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"... one’s impression is that this is a slightly truncated PhD thesis"
-R2






ABSTRACT

The major histocompatibility complex (MHC) is an allele-rich and exceptionally gene
dense region on human chromosome 6. Over 40% of the genes in this region have
immune-related functions, including genes encoding MHCI and MHCII molecules.
These molecules, which are found in nearly all vertebrates, present antigenic peptides to
CD4 and CD8 T cells. Alleles of MHCI and MHCII are believed to be strong risk factors
in autoimmune disorders, such as rheumatoid arthritis (RA), as well as in infectious
diseases. However, the differentiation between haplotype and allele associations in the
MHC is not straightforward. Strong linkage disequilibrium exists between gene
segments throughout the region and impedes identification of disease associated
variants. These gene segments can be isolated and studied individually in congenic mice
and rats. We produced for this thesis an extensive number of intraa MHC congenic rats
to study the association between MHC genes and experimental arthritis, T cell selection
and MHC regulation. Study I describes a genome-wide approach in heterogenous stock
rats to identify quantitative trait loci (QTLs) associated with variations in MHC levels
and CD4 and CD8 T cell numbers. A total of 10 QTLs were identified, of which 3
mapped to the MHC. We showed by congenic mapping that two minimal haplotypes of
~0.2 Mb explained the associations to the MHC. We further identified two allelic
variants of the gene Tap2 that contributed to the variation in T cell numbers. Study II
describes the effect of these minimal haplotypes on arthritis development and positions
the MHCII region for the first time in an adjuvant model. We show that genes in the
MHCII regulate onset, progression and severity of arthritis but not chronicity.
Comparative analyses of different congenic MHCII haplotypes showed an inverse
correlation between arthritis severity and proportion of recent thymic emigrants. Study
III shows an MHCII associated T cell response to the cartilage protein collagen type XI
in chronic pristane-induced arthritis (PIA) and the corresponding antibody response to
the same antigen in human RA. Study IV describes the adoptive transfer of PIA in DA

rats and outlines the conditions necessary for the model.
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GENETIC MAPPING

Introduction to genetic mapping

There are several strategies to map genes in animals and most, if not all, of these are
based on the existence of genetic markers. These markers, which are relatively common
(microsatellites) or very common (single nucleotide polymorphisms), are used to
position quantitative trait loci (QTLs) within the genome, ecther by linkage or
association. A classical method to position (or map) QTLs is to study genetic
segregation by linkage in a cross between two inbred strains. The method is simple but
rarely provides information on gene level. However, it does provide a good starting
point for a congenic strain, in which a segment from one strain is inserted (or isolated)
within the genome of another strain. In contrast to a cross, a congenic strain is
genetically stable and therefore suitable for functional studies.

The poor resolution that is obtained in a two-strain segregation study is the major
disadvantage of the method. A heterogenous stock is derived from a larger number of
founder strains and the allelic diversity is therefore greater than in a conventional cross.
By increasing the allelic diversity, the number of phenotypes that can be captured
increases and more QTLs can be identified for each phenotype. However, a
heterogenous stock does not necessarily lead to increased resolution, as the resolution is
dependent on the recombination frequency. More recently, other types of crosses have
been developed or are currently under development, such as the collaborative cross
and outbred crosses’.

Regardless of model, mapping genes in animals to explain phenotypes in humans
depend on (1) the quality of the phenotype (how relevant the phenotype is for the
human trait), and (2) genetic heterogeneity. The quality of the phenotype, for example
arthritis, is only valuable if it shares mechanisms relevant to the human trait
(rheumatoid arthritis in this case). The second point (genetic heterogeneity) relates to
the disadvantage with a conventional cross. Traits associated with rare alleles in
humans might be associated with rare alleles also in other species. Hence, the chances of
identifying a gene depend on its allele frequency in a population. Fortunately, different

genetic variants may produce similar effects and, hence, a gene may be identified in an



animal model even if the causative variant is not the same in humans. Moreover, a gene
may be mapped to a pathway that is of relevance in humans even if the gene itself is not.

Below, I describe strategies for genetic mapping that are of relevance for this
thesis, in particular the generation of congenic and recombinant strains. First, however,
I discuss the evolution of genetic markers and the importance of recombinations, which

is the basis of virtually all genetic mapping.

Evolution of genetic markers

The advent of modern agriculture in the 1930s demanded new strategies to control
breeding (Figure 1). However, in the beginning of the century, suitable markers were
limited to morphological and biochemical phenotypes and it was not until the
development of restriction fragment length polymorphisms (RFLPs) in 1974,
researchers for the first time could use genetic markers to detect QTLs. Although
diallelic, RFLPs were believed to exist throughout the genome, and therefore be suitable
for genetic mapping. Indeed, these markers were used to perform the first genomewide
scan, which was conducted on tomatoes by Paterson in 1988'. However, since they are
diallelic and therefore non-informative (homozygous) in many loci, RFLPs were less
suitable for large genetic studies in animal species.

