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There are moments in moist love when heaven is jealous of what we on Earth can do.
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POPULAR SCIENCE SUMMARY OF THE THESIS

The immune system evolved over the years to serve its purpose in protecting us from
pathogens. This phenomenon mimics a country (body) that recruits soldiers or policemen
(immune cells) to defend the nation against invading armies (pathogens).

On a normal day, the human immune system resembles the city of Stockholm during
‘Midsommar’, where the very few patrolling policemen tidily circulate the city to maintain an
optimal homeostatic flow.

However, this is not always the case. Just like us, our immune system is not perfect. Errors in
this complex system can occur, and if not rectified properly, will lead to what we call
‘autoimmunity’. In a sense, autoimmunity represents a civil war where your immune cells
attack your own body parts. To date, more than 100 autoimmune diseases have been
identified, and their nomenclature depends on the body part inflicted.

When the joints are affected, we call it rheumatoid arthritis.

When the salivary glands are the target, we call it Sjogren’s syndrome.
When the brain and spinal cord are attacked, we call it multiple sclerosis.
When the kidneys are touched, we call it system lupus erythematosus.

We still do not understand exactly how, why this occurs and what are the main triggers for
this is crucial if we want to cure these diseases.

Yet, we are certain about the interplay between genetic and environmental factors that
destabilize the immune system.

Although humans share 99.9% of their genetic makeup confirmed by the analysis of the
Human Genome Project in 2003, the remaining 0.1% difference could hold the answer for
why some people are susceptible to a disease while others are not.

This genetic variation is due to switches in nucleotides, the 4 letters (A, T, C, G) that
represent the building blocks of our DNA, between one individual and other, hence the name
single nucleotide polymorphism (SNP). In this thesis, I try to discuss some genes and SNPs
within genes that regulate RA by heavily influencing components of the immune system.



ABSTRACT

Autoimmune diseases are expensive diseases, both financially and socially, because they are
in most cases life long and require a long-lasting treatment. They can also be life threatening,
as they are among top 10 causes of death in women and therefore, they represent a serious
clinical problem and require careful medical management. There is an autoimmune disease
for every system or organ and the one discussed mainly in this thesis is rheumatoid arthritis
(RA).

RA is the most common autoimmune disease and primarily affects the joints. It is more
prevalent in women than man (3:1) and known to have a strong genetic component for its
predisposition. Animal models offer an attractive strategy to study the underlying arthritis-
associated genes under a controlled environment. Forward genetics is an approach to dissect
genes that regulate a desired trait, from phenotype to genotype. However, this method often
fails to pinpoint a single gene but identifies sized genetic fragments that harbor several point
mutations inside or outside the genes. These single nucleotide polymorphisms or SNPs in
short could have a dramatic effect on the transcription or translation of the gene. Once the
arthritis-associated SNP is identified and the gene of interest is positionally cloned, the search
for a mechanism of action commences.

All the studies included in this thesis have forward genetics as a common denominator except
the last manuscript. In Study I, we positionally cloned the arthritis regulating gene in
congenic rats that derive from a cross between an arthritis susceptible (DA) and resistant (E3)
inbred strains. We found that a SNP in the second exon of clec4b caused the introduction of a
stop codon and lead to the abrogation of the coded protein Dcar. Arthritis susceptibility
increased drastically because of this loss of function mutation and influenced profoundly T
cells which are the major driving force of induced arthritis models in rats. In Study 11, a
natural polymorphism in the promoter of Vdr was cloned in congenic mice and was found to
be overexpressed selectively in T cells without any calcemic abnormalities. Consequently,
antigen-specific T cell responses were enhanced, and autoimmunity was worsened. In Study
111, we set out to investigate the interaction between the two most significant arthritis QTL in
rats that were previously positionally cloned, Ncfl and Clec4b. We found that Dcar and Ncfl
regulate in concert arthritis severity and their expression on neutrophils influenced their
capacity to produce reactive oxygen species. In Study 1V, we ventured to answer one of
immunology’s longstanding question; are antigen-specific B cells positively selected? We
show that indeed collagen type-11 (Col2) specific B cells are positively selected and could be
detected in transgenic mice, wild type mice and inbred rats. Moreover, we cloned the B cell
receptor from human blood donor, expressed the antibody and validated its specificity to
Col2. Moreover, we demonstrate that these Col2-specific B cells inhibit arthritis by inducing
Col2-specific regulatory T cells.

The data illustrated in this thesis confirm in part, the importance of animal models in
deciphering disease regulating genes and highlight the implication of antigen specific B cells
in a prominent autoimmune disease.
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1 INTRODUCTION

1.1 DARWINIAN IMMUNOLOGY

According to historical data, seamen on board of HMS Terror and Erebus suffered from an
obscure disease dubbed as ‘consumption’ and died shortly after venturing out into the north
pole in 1845. That common evil wreaked havoc among men and women but no one knew
what caused it'. 13 years later ‘On the Origin of Species’ was published by Charles Darwin
after his intense voyage on the HMS Beagle. Shortly after this monumental book that
describes natural selection as a mechanism for evolution, infectious agents were discovered
and the Darwinian struggle — human vs microbes — was established?. To fully grasp this
perspective, immunology as a field surfaced at the turn of the 19" century as the science of
host defense. The announcement of Rober Koch in March of 1882 shook the world as he
discovered the consumption bacterium, which happened to be the tubercle bacillus®. A big
bang in the field of immunology followed and an established view on the immune system
was concurred. The fight between Paul Ehrlich and Elie Metchnikoff in the beginning of 20"
century manifested into two competing immunological defense mechanisms (1) antibodies of
the humoral system?* and (2) eerie amoebae-like cells known as phagocytes®. Furthermore,
Burnet’s description of lymphocytes that are selected within the body for purging against
self-reactive clones and expanding the much-needed pathogen-reactive cells is yet another
testament for Darwin’s ideas and fingerprints. Today, we divide the immune system into two

distinct yet intertwined fractions: the innate and the adaptive immune system.

1.2 THE INNATE IMMUNE SYSTEM

1.2.1 History bits

The observed mechanisms of amoeba-like structure devouring microbes led the Russian
Zoologist Elie Metchnikoff to the theory of phagocytosis. The process was not so alien as
unicellular organisms undergo phagocytosis to acquire food and as evolution dictates the
process morphed into a mechanism of tissue maintenance and remodeling as well as host
defense® — another pillar or Darwinian immunology. Today, the internalization of diverse
particulate components — including dead cells, pathogens, and environmental debris® — by
cells of the innate immune system known as phagocytes is a key mechanism of innate

immunity.



