimmunity, in particular CIA.
This study allowed us to demonstrate that during CIA not only anti-CII
antibodies but also ACPA and RF titres associate with arthritis development in mice. In
the case of RF, we found the complement component C1q genes as the strongest
association. C1q and C1q-related proteins have been shown to be secreted in the
synovium (230) and involved in antibody cross-reactivity in RA patients (231-233).
Both RF and C1q molecules recognize Fc domains of antibodies, suggesting that both
molecules may be involved in e.g. clearance of immune-complexes. Supporting this
hypothesis is the fact that RF detection is not specific to the pathogenesis of RA, but are
also found in patients with lupus erythematosus or Sjögren’s syndrome (234).
Polymorphisms in the C1q molecule affecting Fc recognition may thus lead to an
increase in RF titres.
Additionally, we observed that the genetic regulation of antibody responses antiCII epitopes and their corresponding citrullinated peptides differs significantly. This
demonstrates that ACPA detection in CIA, and potentially in RA patients, is not a mere
cross-reactivity response but rather a specific anti-citrulline response with a distinct
genetic regulation signature. Just like the anti-C1 epitope response associated with the
IgH locus, the anti-citC1 response associated with the Igκ locus, indicating that germline encoded antibody genes influence the anti-citrullinated responses in mice. The
ACPA response in RA has been shown to associate with the shared epitope alleles of
MHC-II (235-237), and recently fine-mapped to a few amino acid polymorphisms in
the MHC molecule (238). In mice, although anti-citrulline antibodies have been
reported in H-2q and H-2r haplotypes (239), no association to the MHC exists.
Likewise, since all our HS mice were selected for H-2q homozygocity, the association
between anti-citC1 response and MHC alleles was not possible to evaluate.
Moreover, we observed that although RF and anti-citC1 responses correlated
with CIA severity, anti-CII responses, in particular anti-C1, have a higher predictive
value for CIA development. This fact most likely reflects that the driving force of CIA
is based on CII autoimmunity, opposite to the human situation where the anti-CII
response is observed only in a small subset of RA patients (240).
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STUDY III
Immunoglobulin heavy chain V gene polymorphism controls epitope-specific
antibody response
In RA, B cell epitopes from collagen type II strongly overlap with those observed
in the CIA model (162, 241). The identification of the genetic contribution to a
particular anti-CII antibody response in CIA could, therefore, be of high interest to
understand the aetiology of the human disease. Looking in more detail at the anti-J1
response association observed in study II, we identified in study III two polymorphisms
in the IgH locus responsible for controlling the production of arthritogenic anti-J1
antibodies during CIA development.
The antibody response to the J1 epitope was strongly controlled by the IgH locus,
in an apparent monogenic trait fashion. Only animals presenting at least one copy of the
A/J, BALB/cJ or DBA/2J haplotype were able to mount a relatively strong response
against the triple helical J1 epitope. To understand this strain-derived effect, we resequenced previously identified and characterized anti-J1 mAb raised in DBA/1J mice
[e.g. M2139, (242)], and compared them with germ-line sequences of the HS strains.
Two major amino acid polymorphisms were found in the CDR1 loop of the M2139 VH
sequence. These variants, S31R and W33T, were modelled by analysis of the crystal
structure of the M2139Fab-J1 complex, and considered to significantly influence the
peptide recognition. To prove our hypothesis right, we expressed single chain Fab
fragments with all the observed polymorphism combinations, and evaluated their
binding capacity to the triple helical J1 peptide. As predicted by the crystal structure,
any of the identified polymorphisms was sufficient to completely abrogate the peptide
recognition. Although many other polymorphisms exist in the IgH locus, based on the
M2139Fab:J1 complex, we consider these VH CDR1 polymorphisms to be of extreme
relevance for the recognition of the J1 epitope.
Still, we observed an eventual by-pass of these polymorphisms in our HS cohort.