It has been known since the 1960s that a large proportion of the genome consists
of repetitive sequences. These sequences, which are mainly dinucleotide repeats, are
found almost exclusively in non-coding regions, and at least some of these sequences
seem to have regulatory properties’. Three groups showed independently in 1989 that
these repetitive sequences, which were named microsatellites or short tandem repeats
(STRs), if consisting of less than 6 base pairs, were suitable for genetic studies’®.
Microsatellites were more frequent than RFLPs and easier to use than these. Most
importantly, these new markers were polymorphic, also in animals, and by definition
codominant (i.e. heterozygous and homozygous alleles are informative). Hence,
microsatellites could be used to generate dense genetic maps for a large number of

species. However, their relatively high mutation rate makes them evolutionary instable.
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Figure 1: The evolution of genetic markers. The era of modern genetics started with the invention of
the restriction fragment length polymorphism (RFLP) and Southern blot techniques in the 1970s.
However, the first major step towards a full genome characterization was taken in 1989 by the introduc-
tion of microsatellites which was followed by single nucleotide polymorphisms in the 1990s.

Although of minor importance in a conventional cross, this "drift" in genotypes makes
them incompatible for tracking ancestry in population studies

Today, single nucleotide polymorphisms (SNPs) have largely replaced
microsatellites. The accomplishment of the human genome sequence in 2003 showed a
remarkable genetic variation, of which most were polymorphisms in single nucleotides,
and by using SNPs, genetic associations could be obtained with a much higher

resolutions than with microsatellites.

Recombinations and mapping resolution

Recombinations, or chromosomal crossovers, involve the exchange of genetic material
between different chromosomes or, to a less extent, between different regions on the
same chromosome. Recombinations and mutations are together responsible for
creating the patterns of genetic diversity and variation. Crossovers do not occur
uniformly on the chromosomes but rather within narrow intervals of 1-2.5 kb>''. These

intervals, which are referred to as recombination hotspots, are scattered throughout the



genome. However, they are more common near the telomeres, and less common on the
X-chromosome than on the autosomes, at least in rodents'”. Moreover, recombination
frequencies differ between species, being about two-fold greater in humans (~1.2
cM/Mb) than in rodents (~0.55 cM/mb). They are also more common on smaller
chromosomes than on larger'?. Recombinations are also more frequent in oocytes than
in sperms and, hence, the recombination rate is higher in females than in males. An
exception seems to be recombinations near the telomeric regions, which are more
common in males".

Studies in humans have shown that the average distance between hotspots is 50
kb and that roughly 80% of the genome is unaffected by recombinations*. No
consensus sequence has been found so far to explain the existence of recombination
hotspots. However, certain repetitive sequences, in particular those with high GC-
content and multiple CpG islands, are positively correlating with the presence of
recombination hotspots'. That hotspots are sequence related is consistent with studies
in mutated yeast cells' and from studies in mice, which have shown that
recombinations are haplotype dependent”'. Interestingly, hotspots emerge and,
mainly, disappear in a rate that is disproportionate to the change in nucleotide
sequence, which suggests that epigenetic modifications may contribute to the variation
in recombination frequency". In addition, active hotspot alleles are rapidly replaced by
inactive, suggesting that the recombination frequency is steadily decreasing in a
population®. That hotspots are not conserved between humans and chimpanzees,
which is our closest living evolutionary relative (humans and chimpanzees share 99%
sequence similarity), is therefore not surprising”. However, while hotspots evolve
rapidly, recombination rates are constrained over larger intervals (several Mb), even
between species.

Recombination data are available from pedigrees, linkage analysis and from
genotyping of single-sperm cells***’. Sperm typing has been the chief method to detect
recombinations in humans as it can be used to screen thousands of haploid cells.
However, today recombinations can be inferred indirectly by using high-density
sequence polymorphism data. Although based on historical recombinations and

estimations, these data are largely consistent with data from spermtyping.



Segregation and linkage analyses

Linkage mapping (or family mapping) uses family data, or pedigrees, to identify genetic
regions that are associated with a trait. This information can further be used to establish
a congenic strain or an advanced intercross line*. The regions that are identified in a
linkage study are large, often in the order of 10s of megabases or more” and the
information that can be obtained is therefore limited. Furthermore, QTLs that consist
of multiple linked genes with alleles that have opposite effects on a trait will be difficult
to detect with a linkage study. Hence, a linkage study will underestimate the true
number of QTLs in a population.