1.2.2 Introduction to PRRs

Exactly how cells of the innate immune system, consisting of macrophages, DCs and PMN
cells, discriminate between self and pathogen is based on myriad of surface receptors.
Receptors that recognize pathogens (PRRs) are germline encoded and vital in keeping
homeostasis by constant bacterial clearance. For any given pathogen, a combination of
conserved microbial motifs, denoted as PAMPs, form the basis of pathogen recognition by
PRRs. The relevance of PRRs become evident when the sheer number of bacteria we host is
taken into consideration. In fact, latest estimations of the total number of bacteria in a 70kg
‘reference man’ to a staggering 38 trillion (that is 1 with 12 zeros)’. Although the vast
majority of these bacteria enjoy a commensal relationship with our body, it is hard to
accurately estimate the noxious pathogens that bombard us constantly from our environment.
For that PRRs evolved into a myriad of receptors, while a common denominator lies in their
ability to induce a strong transcriptional response, which in turn orchestrate the entire

immune system®19,

1.2.3 Stratification of PRRs

PRRs can be stratified into 5 major families consisting of TLRs, CLRs, NLRs, RLRs and
ALRs. CLRs and TLRs mainly survey for the presence of extracellular ligands due to their
presence on the cell surface or on endocytic compartments whereas the remaining families of
receptors are typically found in the cytoplasm primarily recognizing intracellular ligands.
While the award winner TLRs are the most studied type of receptors, CLRs come next
forming a conglomerate of at least 17 subgroups of receptors segregated into different

subfamilies based on their phylogeny and domain organization*2,

1.2.4 Evolution of CLR

Carbohydrate-binding receptors have ascended early during evolution and were found in
yeast species (S. cerevisiae), nematode (C. elegans) and fruit fly (D. melanogaster).
Conversely, distinct evolutionary patterns were observed when comparing rodent to human
immune system'®, CLRs that bind endogenous ligands and responsible for clearance of
glycoproteins were conserved across species, examples of one-to-one orthologues include the
mannose receptor and scavenger receptor C-type lectin. On the contrary, receptors that bind
exogenous ligand, usually of pathogen nature, were forced to undergo dramatic changes due
to the evolutionary pressure, leading to the absence of common orthologues between
species'®. For instance, Dectin-2 and MCL, which are localized adjacent to one another, were
likely the result of gene duplication of Mincle as the latter seem to be highly conserved across
the species'®. Of note, Dectin-2 in the rat is a pseudogene, at least in the inbred strains listed
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in this thesis, while being a functional receptor in humans. Another example for the absence
of a direct orthologue between rodents and humans is Dcar. Interestingly, the mouse
possesses two isoforms (mDcar and mDcarl) while only one Dcar protein can be found in the
rat. Even though Dcar is absent in humans, the closest orthologue is BDCA-2, which is a

marker for plasmacytoid cells.

1.2.5 Ligands and signaling

CLR nomenclature stems from their ability to bind sugar residues in a Ca?*-dependent (or
independent in some cases) manner via conserved motifs in the carbohydrate recognition
domain. The EPN (Glu-Pro-Asn) and the QPD (GIn-Pro-Asp) motifs determine the binding
affinity towards mannose-type and/or galactose-type residues, respectively™®. Substituting
EPN with QPD motif, through site-directed mutagenesis, resulted in a switch in sugar
specificity (from mannose to galactose). Nevertheless, specificity to sugar moieties does not
exclusively depend on these two motifs. For example, an amino acid replacement in the
region situated close to the EPN or QPD motifs can also modify sugar specificity®. Pathogen
recognition by CLRs is well documented!’ yet ligand specificity remains a technical
challenge due to the weak ligand affinity and restricted accessibility to advanced screening

method?8,

CLRs like Mincle, Dcar, Dectin-2 and BDCA-2 lack an intracellular signaling domain,
therefore they are linked to an ITAM-bearing Fc receptor y subunit. Phosphorylation of the
ITAM-tyrosine(s) by different kinases, mainly the spleen tyrosine kinase (Syk), elicits a
cascade of adaptor proteins that gets recruited and an avalanche of transcriptional regulations
proceeds. CLRs downstream pathways are not set in stone as different reports demonstrate
the versatility of the signaling machineries'®?.. In summary, once triggered by an
endogenous or exogenous stimulus, CLRs induce a complex signaling pathway to mount an

immediate immune response that dictates the fate of the adaptive immune response.

1.2.6 Phagocytosis and NOX2

Oxidative burst is dubbed as the release of short-lived, oxygen/sulfur/chlorine/nitrogen-
derived molecules [i.e., hydroxide ("OH), Peroxide (H20), superoxide anion (Oz) and
hypochlorous acid (HOCI)] by specialized cells called phagocytes??. Monocytes/macrophages
and neutrophils were primarily identified to produce ROS, after phagocytosis of the invading
pathogen, to eliminate the microorganism and thereby serving as a mediator of
inflammation®. Even though ROS can originate mainly from two sources namely

mitochondria (by-product of the electron transport chain, ETC) and NADPH oxidase, we will



discuss the latter in this review. To date, the family of NADPH oxidase termed as NOX
comprises seven members of membrane bound proteins, NOX 1 through 5, DUOX 1 and 2.
In fact, these enzymes share the ability to transfer electrons through plasma membranes
ultimately producing ROS while they differ in their expression pattern and adaptor molecules
needed to perform their function®. For instance, NOX2 complex possess a transmembrane
catalytic core formed by the heterodimerization of glycoproteins (CYBB) and (CYBA)
whereas the cytosolic domain requires coupling of accessory components like P47phox (alias
NCF1), P67phox (alias NCF2), P40phox (alias NCF4), and RAC?®. Loss of function mutation
in any of these components can result in defective ROS production, which is the case of
chronic granulomatous disease (CGD) patients that exhibit hyper-inflammatory status with a

significant increase in morbidity due to infections®.

Malassezia Dead cells Streptococcus
N [ ( 5
) - § &

Group 1] HIV Malaria S. Cerevesiae Mycobacterium

1 CARD9
BcO ARD!

MALT1

Figure 1| Group Il CLRs, their known ligands and signaling pathways. Dcir (all 4 isoforms)
contain an ITIM in its intracellular domain while all other members of the group Il CLRs (Dcar,
MCL and Mincle) are bound to an ITAM-bearing Fc receptor y-chain. Upon binding its cognate
ligand Dcir signaling pathway involves the recruitment of spleen tyrosine phosphatase (SHP),
which downregulates TLR-induced cytokine production and inhibits the formation of Card9-
Malt1-Bcl10 (CMB) signalosome. Alternatively, Dcar/MCL/Mincle signal through the spleen
tyrosine kinase (SYK), which is required for the assembly of the CMB signalosome, the activation
of the mitogen-activated protein kinase (MAPK), the initiation of the calcineurin-NFAT pathway
and the induction of the ROS producing NOX2 complex. All these proteins regulate transcription
factors (TF) in the nucleus that dramatic shape the immune response in terms of
cytokine/chemokine production and ROS release.



1.2.7 Reactive species and cellular signaling

21000 to 42000 thiols in the cysteine, methionine and selenocysteine proteome, including
receptors, adaptor molecules, transporters, enzymes, heat shock proteins, ribonucleoproteins,
growth factors?” and transcription factors?®, can be oxidized by reactive species®*%. Iron-
sulfur (Fe-S) clusters in metalloproteins that regulate ETC in the mitochondria are also
sensitive to redox changes and add another layer in redox signaling diversity®:. Due to the
critical role of reactive species in influencing cellular signaling, a sensitive antioxidant
system has evolved to maintain healthy homeostasis, also known as ‘oxidative eustress’.
While supraphysiological level of reactive species is often denoted as ‘oxidative distress’ and
therefore is countered by sets of enzymes that catalyze the reduction of these reactive
species, for example, the peroxidases that is crucial for the removal of H202%. Probably the
prime example to illustrate this tight regulation is the Nrf2-Keapl system. Under physiologic
condition Nrf2 and Keapl form a complex in the cytosol, leading to the ubiquitination of
Nrf2 followed by degradation by the proteasome. However, under oxidative distress the
complex is dissociated because of the conformation changes in Keapl after Cys151 oxidation
(disulfide formation), this drives the release of Nrf2 that is subsequently translocated to the
nucleus. Once there, Nrf2 binds to the antioxidant response elements (ARE) and promotes the

expression of various detoxification, antioxidant and anti-inflammatory genes*3,

1.3 THE ADAPTIVE IMMUNE SYSTEM

1.3.1 History bits

The earliest report about a constituent of the adaptive immune system originates from a paper
by Emil von Behring and Kitasato Shibasaburo. While working together in 1980, they
demonstrated that serum transfer from diphtheria immunized animals to animals suffering
from it, could cure the recipient animals®*. Sadly, only one of the two received the Nobel
Prize in 1901. This landmark publication was carried further by Paul Ehrlich (considered as
godfather of immunology) who proposed the first model for antibody-pathogen binding®.
Since then, the theory behind the proposed model never ceased to evolve to this day.