A relatively low number of mice not presenting the A/J, BALB/cJ or DBA/2J
haplotype at the IgH locus (26 out of 982 – 2.6%) were able to produce relatively high
titres of anti-J1 antibodies. To better understand this phenomenon we set out to raise
monoclonal anti-J1 antibodies in B10.Q mice. As predicted by the HS analysis, and
previously observed by Bajtner et al (163), a low frequency of B10.Q mice produced
anti-J1 antibodies. Only one out of 21 immunized B10.Q mice was able to mount a
response towards the triple helical J1 epitope. The characterization of these new mAb
revealed that a single VH rearrangement was used, while different VL could be
assembled and allow the recognition of the J1 epitope. This feature was also previously
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observed in DBA/1J mice (242). The newly generated mAb were, however, unspecific
for the J1 epitope, evidencing a significant cross-reactivity towards other CII epitopes,
as well as other types of collagen. The repetitive Gly-X-Y motif present in collagen
molecules (211) is likely to be the epitope recognized by these antibodies. Moreover,
besides recognizing the triple helical conformation of CII these newly generated mAb
also recognize the denatured form of CII. The contribution of this cross-reactivity to the
arthritogenicity of the mAb still needs to be determined. We know, however, that the
M2139 mAb also cross-reacts to denatured conformations of CII, whilst being the most
effective arthritis mAb-inducer (243). In any case, we cannot exclude the possibility
that B10.Q mice are able to produce specific anti-J1 antibodies. Other attempts should
be performed in order to obtain better, more specific, anti-J1 monoclonal antibodies.
The crystal structure of the M2139Fab-J1 complex also revealed a high
superimposition with a previously described arthritogenic anti-CII antibody structure
[CIIC1Fab:C1 complex (244)]. One of the main differences is the way the triple helical
peptide is positioned in the antibody’s peptide groove. The J1 peptide displays a bended
conformation over the peptide groove of the M2139, while the C1 peptide lies
relatively straight in the CIIC1 Fab. The relatively low resolution of the M2139Fab:J1
crystal complex (3.25Å) does not allow a detailed analysis of this configuration.
However, the interaction of the J1 peptide with neighbouring Fab molecules may help
explaining this non-typical conformation of collagen peptides (211).
In conclusion, this study revealed that without using a candidate gene approach, it
is possible to genetically map the IgH locus as a regulator of autoimmune phenotypes.
To our knowledge, in humans, such associations have only been observed in a Chinese
cohort of Kawasaki disease patients (245). The study also supports previous
observations that anti-CII antibody recognition in CIA, and potentially RA, is germ-line
encoded and may not require somatic mutations.
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STUDY IV
Functional implications of the vitamin D receptor in collagen-induced arthritis
Using a congenic fragment on chromosome 15 in study IV, we reduced the
arthritis-regulating Cia37 QTL (134) from initial 3Mb to a 650kb region through
genetic recombinations. This was based on the exclusion of sub-loci without a CIA
phenotype. The small fragment, named C412A, contains 16 coding genes (NCBI
Ensembl Mouse, GRCm38 assembly), four of which are polymorphic between the
DBA/1J founder strain and the B10.Q background strain. Among these, the vitamin D
receptor (Vdr) and collagen type II (Col2a1) genes are the most relevant to CIA.
In humans, several COL2A1 polymorphisms have been reported to be associated
with the diagnosis of osteoarthritis (246). The CII amino acid polymorphism observed
in the Cia37 locus results in a threonine-to-alanine substitution at position 539. Using a
CII triple helical peptide covering the A539 polymorphism, we screened sera from
different CIA experiments involving both Cia37 congenic mice (of different sub-loci)
as well as wild-type littermates. However, no skewing of antibody response was
observed. Recently, the effect of this polymorphism in the CII-specific T cell response
was also evaluated. By in vitro re-stimulation of lymph node cells harvested from CII
immunized mice, we observed that neither wild type nor Cia37 congenic animals were
able to mount a T cell response to the peptide covering the A539 position. This
supports the previous identification that the immunodominant T cell epitope response
in mice is restricted to CII260-270 (168). Together, these observations suggest that the
Col2a1 polymorphism is not involved in the regulation of arthritis in these mice.