In order to obtain a linkage map, genotype information needs to be collected
from a set of genetic markers. However, since the expected number of recombination
events is low in a cross or in a small set of family members, a relatively small number of
markers need to be typed. Moreover, markers do not need to be physically mapped ©
the genome to be used in a linkage study since only the linkage (and not the physical
distance) between traits and markers is studied.

A schematic illustration showing the principles of linkage mapping is shown in
Figure 2. In this example, genetic loci are segregating in a cross between two
homozygous strains (represented as blue and red chromosomes in Figure 2A).
Naturally, chromosomal crossovers that take place in homozygous individuals will not
be informative, and the first generation (F1) therefore consists of genetically identical
animals only. Whether markers that are linked in the F1 individual will remain linked
after meiosis depends on the distance between them (Figure 2B). Markers that are far
apart are less likely to be inherited together and markers that are inherited more often
than expected are said to be in linkage disequilibrium (LD). If markers are positioned
on different chromosomes, the recombination frequency between them is 50%. To
express the linkage between markers and traits or between different markers, geneticists
use LOD scores (logarithm of odds; Figure 2C). While a positive LOD score suggests a

true linkage, the significant threshold is dependent on each particular experiment.
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Figure 2: Recombinations and Linkage Analysis. Recombinations do not occur randomly but rather
within defined intervals (recombination hotspots). Still, two genetic markers (here represented as
microsatellites, STRs) that are far apart are less likely to be inherited together. (A) Segregation of genes
and markers following a recombination between locus B and locus C. (B) Microsatellite markers STR
006 and 007 are in linkage with locus C. (C) The probability that markers 001-013 and locus C is
significantly associated is expressed as LOD scores.

Congenic strains and recombinant lines

Congenic fine-mapping of loci identified by linkage mapping is a proven strategy to
positionally clone genes*®”. The resolving power of congenic mapping is determined by
the gene density in a particular region of interest and the capacity to generate and
screen a sufficiently large number of mice or rats. It is possible to theoretically estimate
how many animals that are needed to reduce a region to a fragment of a particular
size’®. For example, to obtain a 0.15 cM fragment from a 4 cM region requires ~1300
mice, whereas ~40.000 mice would be required to achieve the same results by typing a
conventional intercross”. Thus, a congenic strategy is ideal to fine-map a locus, while a
linkage study is necessary to identify suitable QTL candidates. However, promising
QTLs with strong and significant linkage may also fractionate into multiple smaller
effects or, worse, into no effect at all when genetic interactions are broken®.

To generate a congenic strain by conventional breeding is time-consuming as it
requires at least 10 backcross generations, corresponding to 2.5- 3 years time, to obtain
a 99.9% pure genetic background’. By marker-assisted breeding, the same purity can be
achieved with half as many backcross generations®>. However, this speed congenic
method requires more genotyping and therefore more hands-on work. A congenic

fragment that is isolated by speed congenic or conventional methodologies is on



average 20 cM™. A first step towards positional cloning is therefore to generate sub-
congenic or recombinant strains. This is accomplished by segregation analysis, using
the same principles as outlined in Figure 2. However, since the congenic region is
defined by its physical fragment no other markers than those specific for the fragment
need to be typed.

A positional cloning approach will rarely lead to a single-gene fragment. More
often, genes have to be excluded by other means, such as sequencing and expression
analysis. By comparing alleles from different haplotypes, candidate variants can be
identified and non-polymorphic gens can be excluded. This strategy, which was used
for Study I and Study II in this thesis, is particularly suitable when dissecting a highly

polymorphic region that is constrained by strong LD.

Heterogeneous stock

Heterogeneous stock (HS) animals provide QTLs at a higher resolution than a
conventional cross and the mapping is less laborious than with a congenic strain®. An
HS is derived from eight inbred founder strains thathave been semi-randomly bred for
40-50 generations, which should maintain heterozygosity. Thus, in contrast to a
conventional cross, in which the mapping resolution is dependent on new
recombination events, the recombinations in an HS have accumulated over
generations. It is therefore possible to map QTLs with high resolution within a
relatively short time period.