1.3.2 Evolution of the adaptive immune system

Unlike the components of the innate immune system (PRRs) that can be found throughout the
animal kingdom, the adaptive immune system evolved some 400 million years ago and
remained remarkably uniform over the years. The answer to how this system evolved lies in 2

macroevolutionary incidents (1) transposon molecular domestication and the (2) whole



genome duplication. These events provided enough raw material and innovation to fuel the

emergence of the adaptive immune system®®,

Genes that are associated with the adaptive immune system such as RAG1 and RAG2
emerged in jawed vertebrates, while invertebrates possessed a RAG1-like and RAG2-like
genes®’. The presence of RAG precursor genes in the genomes of ancient sea urchins and

amphioxi support the model of transposon molecular domestication®.

Susumu Ohno proposed this theory in 1970 and described that the genome of vertebrates
suffered 2 rounds of whole genome duplication. As a result, a big bang of orthologues and
paralogues arose that were essential in forming the adaptive immune system. For example,
invertebrates harbor only 1 MHC-like (proto-MHC) region, which lacks MHC class | and Il
genes, while modern day human possesses 4 paralogons of the MHC genes on chromosome
1, 6,9 and 19. This could only be explained by a duplication event that occurred in the past —
predicted to be at the stage of fish or amphibians®>%.

1.3.3 Lymphocytes

Unlike the immediate response of the innate system (minutes to hours), the adaptive system
respond in a rather slower pace (days to weeks) but results in an antigen specific response as
well as an immunological memory (T and B lymphocytes)*. The specificity of lymphocytes
is produced by recombination processes via RAG genes, described earlier, which randomly
assemble unique and diverse TCR and BCR. The repertoire generated through this process
contains receptors that will bind self-proteins resulting autoreactive T and B cells. Therefore,
mechanisms of tolerance evolved to keep this procedure in check and purge self-reactive

cells, hence the name ‘negative selection’.

1.3.4 Central tolerance

T cells emigrate from the bone marrow to the thymus for antigenic education. During thymic
development, many T cells that bear a randomly rearranged receptor will die by neglect
because these receptors are unable to bind MHC molecules. Whereas receptors that show
adequate binding to the individual’s MHC molecule, which is loaded with a self-peptide, will
be positively enriched to undergo another round of selection. The reason for the second round
of selection is due to the emergence of autoreactive T cells with different affinity to self-
antigens during this step. Upon reaching the medulla, 3 mechanisms dictate the fate of exiting
T cells. The main one being clonal deletion, as T cells with high affinity to self-antigens
undergo suicide although the detailed molecular pathway for that process remain enigmatic.

Anergy is the second mechanism in which T cells become functionally inactive and alive yet
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in a hyporesponsive state meaning that T cells cannot respond to antigens under adequate
conditions. The last mechanism is the process of receptor editing which allows the
rearrangement of surface receptors following initial binding in hopes of replacing
autoreactive receptor with an innocuous one. On the T cell side, 2 crucial transcription factors
govern these mechanisms, the autoimmune regulator (AIRE) and fork-head box P3 (Foxp3).
Ablation or mutations in any of these genes lead to aggressive autoimmune diseases that
target many organs*. T cells however are only half of the story as B cells represent the other
part of the adaptive immune system. Likewise, mechanisms of tolerance arose to govern B
cell selection which occurs in the bone marrow. Just like T cells, B cells can develop
autoreactive clones and secrete self-reactive antibodies that are used as markers to diagnose
autoimmune disease. Thus, clonal deletion and receptor editing are two well described
mechanisms to counter the abundance of autoreactive B cells in the normal repertoire®.
However, positively selected autoreactive B cells are still nebulous, and a potential regulatory

function could explain their persistence under normal conditions.

1.3.5 Peripheral tolerance

Low avidity yet self-reactive T cells can escape central tolerance and can populate the
periphery and thymic deletion of autoreactive T cells have been shown to be only 60 to 70%
efficient. Therefore, peripheral checkpoints are in place to critically regulate the activity and
pathogenicity of these dangerous T cell clones. Examples of T-cell peripheral checkpoints are
quiescence, ignorance, anergy, exhaustion, senescence, and cell death*. Quiescence is a
process restricted to naive T cells to halt their expansion at the steady-state level. This is
accomplished by different transcription factors that reduce the basal metabolic program and
ensure a low rate of translation in naive T cells. Ignorance is the least understood mechanism
but can be briefly described as an autoreactive T cell that fail to induce autoimmunity even in
the presence of its cognate self-antigen*. Anergy is the result of imbalanced TCR stimulation
in T cells leading to a state of hypo responsiveness, however this is a reversible state and
could be dependent on antigen availability®. It is difficult to distinguish Exhaustion from
Anergy but the hallmark phenotypic changes of exhausted T cells are decreased cytokine
production, elevated levels of inhibitory surface molecules, epigenetic and metabolic
signatures and failed ability to mimic memory T cell-state of quiescence*. Senescence is
defined when a cell reaches its end replicative stage or is subjected to different stressors and
correlates with ageing®. The evolutionary reason behind such mechanism argue that it
protects from T cell lymphoma. Even though peripheral induction of cell death equals that of

central tolerance, the exact mechanisms are slightly overlooked. Nevertheless, studies show
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that it is primarily mediated by FAS and triggering caspase 8 after restimulation of T effector

cells, a process that parallels the contraction phase after a productive immune challenge*’8,

1.4 AUTOIMMUNE AND INFLAMMATORY DISEASES (AID)

Earliest description of an AID dates back to the Greek philosopher Hippocrates, meaning
that this is an ancient disorder and not new?®. In fact, "Horror Autotoxicus’ or the horror of
self-toxicity was a term coined by Paul Ehrlich at the beginning of the 20th century to
describe autoimmune diseases*. Afterwards, it was for Sir Burnet’s “Clonal Selection
Theory” that contributed to a clearer notion regarding the selection of antigen-specific T and
B cells and their clonal expansion when encountered with foreign antigens®. Yet, the system
is far from perfect and in some cases ‘forbidden clones’ can be generated with a reactivity
towards self-antigens leading to disturbance in homeostasis and causing tissue damage —
hallmark of autoimmune diseases. However, it is now clear that AID form an umbrella that
encompasses numerous diseases namely, RA, SLE, MS, T1D and should be addressed

collectively instead of individually. In fact, prevalence rates of AID ranges from 5 to 500
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Figure 2 | Practicability of finding genetic variants by effect size (odds ratio) and allele
frequency. GWAS outshine in identifying common variants implicated in common diseases and
most of these variants have modest to low effect size. Variants with low to rare frequency are not
efficiently captured by GWA SNP-arrays, and once the frequency drops below 0.005 it becomes
difficult to pick up the association by GWAS unless the effect size is very large (Mendelian
diseases). Adapted from ref. 71
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per 100,000, which poses a mortality burden among the general population, and a critical
socio-economical pressure (estimated to be over 30€ billion/year in Europe alone) on the

society as a whole®°.