Distinct VDR polymorphisms have been shown to influence the susceptibility to
RA in Europeans, and systemic lupus erythematosus (SLE) in Asian populations (116).
An association to MS has also been shown, where the VDR seems to regulate the
expression of MS-associated MHC genes (247). The involvement of the VDR in
autoimmunity has been demonstrated through chromatin immunoprecipitation and
extensive DNA sequencing (248). The study revealed that the VDR interacts with more
than 2,700 genomic regions (called vitamin D response elements, VDREs), whereas the
expression of more than 200 genes is significantly affected upon vitamin D stimulation.
These VDREs are localized close to several autoimmune and cancer associated genes,
especially in their promoter region.
To address the effect of VDR on CIA susceptibility, we investigated how
different levels of vitamin D influence T cells. Upon in vitro T cell stimulation, Cia37
congenic cells revealed a lower secretion pattern of IFNγ and IL-17A compared to
littermate controls. The lower cytokine secretion associated with a higher expression of
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the Vdr gene in the congenic animals. This expression was only observed upon
stimulation, and increased proportionally to the concentration of vitamin D. According
to the mouse genome assembly (Ensembl Mouse, GRCm38 assembly), the Vdr has a
total number of 32 SNPs between the B10.Q and DBA/1 mouse strains. Three missense
SNPs, two synonymous, eight intronic (one potentially affecting splicing of the
transcript), and 19 in the 3’UTR are potential candidates to explain the observed
phenotypes in the Cia37 locus. Although none of the three amino acid changing
polymorphisms in the VDR interacts with vitamin D, they may influence the pairing of
VDR with RXR (retinoid X receptor) or the interaction of this complex with VDRE
across the genome.
In mice, the role of vitamin D in CIA has previously been evaluated and shown to
confer protection from disease development (110). Using animals of a different genetic
background [(BALB/cByJ x B10.Q) F1, named QB (249)], we also investigated the
influence of vitamin D on CIA. Four groups were established using three different
dosages of vitamin D based on the daily dietary intake of mice (0X, 1X and 2X).
Independently of the diet used (containing or not vitamin D), administration of
supplementary vitamin D was done via osmotic pumps implanted subcutaneously.
After CIA induction, we observed that mice with 2X levels of vitamin D had a
significant reduction in prevalence of CIA, while mice with no vitamin D
supplementation (0X) were fully protected from disease manifestations. This
phenomenon was also observed when using Ncf1 mutated mice. Although the antibody
titres against CII were similar in all groups, only animals fed a standard chow and with
a 1X dosage of vitamin D were able to mount a specific T cell response against CII, in
vitro. This fact indicates that T cells may behave differently depending on the route of
vitamin D administration. Although further investigation is needed, the route of vitamin
D administration may significantly alter the numbers of different cell populations or
their degree of activation. The involvement of vitamin D and the gut microflora is a
well-established phenomenon, where vitamin D deficiency correlates with the
development of inflammatory bowel disease [IBD, (111, 250, 251)].
Nonetheless, our data strongly contradicts previous observations from Cantorna
and colleagues (110). One possibility for this is that different genetic backgrounds were
used [(BALB/cByJ x B10.Q) F1 in study IV vs. DBA/1 in (110)]. Although DBA/1
mice are, by historical reasons, considered the strain of excellence in the study of RA
models, the high arthritis-susceptibility in these mice should be taken into account and
the results interpreted with some reservations. One should not forget that DBA/1 mice
are likely to develop spontaneous arthritis (252) due to their genetic background or
hormonal and behavioural mediated effects (171).
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Despite requiring a more thorough investigation, the findings presented in study
IV highlight the immune modifying effects of vitamin D in autoimmunity, and
implicate the VDR polymorphisms of the Cia37 QTL in its regulation.
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3 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES
The identification of genes regulating complex autoimmune diseases is crucial
for understanding the aetiology of the disease and potentiating the design of new
therapeutic approaches. Using HS mice, we could initially demonstrate that this outbred
population of mice is suitable for the genetic study of different models of MS as well as
certain models of RA that are based on the passive transfer of arthritogenic antibodies.