Haplotype blocks (i.e. the distance between recombinations) in an HS approaches
2 cM (~3 Mb in mouse) and, hence, the resolution is 10-fold higher in an HS than in a
conventional cross. Corresponding haplotype blocks in humans and outred mice are
~9-18 kb and 100 kb, respectively’*. Although better resolving power, the fixed strain
composition in an HS is a limitation. In a conventional cross, strains are selected
specifically for their phenotype. For example, a cross aiming to detect QTLs for diabetes
needs to contain both diabetes susceptible and resistant alleles. In an HS, however, the
strain composition is fixed and whether the stock is suitable needs to be tested
empirically. In mice, two separate but strain-wise similar stocks are available: the

Boulder and the Northport stocks’*>%. Thus, there is at least a theoretical possibility to



assess suitability in two different stocks. The only HS that has been developed in the rat
was founded at the NIH in 1984, using the inbred strains ACI/N, BN/N, BUF/N,
F344/N, M520/N, MR/N, WKY/N and WN/N*. We used the NIH-HS to detect QTLs
associated with variations in T cell subsets and MHC expression in Study I. However,
our first intention was to use this stock to map genes controlling pristane-induced
arthritis (PIA), a model for rheumatoid arthritis. However, the NIH-HS turned out to
lack critical arthritis promoting alleles’®”, and a pilot study on ~100 HS individuals
confirmed that it was not suitable for this purpose (Rintisch, unpublished data).
Ahlqvist et al. experienced similar problems when using the Northport stock to map
arthritis susceptible genes in collagen-induced arthritis (CIA)*. Susceptibility to CIA is
strictly dependent on H2-A% and H2-A" MHCII alleles. Since neither of these MHCII
haplotypes were represented in the Northport stock, it was not surprising that the
Northport stock would be resistant to CIA*. Ahlqvist et al. therefore introduced the
arthritis permitting H2-A® MHC haplotype from the BQ strain in the Northport stock,
a strategy originally proposed by Mott and Flint”. Homozygous H2-A% mice were
selected to produce an F3 generation with fixed MHC alleles, which they used for
arthritis experiments. However, by introducing a disease permitting MHC locus, they
also introduced other BQ genes, which contracted the allelic diversity in the stock.

The large number of intercross generations in an HS introduces inbreeding as
well as complex family structures (private alleles) that, if not corrected for, lead to
confounded associations and an excess of false positives*. Compared to a fully
outbred population, an HS has some distinct advantages, however. Firstly, the allelic
variation is controlled as it is limited by the eight founder strains. Thus, by genotyping
the recombination breakpoints in the HS individuals, remaining variation can be
inferred and instead of sequencing each HS individual, it is enough to sequence the
eight founder strains. This concept was indeed proven in the rat HS (Baud et. al, Nature
Genetics, accepted), which further showed that relatively few QTLs could be explained
by a single variant. Secondly, alleles in an HS are not rare, as they are limited to the
allele frequency in the founder strains. In an outbred population, common alleles
become diluted as new alleles appear (through mutations and possibly recombinations).
Hence, the allele frequency increases in an outbred population. Rare alleles that
contribute to a trait are very difficult to control for and to map. The absence of rare

alleles in an HS (this assumes that no new mutations appear after the stock has been



founded) increases statistical power to detect QTLs, and decreases thereby the
requirement for large sample numbers.

In summary, an HS offers superior mapping resolution compared to a
conventional cross as well as more power to detect QTLs compared to an outbred

population.



MAJOR HISTOCOMPATIBILITY COMPLEX &
ANTIGEN PRESENTATION

Introduction to the MHC

The first complete sequence and gene map of the human major histocompatibility
complex (MHC) was reported in 1999 by the MHC sequencing consortium®. However,
the region was described 50 years earlier by George Snell, Jean Dausset and Baruj
Benacerraf for which they earned the Nobel prize in 1980, although at that time the
MHC was thought to consist of only histocompatibility genes**. The MHC was early
recognized for its extreme diversity”’, and for its association in many autoimmune and
infections diseases. It is therefore not surprising that the MHC has remained as one of
the most extensively studied regions in the human genome.

Here, I discuss the genomic organization of the MHC, the distance between
haplotype blocks as well as MHC class I and II antigen presentation, whereas the MHC
association in autoimmune diseases will be discussed in a later chapter. First, however, I

will introduce the somewhat confusing MHC nomenclature.

The MHC nomenclature

The MHC nomenclature is not straightforward. The term MHC is used in diverse ways,
although typically referring to the continuous sequence that in humans spans ~4 Mb.
Indeed, the word 'complex’ in MHC refers to the early findings that genes in this region
were clustered together and related by function’; however, this is not a universal
feature of MHC in all species’. Dawkins et al. suggested, however, that in order to keep
genes, gene families and region apart, the region should be referred to as the MHC
region’ rather than the shorter ' MHC®. However, since the latter is more common, I
will use MHC here when referring to the region and MHCI and MHCII when referring

to those particular subregions.
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Both classical and non-classical MHC genes in the rat are prefixed RT1, which is also
the name of the region. What the abbreviation RT1 formally stands for is unclear,
although Rat Transplantation locus 1 seems reasonable. In humans and mice, these
genes (and the region) are called HLA (Human Leukocyte Antigen) and H2 or H-2
(Histocompatibility locus 2), respectively. Moreover, according to standard
nomenclature, all gene names are depicted in italic whereas regular fonts are used for
protein names. Human gene names are spelled in capital letters (e.g. PSMBY9) whereas
rat genes names only have capital initials (Psmb9). Unfortunately, this consistency was
not adopted in the manuscripts and papers included in this thesis, in particularnot in
Study 1V, which uses 'chimeric' human and rat nomenclatures such as RT1-DQ and

RTI1-DR.