1.4.1 Genetic predisposition to AID

Autoimmune diseases are complex diseases due to the numerous factors contributing to
their aetiology. In fact, it is postulated that the combination of genetic factors,
environmental and epigenetic manifestation sets off the development of AID®!. Studies on
monozygotic twins identified a high concordance rate (75-83%) for some AID namely,
Coeliac Disease (CD), whilst relatively low concordance rate (12-30%) for other AID like
RA, MS, and SLE®. However, these studies might not be completely reflective of the
hereditary status of AID as they contain certain limitations including, cohort size,
subjective questionnaire, lack of sufficient follow-up®2. Contrariwise, studies done on
Finnish and UK monozygotic twins identified a 60% heritability to RA, which raises the
question of how accurate these numbers are as the discrepancies are quite large (12 to
60%)%. In order to scavenge the genome for genetic association to AID, methods like
genome-wide association studies (GWAS) and linkage mapping offer the possibility to

pinpoint causal variants.

1.4.1.1 Genome wide association studies

Completion of the human genome in 2003 led to major scientific advances in the field of
medical genetics and especially the expansion of GWAS®. Briefly, GWAS screen
thousands of unrelated patients and controls in search for a common SNPs that underlie a
specific autoimmune disease®. Usually, a GWAS is carried out by analyzing hundreds of
thousands of SNPs in a cohort of patients vs healthy controls followed by the determination
of disease causing variants®. As of 2020, more than 4500 GWAS have been published with
more than 55 000 single nucleotide variants identified to be associated to approximately
5000 traits, and these numbers will continue to soar®’. Applying GWAS often lead to the
discovery of unknown function and/or relevance and follow-up studies catalyzes the
identification of bona fide mechanisms regulating traits. For instance, GWAS in Chron’s
disease identified SNPs in 2 autophagy related-genes (ATG16L1% and IRGM®®). A follow-
up study elegantly demonstrated that these variants enhance the degradation of ATG16L1%°
and deregulation of IRGM®!, respectively and thus influencing autophagy. Consequently,
the link between autophagy and Crohn’s disease was established. Moreover, GWAS results

can be employed as a classification criterion for diseases. For example, in the case of
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maturity-onset diabetes of the young (MODY) and type-1 diabetes, GWAS corroborated
the use of C-reactive protein as a useful biomarker for the diagnosis of diabetes
subtypes®2%%, GWAS can tap into ethnic heterogeneity and its association to complex traits
as some risk loci show variable frequency and/or effect size depending on ethnicity. The
association of HLA-DRB1 alleles to RA is a prime example as this association (the
strongest to date) exhibit ethical variation depending on the HLA-subtype (HLA-
DRB1*0401 in Caucasians and HLA-DRB1*0405 in Asians)®. Beyond genetic
identification, GWAS provide useful applications in the field of reconstruction of
population history®, ancestral determination®, paternity examination®’, forensic
investigations® and copy number variants (CNV)®° just to name a few.

Nevertheless, GWAS suffer from several limitations. Obviously, the need to adopt high
level of scrutiny when it comes to statistical analysis to account for multiple testing
(Bonferroni correction) comes at a price. Subsequently, the threshold for significance (P <
5 x 108) becomes harder to reach for certain SNPs and the most common strategy to
overcome this limitation is by increasing the sample size’®. In addition, the majority of
GWAS identified SNPs are outside the coding sequence of a gene, therefore functional
characterization of intergenic SNPs remain a very challenging task®®. It also fails to spot
rare variants of minor effect’’. Lastly, the reference SNP-arrays used in GWAS studies lack
the diversity needed to understand the genetic variation in under-represented populations

and efforts in establishing reference arrays for diverse populations is crucial’.

1.4.1.2 Linkage mapping

Genetic mapping of disease-regulating genes began in the 80s, where linkage analysis using
polymorphic genetic markers [restriction fragment length polymorphisms (RFLP),
microsatellites or short tandem repeats (STR)] as a tool to conduct forward genetics’®. The
basic principle is that during meiotic recombination, markers that are positioned distant
from each other are less likely to be inherited together (linkage equilibrium), whilst markers
that are inherited more often than expected are in linkage disequilibrium (LD). To
determine the linkage between traits and markers, the logarithm of odds (LOD) score is
calculated. A positive, typically above 3, LOD score suggests a significant linkage, yet the
threshold of significance varies between different experiments’®. Linkage analysis emerged
as a powerful tool for the discoveries of causative genes behind monogenic Mendelian
human diseases, like cystic fibrosis™. This type of analysis requires a pedigree of related
individuals accompanied by a trait. However, this approach proved to be limited in the

study of complex traits in humans and for this reason it is mainly conducted in animals.
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This strategy entails crossing an inbred resistant and a susceptible strain for a trait, to find
genetic loci that are genetically linked to disease phenotypes in an F2 cross between the two
homozygous strains. The loci identified by linkage analysis can then be introgressed into a
fixed genetic background (backcrossing to one of the parental strains for many
generations), thereby producing a congenic strain. Reducing the congenic fragment
(typically in the cM to high Mb range) requires lengthy backcrossing strategies that often
employs markers (i.e., microsatellites) as a compass. Each generation should be checked to
ensure the presence of the QTL within the fragment. The main pitfall of this technique is
the ginormous amount of genotyping needed meaning more hands-on work and that often
lead to increased technical mistakes’®. Another variable is the dependence on good models
that mimic the human diseases, hereby complex autoimmune diseases. While it is true that
genetic mapping in animals is often conducted under regulated environmental conditions to
increase the power of the mapping and limit the variables, it excludes the contribution of

environmental factors that can be pivotal in human pathologies’’. Obviously, allelic
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Figure 3 | The development of rheumatoid arthritis (inflammation) over individual’s lifespan (age).
RA progression can be divided into 4 different phases (right axis). Homeostasis (healthy joint) is
the lag period during which the individual’s genetic susceptibility (HLA-subtype) and
environmental setup (infections/smoking) influences the tight balance in the immune system
(autoreactive B and T cells). Autoimmunity is characterized when the breach in tolerance occurs
and the equilibrium between regulatory and pathogenic response is skewed to the point of no
return. Anti-citrullinated protein antibodies (ACPA) and rheumatoid factors (RF) emerge at this
step and precedes the 3™ phase of RA progression. Preclinical RA is when the individual starts
experiencing symptoms (pain, stiffness, weakness, dry mouth) and it coincides with onset of joint
inflammation. The last phase is the clinician diagnosis upon fulfillment of established criteria and
soon after (if left untreated) the disease develops into chronic joint inflammation leading to
irreversible deformities.
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diversity is very restricted and the sheer amount of recombination that occurs somehow

limits the mapping’®.

Lastly, results from GWAS and genetic mapping have contributed significantly to
understanding genetics of complex traits, not only in AID but also in the field of
agriculture. Unfortunately, many of the variants identified confer very little increments in
risk and fail to fully explain familial clustering. This spiked the question of missing

heritability.

1.4.2 Rheumatoid Arthritis

RA is a chronic autoimmune disease, the most prevalent of all AID, touching more than 1%
of the general population. Clinical manifestation implicated in RA account for articular
chronic inflammation that leads to permanent destruction of the articular cartilage on the
long run’. To this date, the disease aetiology remains a mystery, nevertheless recent
advances describe a multifaceted interaction between the environment on one side and
genetic predisposition as well as epigenetic changes on the other side®. Clinically speaking,
RA can be roughly divided into 3 stages, (1) the autoimmune priming in healthy people
followed by (2) joint inflammatory symptoms (onset) and finally (3) the chronic
inflammation/treatment®. The fact that the majority of GWAS studies pinpoint a strong
association of HLA-genes to RA susceptibility, and the prevalence of anti-citrullinated
protein antibody (ACPA) in RA patients argues for a pivotal role of T and B cells in RA
pathology. What exactly unlocks joint reactive T cells and what is the role of ACPA in RA

pathology are questions to be addressed for a better treatment and diagnosis.