The introduction of an arthritis-permissive MHC allele in these mice allowed us to
identify QTLs responsible for the regulation of autoantibodies during CIA. A locus
comprising the FcγR cluster genes was found to associate strongly with both CIA onset
and severity, as well as with the production of anti-CII antibodies. A second strongly
associated QTL, influencing anti-CII antibody responses, was mapped to the IgH locus.
Here, a detailed analysis allowed us to identify two germ-line encoded polymorphisms
responsible for the production of an arthritogenic anti-CII antibody. Finally, using a
congenic approach, we investigated the influence of vitamin D and the vitamin D
receptor in the CIA model, which mainly associated with cytokine secretion and gene
expression upon T cell activation.
During the past five years, the research field of complex diseases has involved
numerous GWAS, with the assumption that genetics constitute an important factor in
disease’s development. Strong genetic associations, such as the MHC locus in RA, are
certainly taken into account and experimental data exists supporting such associations.
The identification of the IgH locus as the major QTL controlling autoantibody
production in CIA, motivates further research in this region. Identification of genes
controlling autoantibody production is of importance when these are identified and
used as diagnostic/prognostic tools in multifactorial diseases.
To account for potential vitamin D deficiency, intake of vitamin D supplements is
presently recommended by health authorities in several countries (253). While the
vitamin D required for keeping calcium and phosphorous homeostasis may be selfregulated (254), the influence of vitamin D on the immune system is likely to require a
more detailed investigation. Individually adapted supplementations, rather than broad
clinical approaches, may be required to meet the individual’s needs.
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4 GENERAL CONSIDERATIONS FOR USING ANIMAL
MODELS OF COMPLEX DISEASES
The general use of animals in research should not be considered as a free tool,
and certain aspects in animal model experimentation should constantly be taken in
consideration. Researchers can minimize the number of animals to be used by
preparing and designing experiments well in advance, in order to collect as much
relevant data as possible. Selecting an adequate mouse strain suitable for a particular
experiment reduces the number of animals needed, while still providing the study
enough statistical power.
According to “The Jackson Laboratory” – one of the most renowned laboratory
mouse breeders and distributers in the world – 600 new mouse models become
available every year. Regardless of having the study of genetics as a goal or not, all
animal experiments should be conducted with a detailed informative genetic
background. Inbred mouse strains are commonly very well characterized and differ
significantly from each other. Mouse embryonic stem (ES) cells are today commonly
used in many research labs for genetic engineering of transgenic and gene knockout
(KO) mice. ES cells from the 129 mouse strain have been used during the genetic
manipulation since they are more easy to retrieve. However, because researchers prefer
using the C57BL/6 strain, this mixing of genetic background becomes problematic. To
exclude an effect from 129-derived genes other than the KO gene, researchers must
spend a significant amount of time backcrossing the genetically modified animal to the
C57BL/6 strain. In this regard, animal experiments should be carried out using
littermate controls, rather than wild-type animals from a different lineage, in order to
minimize effects of potentially undetected genetic contaminations/mutations (255).
Description of the origin of the mice should also be available. It is now known that gut
microflora play an important role in immune responses as well as in the development of
autoimmunity (256). As an example, serves the fact that the same inbred mouse strain
originating from different suppliers will contain different microflora, resulting for
example in different levels of Th17 cells (257).
Last, but not least, housing of mice may have a significant role in experimental
results. This is an important detail often disregarded by scientists. Animal models are
sometimes exposed to an event called “cage-effect”. For instance, the presence of a
very dominant male compared to a weak leader, in two different cages, results in
different levels of aggression between animals. The outcome of the disease
manifestations in these two cages is thus likely to be different, influencing the results.
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To account for these stochastic effects, animals from all different experimental groups
should be housed together whenever the experimental conditions allow it. Besides
minimizing “cage-effects”, this mixed housing of animals improves the blind scoring
system of an experiment, another aspect that should be strongly considered by
researchers. On the other hand, single housed animals seldom manifest signs of disease
(e.g. CIA). Age and gender of the animals may also influence the experimental
outcome. As mentioned before, certain mouse strains are susceptible to group stress and
consequently develop autoimmune manifestations without an active immunization
(171). Minimizing all factors influencing these traits will therefore potentiate the
experimental results and minimize the required number of animals for experimentation.