Origin and organization of the MHC

The MHC sequencing consortium determined the size of the human MHC to 3.6 Mb,
with an average gene density of 1 gene per 16 kb*. This should be compared to 1 gene
per 60 kb in the rest of the genome and 1 gene per 0.13 kb in the prokaryote E. coli*’.
This 'classical MHC' is flanked by extended MHCI (xMHCI) and xMHCII subregions,
which together with MHCIII and the classical MHCI and MHCII subregions make the
entire 'extended MHC' span about 7.6 Mb*. Approximately 420 genes are encoded
within the extended MHC, of which 60% are expressed and 22% have immune-related
functions. Within the classical MHC, roughly 40% have immunerelated functions
whereas all genes in the classical MHCII except RING3 encode components of the
adaptive immune system.

The second MHC sequence to be completed was the chickens' B locus™. The 92
kb B locus is far more simple than the HLA locus with only 19 genes encoded, but still
more complex than the MHC in frogs and sharks. MHC class I and II genes have been
found in all jawed vertebrates examined so far but not in jawless vertebrates (e.g.
hagtish, lamprey and sea urchin) or in invertebrates. Sharks possess the simplest form
of MHC, which have emerged some 520 million years ago. Sharks are also the oldest

living species that have an adaptive immune system and a functional MHC-T cell
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receptor (TCR) system, including the recombination-activating gene (RAG) that is
necessary for immunoglobulin (Ig) and TCR rearrangement.

Matsunaga et al. and others have suggested that the first prototypic MHC evolved
in fish that have started to develop jaw-like structures and that the adaptive immune
system evolved in the gastrointestinal area of these animals”. Hence, jaws, which
probably have evolved as a consequence of a predatory life style, may have triggered the
development of an adaptive immune system, which served to protect the animals from
gastrointestinal infections. However, the MHC as a region is older than the adaptive
immune system and therefore does not seem to have evolved around class I and II
genes. MHC genes such as NOTCH4 and RXRB are present also in organisms that lack
an adaptive immune system, while other genes with apparently no immunological
functions, such as RING3*, have coevolved with class I and II genes since the speciation
of jawed vertebrates. Hence, it is possible that the histocompatibility function of MHC
is an adapted feature while the original complex had other functions, possibly as a

system for sexual selection and avoidance of inbreeding”.

Linked and unlinked MHC

The MHCI and MHCII subregions are linked in most species but not in all. In the
teleost fish, the MH class I, II and III loci (since the major histocompatibility genes in
the fish are not part of a complex, the region is simply referred to as MH) are found on
different chromosomes®®'. Interestingly, framework genes, such as TAP, LMP and
RXRB, that in other species are located in the MHCII but functionally associated with
MHC class I presentation are in pufferfish and zebrafish linked with the classical MHC
class I genes®. In other species, such as the chicken and the quaiP>*, MHC is separated
into two clusters on the same chromosome, the B locus and the restriction fragment
pattern-Y (Rfp-Y). It is likely that these two loci reflect a duplication of a larger segment
in the avian MHC. Comparative studies have shown that both loci encode functional
and polymorphic MHC class I genes and that these genes share a large degree of
sequence homology. However, genes in the Rfp-Y locus appear to have more in
common with MHC class Ib (non-classical) than class Ia genes*. This would argue

more for an organization similar to the RT1 in the rat, where class Ia (RT1-A) and class

12



Ib (RT1-C/E/M) are separated by the MHCII and MHCIII loci. Also the swine has an
unlinked MHC. The swine MHC, known as SLA, is positioned on chromosome 7 but
MHCII and MHCI are separated by the location of the centromere. The SLA locus
appears to be the only mammalian MHC locus that has unlinked MHCI and MHCII

subregions®.