1.4.3 Genetic predisposition to RA

1.4.3.1 HLA loci

First reports on the association between HLA genes and AID date from the 70s%. HLA genes
reside on chromosome 6 in humans and are divided into 3 classes: class | (A, B and C), class
Il (DP, DM, DO, DQ, DR) and class 11l (complement system)®. To date, the strongest
association to RA (and T1D) exist in the HLA class Il region, specifically in the DR alleles
encoded by HLA-DRA, -DRB1 —-DRB3, 4 and 5 alleles. Class Il are heterodimeric receptors
and have an extracellular, transmembrane, and intracellular portion while unlike TCR and Ig
that undergo somatic mutations and rearrangements, HLA maintain its diversity though; (1)
polygenicity, (2) codominance and (3) polymorphism. In fact, this region is immensely
polymorphic as it is estimated that DRB1 locus has >1700 alleles. It is established now that
certain alleles within the DRB1 locus namely, DRB1*04:01, *01:01 and *10:01 are
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associated, largely, in ACPA+ than in ACPA- RA. Interestingly, all these three alleles
possess a shared epitope (SE) at amino acid position 70-74 in B1 domain (QKRAA at
DRB1*04:01, QRRAA at DRB1*01:01 and *04:04, and RRRAA at DRB1*10:01)8485,

1.4.3.2 Non-HLA loci

It is true that the strongest association to RA lies within the HLA locus; however, it is not
the only one. Studies on Swedish EIRA cohort found at least three additional HLA
unrelated genes to be associated with seropositive RA including PTPN22, PADI4, CDKG®.
Of note, PTPN22 has been associated to other AIDs namely, SLE, Graves’ disease, T1D,
among others. Recent GWAS data identified SNPs in TRAF1 gene to be associated with
RA, specifically to the increased radiological development. Additionally, STAT4, CD40 and
CCR6 were identified to have modest associations with RA 8688,

More and more SNPs are constantly being discovered to have associations with RA, which is
predicted due to the advances in regression models and statistical analysis, the use of more
controlled and homogeneous cohorts and the technological improvements in SNPs hunting.
Therefore, the need for meta-analysis studies is of utmost importance to reproduce or exclude

the variants that may or may not have clinical association to RA.

Despite the effort invested in understanding the pathophysiological mechanism, a lot
remain unclear about the pathways contributing to the development of RA, which is a major
obstacle for drug development®. Fortunately, some animal models recreate different
aspects of the complex human diseases and their usage depends on the question asked®.
While they allow a functional dissection of the disease, animal models can also be used for
drug discovery and evaluation. Current animal models provide fertile ground for insightful
breakthroughs, yet no model shares the exact pathophysiology with the human disease®. In
short, different models can be used to investigate different cell specific function and this, in
fact has become a pre-requisite for any FDA or EMA approval®.

1.5 RODENTS AS MODEL ORGANISM

Animal models are the keystone of basic research. The availability in genetic manipulation
due to technological advancements (i.e., CRISPR) and the economic feasibility to breed and
house inbred mice strains promoted an outbreak of knowledge in immunology. Despite the
differences that exist between rodent and human immunology (i.e., leukocyte subsets,
antibody subtypes, and innate immunity components), mice still offer tremendous advantages
to abandon®2. Animal models for autoimmunity, especially RA, diverge into two main

groups, the induced and spontaneous models. The former, as the name suggests, is induced
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artificially while the latter is a spontaneous manifestation due to genetic modifications. The
models discussed in this thesis fall into the induced section which can be subsequently
categorized into three groups, 1) autoantigen immunization, 2) transfer models and 3)

environmental/adjuvant triggers.

1.5.1 Autoantigen immunization

Col2 is the major component of the articular joint and intradermal injection of heterologous
or autologous Col2 protein emulsified in an adjuvant provokes an aggressive autoimmune
response that targets primarily the joints. The adaptive immune system is heavily involved in
initiating the disease pathogenesis. It has been shown that anti-Col2 antibodies produced by B
cells can bind the joint and induce arthritis®®. Furthermore, mice fail to develop CIA in the
absence of B cells®. T cells are also implicated in this model in two main facets, 1) providing
T cell help for a potent production of anti-Col2 antibodies®™ and 2) sustaining joint
inflammation by stimulating other cells and this has been demonstrated by the amelioration of

arthritis post T cell blockade or functional inhibition®.

A cross between the K/BXN TCR transgenic mice line and the non-obese diabetic (NOD)
expressing the H-2A%" result in a spontaneous joint disorder that shares many clinical features
of human RA. The targeted protein in this model was discovered to be the ubiquitous
glucose-6-phosphate isomerase (GPI), an enzyme critical for glycolysis®’. Intriguingly,
immunization with the heterologous full GPI protein was found to be dependent, in part, on
the H-2A%. Additionally, mapping of arthritogenic epitopes on the full GPI protein identified
a 14 amino acid peptide (GPls2s5-339) to be a strong inducer of arthritis through B and T cells

but without any antibody effector function®.

1.5.2 Transfer models

Even though the role of antibodies in CIA pathogenesis is well documented, characterizing
the arthritogenic anti-Col2 monoclonal antibodies was needed to provide a model to study the
effect of antibodies and its mechanistic repercussion on arthritis®®. Arthritis models consist of
two separated phases, the priming and acute phase. The former is the early timeframe by
which T and B cells gets primed by APC in secondary lymphoid organs while the latter
corresponds to the active destruction of the articular joints. Collagen antibodies induced
arthritis (CAIA) is a model that recreates the acute phase of arthritis triggered by the injected
antibodies and their effect on the innate immune system (strong association to non-MHC
genes)'®. Indeed, a single clone of anti-Col2 antibody does induce a mild arthritis but a
cocktail of 4 purified monoclonal antibodies with defined epitopes (C1, J1, D3 and U1) on
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the Col2 proteins dramatically increases the incidence and severity of arthritis®, Although the
exact mechanism is yet to be elaborated but the accepted hypothesis argues for the immune
complex formation on the surface of joint cartilage that leads to a destructive inflammation
together with the contribution of other innate receptors (TLR2) and signals (ROS).

The spontaneous K/BxN transgenic mice did not only give rise to the GPI-induced arthritis
but also to the serum transfer system that is robust, rapid, and highly reproducible'®?. Like
CAIA, it enables the study of the effector mechanism as arthritis develops within days, even
in the absence of lymphocytes in the recipient mice. Anti-GPI antibodies were recognized to
be the causal agent as purified anti-GPI immunoglobulins from arthritic K/BXN mice was
enough to induce joint-specific destruction. Evaluation of the role of Fc y receptors (FcyR)
and components of the complement system in different KO animals identified a crucial

contribution of FcyR 111 and the alternative pathway in K/BxN serum-transfer model*®,

1.5.3 Environmental/adjuvant triggers

The earliest benchmark model for the assessment of anti-inflammatory drugs (especially Cox
inhibitors) was the Adjuvant Arthritis model (AA), which consists of injecting complete
Freund’s adjuvant (CFA) to rats!®. Typically, the rats develop joint specific inflammation,
chronic at times depending on the strain; 10 to 12 days post injection. The fact that the
disease onset is so rapid presented itself as a strong advantage to pharma industry, even
though the model lacks scientific accuracy when compared to the human RA. To date the
exact aetiology of AA is not very clear, yet the immunodominant antigen was found to be the
heat shock protein 65K (HSP65) peptide derived from the Mtb that induces a joint specific T

cell responses®.