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5 PERSONAL REFLECTIONS
"The important thing is not to stop questioning. Curiosity has its own reason for
existing.”

Albert Einstein, physicist (1879-1955)

Science has always been around me since I was a little child, and its web has
grown stronger and larger ever since. It is a passion, and just like any other passion one
may have it gets difficult to describe the relevance it has to you and why does it sparkle
every single time. Engaging on a PhD study is not simply another step up the ladder, or
another extra course that one didn’t do during University and always wanted to try. I
see it as a test of your commitment to science. But even if you pass the test it doesn’t
mean you qualify to be a good scientist. In fact, it seems to me today, that doing a PhD
is an escape route for several people. For some it is a way of escaping unemployment
after finishing the University studies. For others it is a way of getting a title that will
potentially provide them a better job in a near future. Their interest in science is nothing
but a four years period.
The big PLUS sign of being a PhD student is the amount of knowledge one
acquires through out the PhD studies. I feel very satisfied with everything I learned
during my PhD. “Knowledge doesn’t take place”, we say in Portugal. You learn about
what you do and about what other people do and did. You learn about yourself and
about others as well. Interacting with other scientists is a requirement if you want to
move forward in your research. Science has always been open to the world, and
scientists must interact with others, learn from others, teach to others, discuss with
others. It’s the discussion part of science that brings science into the fast-forward speed
of development that we observe from the outside. Closing ourselves in a nutshell trying
to save our own data from others will just take us to the back of the progress line. It is
true that dark scientists and corporations exist and will try to steal your ideas. So you
have to be smart when discussing your data with others. But discuss, get new ideas and
improve your own research. There are plenty of things to discover out there and we
don’t need to fight for the same apple tree.
During the past four years, several moments were far from ideal in my sweet
dream. For instance, my main project has turned out to be a great deception (at least for
some). Studying animal genetics is not as straightforward as one might think. Even
though genetics can be studied having tightly controlled environmental conditions, a
single disturbance of the force is enough to affect the genetic influence of a particular
phenotype. And everything you thought to be true just ceases to be so. But you learn
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from it. In fact, I think there is no bad data. And I think that all “bad results” have
something to teach us. Scientists very often look for differences in experiments that can
support their initial hypothesis. They do get very happy when things go the way they
expect them to be! But sometimes the experiments that do not show any differences are
the most challenging ones. They tell you that your reasoning is not fully right. That
something in your hypothesis is wrong, or that the conditions you set to test your
hypothesis are probably not the right ones. They may even challenge old dogmas and
open new doors for scientific thinking. This was the case with one of my main projects.
During four years I tried a variety of experiments in this project. And despite all efforts
I was never able to observe those differences I so wanted to see to build up my story.
But interesting observations came up here and there during some of these experiments.
We were able to notice that some curious behaviours were to be seen during particular
experimental settings, and nothing in the literature existed to support these
observations. This opening of the scientific thinking took me to a different path than the
one I started in the beginning.
As a PhD student in an active lab there are new projects coming to you every
now and then. Even if you don’t look for a new project, they will find you sooner or
later. The process develops at such an enthusiastic rhythm that you will eventually
reach your limit, and the time comes when your pride has to subside and you will have
to learn how to say “no” to a new project. Learning how to filter your projects or how
to combine them to get the best performance of each of them is also a process that you
learn throughout a PhD. Specially when you have a two-way decision to make that will
affect the project’s development in the long run. You may take it wrong the first time,
but the second time you encounter a similar problem you will know what to do and
decide for what you consider to be the best solution; even if your supervisor doesn’t
agree with it. Yes, because sometimes you have to go against your supervisor
suggestions and follow what you feel to be right. No one else but you, as a researcher,
should know more about the projects you are coordinating and working on every day of
the week; weekends as well, because science demands your attention seven days a
week, and not in a 9-to-17h schedule…
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