The class I region

Centromeric collinearity in the MHC begins with KifcI in rodents and humans®. This
gene is located in the z block, which is proximal (near the centromere) to RT1-A and
H2-K in rats and mice, respectively. The z block in humans accommodates the xMHCII
locus, which, except for RXRB and TAPASIN (Tap binding protein, TAPBP), contains
no immune related genes. MHC class I genes in rats and mice vary largely in copy
numbers between different haplotypes®”. The rat encodes 8 class I gene clusters, which
are depicted RT1-A, -CE, -N, -M1, -M4, -M3A, -M3B, and -M2%. The classical RT1-A
locus, which consists of three genes (A1, A2 and A3), is the only MHCI locus that is
located proximal to MHCII and MHCIIIL. The number of functional RT1-A genes vary
between haplotypes, and the current assembly (RGSC 5.0), which is based on the RT1"
haplotype, excludes RT1-A3. All remaining class I genes in the rat are non-classical
MHCIDb genes.

The rodent MHC has a block of olfactory receptor genes at the distal (telomeric)
end, which is substantially contracted in primates. In contrast, rodents lack the class I
linked MIC genes that are found in primates, although a MIC related gene family called
MILL has been mapped to chromosome 7 in mice®.

The MHCI genes demonstrate a large degree of plasticity between species, which
is not as evident for MHCII genes. In humans and chimpanzees, class I and MIC genes
are organized as repeating units within duplicated blocks (so called evolutionary or
frozen blocks). These blocks are serially connected as modules that have undergone
significant diversifications, which have resulted in the immense heterogeneity that
characterizes this locus. This diversification has further generated a large number of
defective genes, which possibly explains why more than half of the genes in the MHCI

are pseudogenes”. However, the module hypothesis does not fit with the expansion of
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class I genes in the rat. Hurt et al., who published the first rat MHC sequence in 2004,
noted similarities between genes in the RT1-A and the first telomeric RT1-CE clusters
but not with other MHCIb genes*. Their data suggested that MHCIb genes in the rat
were not generated through module duplications and they speculated that MHCI genes

in rodents might have evolved independently following the speciation of mouse and rat.

The class 1I region

Duplicated modules are also apparent in MHCIL; however, the orthologous
relationships between mice, rats and humans for genes in MHCII and, in particular,
MHCIII are more conserved in terms of gene order. Two larger blocks, known as
epsilon (DP and DM) and delta (DQ and DR) have been identified in HLA**. Moreover,
MHC class II alpha and beta genes appear in pairs except for DO, where the alpha and
beta genes are separated by the location of RING3, DMA, DMB, PSMB8, PSMB9 and
the TAP genes. The human MHCII contains 19 genes, of which 8 are pseudogenes. The
number of pseudogenes differs between haplotypes’ and they appear to have evolved
through duplications (mostly tandem) and have since then undergone diversifications
and lost their function. It is possible that pseudogenes may have been maintained in
this way to provide a source for generating new alleles by gene conversions®.

However, not all module duplications lead to a loss of function. Paralogs have
been shown for DQA, DQB and, in particular, DRB, while there is only one copy of
DRA. This gene (DRA) is also monomorphic in both rodents and humans, which
certainly reduces the total variation in the HLA-D locus substantially. It is known that
certain DQ beta chains form very instable dimers with certain DQ alpha chains and
these DQA and DQB alleles are therefore rarely found together on the same haplotype™.
Since DQ and DR genes are in strong LD, a non-polymorphic DRA gene may therefore
have been preferred in order to reduce the complexity in the MHCII by limiting the
number of possible allele combinations.

At least four of the DRB genes are functional: DRB1, DRB3, DRB4 and DRBS5.
While little allelic diversity has been shown for the paralogous DRB3, DRB4 and DRBS5,
more than 100 alleles of DRBI have been characterized and grouped into haplotypes
DR1-DR10. These DR haplotypes combine different DRBI alleles with specific paralogs
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of DRB3 (DR3, 5 and 6), DRB4 (DR4, 7 and 9) and DRB5 (DR2), while there is no
second DRB gene for haplotypes DR1, 8 and 10 ”. The DRB loci are highly similar and
it is therefore likely that they represent recent duplications. Both MHCII paralogs and
pseudogenes are fewer in the rat, which to some extent reflect the lack of sequencing
efforts. It is clear however that rats lack functional DP genes, and so far only a single

MHCII paralog, RT1-Db2, has been reported® and Study I.

The class I11 region

The centrally located MHCIII region is the most gene dense region in the human
genome with 62 genes or 1 gene per 11 kb*. This region appears to have no
pseudogenes, which makes it markedly different from MHCI and II. MHCIII contains
further a number of highly conserved genes, such as NOTCH4, complement C4 and
genes of the tumour necrosis factor (TNF) family that have members on other

chromosomes®®.