Most inbred rat strains develop RA-like disease after the injection of incomplete Freund’s
adjuvant or Pristane (saturated alkane) which lacks the heat-killed Mtb'%. These models are
termed as Oil-induced arthritis (OlA) and Pristane-induced arthritis (PIA), respectively.
Several disease modifying anti-rheumatic drugs (DMARDs) and corticosteroids were
validated for efficacy in PIA rats before reaching the clinic as gold standard treatment for
RA, For instance, administration of Methotrexate, Cyclosporine A, Dexamethasone and
Etanercept in rats pre and post onset of PIA significantly reduced arthritis severity®®. This
highlights the similarities in PIA pathology compared to RA however, no gender
differences were detected which contradicts the discrepancy in gender prevalence found in
human RA. Furthermore, post-onset administration of a-1L17 antibody intravenously to rats

significantly reduces arthritis severity and neutrophil infiltration in PIA, which hints for a
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role of IL17 producing T cells in maintaining inflammation and in recruiting neutrophils to
the joints'®. What really stands out in this model is the ability to adoptively transfer PIA
using pristane primed CD4 T cells. In fact, it has been elegantly demonstrated that T cells
,derived from joint-draining lymph nodes of pristane immunized rats, induce a chronic
relapsing arthritis that is highly associated with IL-17 production and neutralization of that

cytokine dampened the severity of PIA%,
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2 RESEARCH AIMS

Applying forward genetics to map QTL has proven to be the optimal strategy to unravel
arthritis-regulating genes in an unbiased way. After decades of breeding and tedious genetics
work, several QTL were identified in rodents and positional cloning proceeded. The overall
aim of this thesis is to pinpoint disease-regulating genes and explore potential mechanisms
that define their function. This is true for the first 3 studies, while the last manuscript drifts
away from the forward genetics approach and dives into the realm of regulatory B cells and

their role as regulatory mediators of inflammation.
More tailored aims for each study are mentioned below:

e Study I, the focus was to positionally clone and functionally characterize the
arthritis-regulating gene within a 200kb chromosomal interval defining the
Pia7/Cial3/Oia2 QTL using congenic rats.

e Study I, the goal was to identify the gene responsible for susceptibility to T cell-
driven autoimmune models within a 500kb chromosomal fragment on the Cia37

locus in mice.

e Study I, in this manuscript we set to investigate the interaction between the two

most significant arthritis QTL in rats.

e Study IV, we questioned the curent dogma concerning the selection of antigen-

specific B cells and their role in controlling antigen-specific autoimmunity.
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3 MATERIALS AND METHODS

3.1 ARTHRITIS INDUCTION

For PIA induction, a single dose of 150ul pristane (2,6,10,14-tetramethylpentadecane) was
injected intradermally. For OIA induction, a single dose of 150ul mineral oil (incomplete
Freund’s adjuvant /IFA/) was injected intradermally. PIA and OIA are rat restricted models
used in Study I and I11.

For CIA induction in rats of Study I and 111, a single dose of 100ug of rat Col2 in 100ul of a
1:1 emulsion with IFA and PBS was injected intradermally. For CIA induction in Study I
and 1V, mice were immunized at day 0 with 100ug of rat Col2 in 100ul of a 1:1 emulsion in
CFA and PBS intradermally. Mice were boosted at day 35 with 50ug of rat Col2 in 50ul of a
1:1 elusion in IFA and PBS.

All used rodents were older than 8 weeks old. All experiments were performed with
littermate rats and mice that are age-matched, distributed within the cages and blindly
evaluated by the investigator. The rats and mice were daily inspected which involves
monitoring the limbs for arthritis development by a previously described macroscopic scoring
system'%, Briefly, 1 point was given for each individual swollen and erythematic toe and up
to 5 points for an inflamed ankle (15 points in total per paw). The scoring was carried out
every other day for 20-30 days after disease induction. No points were given to deformed

paws that did not exhibit signs of edema.

3.2 CARRAGEENAN AIR-POUCH MODEL

Air pouches were formed in 10- to 12- weeks old rats according to the described protocol*t®
and was only used in Study I11. Briefly, 5 to 6 ml of sterile air was injected in the region
between the scapulae of the animals. 3 days later, 2 to 3 ml of air was reinjected in the same
spot to reconstitute the pouch structure. Induction of the inflammation was carried out by
injecting at day 6, Iml of 1% A-Carrageenan solution and rats were sacrificed shortly after.
Inflammatory exudate as well as air pouch cells were harvested using PBS supplemented
with EDTA. Cells were processed by flow cytometry and cytokine concentrations were
determined by sandwich ELISA.

3.3 FLOW CYTOMETRY

Single cells suspensions were carried out in ice-cold fluorescence-activated cell sorting
buffer (Ca2*-and Mg2*-free Dulbecco’s PBS supplemented with 1% fetal calf serum, 2
mmol/L EDTA) and blocking was presumed using 2.4G2/BD Fc Block (CD32) antibody.
Subsequently, cells were stained with a saturating concentration of monoclonal antibodies
on 96-well V-bottom polypropylene plates. After extracellular staining, cells were
incubated in fixation/permeabilization buffer and washed with permeabilization buffer
before intracellular staining. Both live/dead stain (Invitrogen, Carlsbad, CA) and the
forward scatter vs. side scatter plot were used to include only live/singlets. A SORP BD
LSR 1l analytic flow cytometer was used for acquisition, and the data were analyzed with
FlowJo software version 8.8.6 (Tree Star, Ashland, OR). For intracellular cytokine staining,
cells were stimulated in vitro with PMA 10 ng/mL, ionomycin 1 pg/mL, and brefeldin A 10
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ug/mL for 4 to 6 h at 37 °C prior to fixation, permeabilization, and staining. This same
staining procedure was carried out in Study I, I1, I11 and IV.

The protocol | Study 111 for the ligand detection using bead-based assay was based on a
previously described protocol with minor changest!!. Briefly, compensation beads were
coated with anti-histidine mAb. Subsequently, Dcar-EPN, Dcar-QPD and a decoy protein
was used to couple it to the beads via the polyhistidine-tag and the whole complex was
incubated with FITC-tagged Zymosan bioparticles at different concentration as illustrated in
Fig. 6A. Beads were gated, and non-singlets were excluded using FSC-A vs. SSC-A followed
by determination of geometric mean fluorescence intensity of FITC channel.

3.4 EXTRACELLULAR AND INTRACELLULAR ROS DETECTION

For flow cytometry-based detection of intracellular ROS in Study 111, blood and BM cells
were incubated with dihydrorhodamine (DHR) 123 and stimulated with PMA, Fmlp,
Zymosan and absence of stimuli. Geometric mean fluorescence intensity of rhodamine 123
was corrected for background fluorescence (dimethyl sulfoxide) and fold increase was
determined. For chemiluminescence based detection of extracellular ROS, BM cells were
plated in duplicates and stimulated PMA, Fmlp, Zymosan and absence of stimulus. Next,
extracellular ROS was measured chemiluminescence assay in HBSS*™ containing isoluminol/
HRPII. Data output was measured in relative light units (RLU), and total RLU integrated
over time was plotted.

3.5 MAGNETIC BEAD-BASED ENRICHMENT

Study 1V required sorting of antigen-specific B and T cells, we therefore resorted to
magnetic enrichment for flow cytometric analysis and downstream assays.