Sequence heterogeneity in the MHC

Early characterization of sequence polymorphisms in the MHC suggested that
heterogeneity was focused to the hypervariable exonic sites (e.g. the second exons of the
HLA-DR and HLA-DQ genes), and that non-coding heterogeneity was merely bi-
products of these highly variable exons. However, more recent genome sequencing has
shown that polymorphism is prevalent throughout the region, albeit to a lesser extent.
Why MHC display such diversity in non-coding DNA is still not clear. Certainly, this
may reflect redundant sequence polymorphism, but the heterogeneity may also co
localize with transcription regulatory sites. These sites may be close to (cis) or several
kilobases away (trans) from the nearest gene. Significant efforts to map regulatory sites
on a genome-wide level are currently ongoing”.

The class I genes are the most polymorphic genes in the MHC and in the genome.
The MH cluster of the fish seems to be the only exception where class II genes are more

heterogenous than class I genes. In addition to the allelic variation in the MHC,
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frequent gene duplications and copy number variations add to the overall
heterogeneity’®. Since also pathogens evolve rapidly, this extreme diversity may serve to
increase the heterozygosity in the entire region and thereby the probability to clear an

infection.

Mapping recombination hotspots in the MHC

The high gene density in combination with an extensive LD impair identification of
causative variants in the MHC. However, the notion that LD is much stronger in the
MHC than elsewhere in the genome is partially incorrect’. Strong LD exists in
segments of approximately 22 kb throughout the genome’”, including the MHC”.
However, a complex pattern of LD between different segments seems to be unique for
the MHC. These segments were described by Dawkins in 1982 as frozen haplotype
blocks**!. Dawkins postulated that these blocks acted as transposable elements that
could form new haplotypes. Although recombinations occur between the blocks, they
rarely, or never, occur within them. Thus, these blocks remained in the genome as small
restricted units*, possibly conserved by a marked reduction in recombination activity.
Such decline in recombination activity may result from mutations as discussed
previously. Several of these blocks are apparent in the MHC, for example between HLA-
KE and HLA-DMA in the junction of xMHCII and MHCII, as well as between HLA-
DQB2 and HLA-DRB9. Why certain segments appear in LD is not known but cis-
interactions between linked segments may have had selective advantages.

In a number of studies published in the beginning of the 20th century, Cullen et
al. and Jeffreys et al. described the recombination rate in the HLA using single-sperm
cell typing*-*>*. Their studies showed that recombination hotspots in the MHC were
unevenly distributed and that the recombination rate varied greatly between different
individuals. Their data are therefore consistent with the notion that specific sequence
motifs may accelerate the recombination activity. Cullen et al. identified six major
hotspots within an interval of 3.3 Mb as well as several 'colder’ regions, which largely
overlapped with the distribution of frozen haplotype blocks as postulated by Dawkins®.
The MHCIII showed overall lower recombination activity than MHCI and MHCII,

which is in keeping with the conserved gene order that characterizes this region in
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many species. Intervals with particularly high recombination activity were found within

DPBI to RING3 (Brd2 in rat), DRA to TSBP (Tesb in rat) and BAT2 to LTA?".

MHC class II expression is controlled by CIITA

The transcription factor CIITA (class II transactivator) is a chief regulator of MHC class
IT transcription®. CIITA belongs to the NOD-like receptor (NLR) protein family, which
trigger innate immune responses, for example upon exposure to bacterial cdls wall
components®*. CIITA was the first NLR to be characterized, and while certain NLRs,
such as NLRP3, are constituents of the inflammasomeé", the function of CIITA appears
to be specific for MHC regulation.

Mutations in the MHC2TA gene that severely affect the expression or function of
CIITA result in a rare form of immunodeficiency known as bare lymphocyte syndrome
(BLS)®, a disorder that has served as a prototypic model for the study of MHC
regulation in humans®*. Mutations in MHCII-transcription factors REXANK, RFXS5,
RFXAP are also associated with BLS, while genes in the MHCII locus itself are not
associated.

That CIITA is a master regulator of MHCII expression is demonstrated by its
wide role in both constitutive and inducible MHCII expression”, as well as by its
impact on both classical and non-classical (DM and DO) MHC genes*®. CIITA does not
possess a DNA-binding domain itself and is therefore dependent on other transcription
factors®. Cis-regulating promoter regions in both MHCI and MHCII genes share
distinct consensus sequences containing W/S, X1 and X2 motifs as well as a Y-box,
which is a canonical CCAAT box, which promote binding of transcription factors RFX,
CREB/ATF1 and NF-Y*. These form together with CIITA the MHC enhanceosome’.
The regulation of CIITA expression occurs mainly on transcript levd, which is
controlled by four cell-specific promoters entitled P1-P4. The P1 promoter is dendritic
cell (DC) specific and drives the expression of the longest CIITA isoforny>. The P1
promoter is also associated with the highest expression of the MHC2TA gene and the
expression of MHCII in DCs, at least in immature cells, is therefore higher than in any