Col2-specific T cells

The PE-enrichment method was adopted from a previously published protocol*!?. Briefly,
spleens and iLNs were mashed and pooled, and single-cell suspensions were prepared from
immunized and naive animals. Cells were stained with Ag-galCol2-PE tetramer. Next, cells
were washed and incubated with MACS anti-R-Phycoerythrin. Cells were washed again,
loaded onto LS columns, and washed with MACS buffer. Tetramer-specific T cells were
eluted by flushing 5 mL of MACS buffer using the plunger. Collected cells were stained for
surface markers and analyzed by Attune NXT (ThermoFisher) or LSR 11 (BD).

C1-specific B cells

Typically, five spleens were mashed, and pooled, and single-cell suspensions were prepared
from naive animals. Cells were stained with C1-PE tetramer, washed, and incubated with
MACS anti-R-phycoerythrin. Cells were washed again and loaded onto LS columns and
washed MACS buffer. C1 B cells were eluted by flushing MACS buffer using the plunger.
Collected cells were counted, stained for surface markers, and analyzed by Attune NXT
(ThermoFisher) or LSR 11 (BD).
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3.6 C1-B CELL FLUORESCENCE-ACTIVATED CELL SORTING

Epitope-specific B cells in Study IV were sorted from naive and immunized mice. Briefly,
single-cell suspensions were pelleted, stained with TCRB and CD11b biotinylated
antibodies and then washed extensively after incubation. Cells were suspended in MACS
buffer and incubated with anti-biotin microbeads followed by a washing step. Next, cells
were passed through LD columns and washed twice with MACS buffer. Collected unbound
cells were resuspended in PBS and stained for CD19/B220, C1-tetramer, and live/dead dye
to be further sorted via BD FACSAria Ill. Cells were gated for live, CD19*B220* and
sorted depending on C1-tetramer staining. 0.5 to 1 million pure (>90% purity) C1 B cells
and C1" B cells were collected for downstream application.

For human single-cell sorting, whole blood (100-400 mL) from healthy blood
donors was purchased from the transfusion unit at Karolinska Hospital (Solna, Stockholm)
and peripheral blood mononuclear cells were isolated via density gradient centrifugation
using Ficoll-Paque Plus in SepMate™-50 tubes. Cells were counted and stained with C1-
PE tetramer. Next, cells were washed twice with MACS buffer and anti-PE beads were
added followed by a washing step. Cells were passed through LS columns according to
manufacturer’s protocol. Collected C1-B cells were stained with dead cells discriminator
dye and anti-human antibodies, CD3, CD14, CD19, GPO-tetramer-APC. C1-tetramer” B
cells (Live/CD3CD14/CD19*/GPO-tetramer’), GPO-tetramer® cells (Live/CD3.CD14.
/CD19%/C1-tetramer’) and random B cells (Live/CD3'CD14/CD19*/GPO and C1-tetramer’)
and single-cell sorted into 96 or 384 well plates via BD FACSAria Ill.

3.7 EXVIVO EXPANSION OF HUMAN B CELLS

Complete B-cell medium was prepared using RPMI supplemented with ultra-low 1gG fetal
bovine serum, MEM non-essential amino acids, sodium pyruvate, [3-mercaptoethanol, and
penicillin/streptomycin. We supplemented the complete medium with recombinant human
IL-21, recombinant human IL-2 , human holo transferrin, and ODN 2006 (5'-
tcgtcgttttgtegttttgtegtt-3’ with a nuclease-resistant phosphorothioate backbone). C1-B cells in
Study 1V were enriched magnetically from HD PBMC and single-cell sorted into TC-treated
96 well U-bottom plates prefilled with 1 x 10* CD40L-expressing irradiated fibroblasts (50
Gy dose) in complete B-cell medium. Cells were cultured for a determined period. Culture
supernatants were carefully aspirated and screened for anti-C1, anti-GPO, total 1gG, and IgM
antibodies.

3.8 ETHICAL CONSIDERATION

The guidelines supporting the humane use of animals in basic research are known as the 3Rs.
Replace or avoid the use of animals when possible. Reduce the number of experimental
animals to obtain comparable level of information. Refine the method to minimize pain,
distress, suffering and improve animal welfare. Implementing these guiding principles
ensures an optimal experimental design and statistical evaluation, transparency in conducting
animal research, standardized husbandry at different facilities and promote reproducibility.

That said, do we really need months of negotiation and political lobbying to
accept or decline an ethical permit application?
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Ethical permit can be considered as the rulebook of animal handling and practice. They are
specifically tailored for each field to serve scientific purposes. If you lack that holy
document, working on animals is strictly prohibited. Renewing the ethical permit is a
tedious process that requires endless forms and pretentious signatures. Problems will most
likely arise along this procedure and solving them is even more time consuming. Infinite
meetings, legislations, rebuttals, and agreements that ultimately lead to a butchered version
of the starting ethical application with ridiculous changes that affect the overall
experimental procedures.

We definitely need regulations, but they also need to be backed by a strong rational and not
by the fallacies of collective belief. Most of ethical beliefs are fictional, a projection of our
limbic system that do have advantages and disadvantages. We need to keep in mind that It
was not the scientists that led the war, it was not researchers that killed people, instead it is
a decision taken by the powerful minority that are often exempt from any sort of regulation
(presidents and governmental officials).

Lastly, instead of wasting so much time and effort on tightening the belly chain, we should

loosen the restrictions and revisit our ethical considerations. Ethics is an evolving practice
rather than a static process.

26



4 RESULTS

4.1 STUDY I: IDENTIFICATION OF CLEC4B AS A NOVEL REGULATOR OF
BYSTANDER ACTIVATION OF AUTO-REACTIVE T CELLS AND
AUTOIMMUNE DISEASE

The dark agouti (DA) rat is an extraordinarily inbred strain due to their susceptibility to
different inflammatory and autoimmune diseases'%. The arthritis permeable phenotype can
be mapped to loci on distinct chromosomes that control some aspects of the disease like
incidence, severity, and antibody level. The mapped chromosomal fragments or quantitative
trait loci (QTL) come in variable sizes (from thousand to million bases) and harbor
polymorphic genes. Identification and positional cloning of disease-causing genes have been
proven to be a difficult task but not impossible. PIA7 is one of the most prominent rat QTL
that was previously identified to regulate CIA, OIA and even EAE in a cross between DA
and an arthritis resistant inbred strain (E3)!®. Located on chromosome 4, PIA7 harbored a
cluster of genes coding for the group Il of CLRs including Clec4a isoforms (Clec4a-
Clec4a3), Clec4b, Clec4d, Clecde, Clec4dn (pseudogene). After sequencing of the complex, 2
main coding polymorphisms were identified in DA rats and were linked to the disease

phenotype observed.

The first was a nonsense mutation in the second exon of Clec4b leading to a stop codon and
the second was a non-synonymous SNP in the transmembrane domain of Clec4e. The latter
was dismissed because of a cross between DA and another inbred strain (BN), that shares the
same Clec4e SNP but differs in the Clec4b region, did reproduce the QTL. The Clec4bPA
variant became the most probable candidate for disease regulation as it is a natural knock-out,
the ‘cleanest’ genetically unmodified knock-out. Indeed, we presumed to characterize the
function of this receptor Study 1 to elucidate its role in autoimmunity.

Even with the scarce antibody panels designed for the rat, we could isolate CD4" antigen
presenting cells (APC) and demonstrate that they express of Clec4db at a steady state level.
Moreover, this population expanded in the spleens of DA rats with the highest expansion at
day 3 and 4 when compared to the congenic rat bearing the protected Clec4b®® variant. In
vivo recall assay of T cell adoptive transfer revealed the regulatory function of Clec4b over

the proliferation, activation, and 1L17 production in transferred CD4" T.
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4.2 STUDY II: VITAMIN D3 RECEPTOR POLYMORPHISMS REGULATE T
CELLS AND T CELL-DEPENDENT INFLAMMATORY DISEASES

CIA is an extensively used model that closely mimic RA. Like RA, CIA is a complex,
polygenic disease that depends on T and B cell responses. Previous QTL were mapped
following crosses between arthritis susceptible and resistant mice inbred strains and
subsequent underlying polymorphisms were identified!*41%6, Study 11 focuses on positionally
cloning the disease-regulating gene within CIA37 mouse QTL previously mapped on
chromosome 15. The sizable CIA37 locus (54 centimorgan) from the DBA/1J was
introgressed into H-2A% bearing C57BL/10 mice and through selective breeding the fragment
was reduced to 500kb.

This subcongenic strain retained the disease phenotype observed previously in the parental
strain but was demonstrated to solely regulate T cell mediated autoimmune models. Within
the fragment 8 polymorphic genes were identified and sequencing revealed 5 coding non-
synonymous SNPs. None of the coding SNPs had any functional or expressional implication
and were therefore dismissed. Thereafter, the focus was then shifted towards noncoding
SNPs. Expression analysis of the fragment-containing genes identified Vdr as a potential
candidate as SNPs within its promoter region regulated its expression mainly in T cells.
Remarkably, the overexpression of Vdr in the sub-congenic strain had no repercussion on
bone density and calcium as was previously described in knock-out animals. This could be

explained by the restricted overexpression of Vdr in T cells.

The increased susceptibility in the Vdr overexpressed sub-congenic strain was attributed to an
enhanced T cell response which ultimately resulted in an increased inflammation. Proteomic
analysis targeting VDR signaling uncovered a proinflammatory phenotype in activated T
cells. Yet, non-physiological supplementation with vitamin D3 via osmotic pumps reversed
the phenotype. Altogether, we show the anti-inflammatory properties of this hormone when
used in excess, we demonstrate that physiological levels of VDR and vitamin D3 are

necessary to mount an efficient immune response.

4.3 STUDY Ill: GLYCAN ACTIVATION OF CLEC4B INDUCES REACTIVE
OXYGEN SPECIES PROTECTING AGAINST NEUTROPHILIA AND
ARTHRITIS

Even when different QTL are elucidated and disease-regulated genes are positionally cloned,
it remains crucial to investigate the potential interaction between them. In fact, the two most
significant arthritis-regulating genes in DA rats have been found to be Ncfl and Clec4b!’.

The former is a vital member of the NADPH oxidase 2 and is imperative for a physiological
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phagocyte-associated oxidative burst!!8, while the latter was the focus of Study I. In an
attempt to reproduce the human scenario of polygenicity, we proceeded to examine the
interaction of both genes (under a controlled environment) in models of autoimmunity and

inflammation as depicted in Study I11.

To qualitatively measure this interaction, we bred 4 groups of rats on the DA background that
harbor the E3 variant of Ncfl or Clec4b, a double congenic rat containing both variants and a
DA control. Next, we assessed PIA severity, incidence, and oxidative burst capabilities in all
subcongenic groups and uncovered an epistatic relationship between Clec4b and Ncfl.
Neutrophils express high levels of Dcar (protein encoded by Clec4b) at the steady state and
their dramatic infiltration to lymphoid organs (spleen and draining lymph nodes) during the
first days of PIA and OIA correlated with the loss of Clec4b. Because conventional arthritis
models are governed by intricate interaction between both arms of the immune system, we
resorted to an acute model of inflammation where only the innate immune cells are
implicated. The neutrophil, cytokine, and chemokine phenotype replicated in the carrageenan

air pouch was solely regulated by the expression of Clec4b.

Phagocytes undergo oxidative burst when subjected to innate stimuli such as components of
the yeast cell wall (Zymosan). Interestingly, the neutrophils that contained E3 variants of
Clecdb and Ncfl exhibited the highest ROS production when Zymosan was used to
stimulated neutrophils. Therefore, we hypothesized that Zymosan-induced ROS production
could be mediated by Dcar. To test this, we recombinantly expressed Dcar and assessed its
binding affinity to Zymosan using a bead-based method. Indeed, Dcar binding to Zymosan
was mostly dependent on a tripeptide motif within the carbohydrate recognition domain.
Taken together, we conclude that Clec4b signaling leads to ROS production which inhibits

neutrophilia and arthritis.

4.4 STUDY IV:BONE MARROW-SELECTED ANTIGEN SPECIFIC
REGULATORY B CELLS

Unlike the constant evolution in the field of T cell selection, B cell selection has been
dominated by the dogma established by seminal studies at the end of the 20" century*. The
accepted theory is that autoreactive B cells are functionally impaired or deleted in the bone
marrow. The models used to demonstrate these mechanisms of selection are elegant yet suffer
from couple of shortcomings. One is the nature of the antigen used which is many cases is not
truly ‘self-antigens’ but rather neo-antigens (hen egg lysozyme) in combination with a
transgenic B cell cognate receptor!'®. The second is the systemic availability and the nature of

the antigen utilized (soluble/cellular)*%.
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Over decades our lab has extensively studied mouse models for rheumatoid arthritis, the most
common autoimmune disease. This resulted in identifying highly conserved B cell-restricted
epitopes (Cl-epitope) on the injected antigen, collagen type-1l (Col2). Thus, utilizing
tetramers loaded with one of the Col2-specific peptides, we followed the fate of epitope-
specific B cells, termed C1-specific B cells, in the presence of a physiologically expressed
self-antigen (expressed in the bone marrow and articular joints). Surprisingly, C1-specific B
cells were not deleted nor anergic as they were tracked throughout B cell ontogeny. Based on
our observation that Cl-specific B cells remained functionally active and essential for
regulating arthritis, we dubbed them regulatory B cells. Due to the scarcity of C1-specific B
cells, we employed VVDJ knock-in mice to further analyze and characterize these cells by
proteomics, metabolic assays, and flow cytometric analyses.

We were able to translate our findings to human by isolating the C1-specific B cells from
healthy blood circulating cells using the same tetramer used in mice. Then, we expressed 3
monoclonal anti-Col2 antibodies from their recombined immunoglobulin VVDJ sequences and
validated the binding and specificity of these C1-specific antibodies. These data corroborate
the notion that antigen-specific regulatory B cells populate the physiological repertoire in all

species analyzed (mouse, rat and human).
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5 CONCLUSIONS

A general conclusion can be drawn from Study I, 11 and 111, collectively. Despite the focus
on T cells in Study I and Il, the modulation of the innate compartment described in Study
111 depicts a more comprehensive story regarding the implication of both arms of the immune
system in mediating autoimmunity. The role of T cells in autoimmune arthritis models is
evident in T cell deficient mice (RAG™ mice) and autoreactive T cells (Col2-specific) can be
readily isolated in mice as well as humans. Study I and Il describe the influence of different
genes in the priming of autoreactive T cells, in a bystander or intrinsic way. While Study 111
shed some light on the mechanisms that could explain the effector phase of arthritis.

B cells were the focal point of Study IV for their indispensable role in inducing arthritis.
Autoreactive B cells in RA are poorly defined because of the lack of a relevant autoantigen
on the one hand and the mechanisms of B cell selection on the other hand. We identified a
subset of B cells, specific for a physiologically expressed protein (Col2), to be positively
selected for regulatory reasons. The main role of these autoreactive B cells is to uptake, prime
regulatory T cells and ultimately inhibit arthritis in an antigen-specific manner.
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