other MHCII bearing cell”.
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It is unclear to which extent CIITA also can regulate the expression of MHCI genes,
although a few studies suggest that it does®®**. However, since the expression of CIITA
is confined to lymphocytes and APCs, it is unlikely that CIITA is responsible for the
constitutive expression of MHCI”. That CIITA is essential for MHCI expression is
further challenged by the normal level of MHCI expression in BLS patients®. Recently,
another NLR protein, NLRC5, was shown to operate as a regulator of MHCI
expression®. This proteins, which has no influence on MHCII expression, has further
been shown to control the expression of the non-classical MHCIb gene HLA-E as well
as genes involved in class I antigen presentation and processing, such as f2M, LMP2
(Psmb8) and TAPI*>. RXRB is another transcription factor that regulates MHC class I
gene expression. This gene is, in contrast to NLRC5, encoded within the MHCI

subregion®.

Antigen presentation: MHC class 11

Professional antigen-presenting cells (APCs), which include DCs, macrophages and B
cells, express MHCII constitutively and possess efficient mechanisms for
internalizations of proteins and other macromolecules. In contrast, these mechanisms
are relatively poor in non-professional APCs, which are cells of epithelial origin, such as
keratinocytes, that express MHCII only after activation.

MHCII molecules exit the endoplasmic reticulum (ER) in a nonameric complex
consisting of three MHCII molecules surrounding a core of three glycoproteins known
as invariant chains (li)””*. The association with li has at least three purposes; firstly, the
li protects the empty pocket from being pre-maturely loaded until the complex reaches
the late endosomal compartment; secondly, a domain in the li directs the complex to
the endosomal compartment and, thirdly, li stabilizes the complex and prevents it from
degradation®. li:MHCII complexes enter late endosomal compartments known as
MIICs (MHCII compartments), after which the li is degraded by resident MIIC
lysosomal proteases such as cathepsin S and cathepsin L'*. Within the peptide binding
groove stays a small li-derived peptide called CLIP (class II-associated invariant
chain)'". This peptide competes with other peptides in the MIIC for binding to MHCII.

Hence, the purpose of CLIP is to ensure that low-affinity peptides are excluded from
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the binding groove. The non-classical MHCII molecule HLA-DM is essential for the
exchange of CLIP peptides in the MIIC'*>'*. DM stabilizes the open conformation of
the pocket until a stable interaction with a new peptide can form'**'*. Indeed, the
exchange of CLIP peptides is markedly reduced in DCs knocked-down for HLA-DMB,
which results in increased levels of CLIP:MHCII complexes on the cell surface®. A
second non-classical MHCII chaperone known as HLA-DO associates with DM during
the transport from ER to the MIIC'”. Similarly to li, DO prevents pre-mature loading
of MHCII until the complex has reached the MIIC. Although different functions have
been ascribed to DO, its major role is to block the function of DM and, hence, regulate
the exchange of CLIP peptides. It has been postulated that DO looses its inhibiting
capacity in the slightly acidic environment that is present in the MIICs'*. However, in
two recent studies, Guce et al. and Yoon et al., showed by X-ray crystallography and
mutagenesis that HLA-DO in fact acts as a competitive inhibitor of HLA-DM for the
substrate MHCII'**'"°.

Peptides bind differently to MHCII and MHCI molecules. The peptides that fill
the grooves of MHCII molecules protrude from each end, while peptides are entirely
contained within the groove of MHCI molecules. The MHCII pocket is shaped by the
polymorphic external domains al and 1, which form two antiparallel helical loops as
well as a floor of eight beta strands. Amino acids in the groove form hydrogen-bonds
(as well as other chemical interactions) with the backbone and side chains of the
encompassed peptide''"'"2. The nine amino acid residues of the peptide that fit within
the groove are numbered (from the N-terminal end) pl-p9. The stability of the
interaction is mainly dependent on peptide side chains at position p1, p4, p6 and p9
that can bind strongly to structures (pockets) within the groove. The MHCII residues
that occupy these positions can help to identify specific binding motifs, i.e.peptides that

fit particularly well into the pocket''*'*%.

Antigen presentation: MHC class I

Proteins of intracellular origin are degraded by cytosolic and nuclear proteases for
transport to the ER and subsequent loading onto MHCI molecules. Although the

process shares several features with MHCII presentation, the process of loading and
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the compartment, in which this takes place are entirely different. Many of the peptides
that are presented in the context of MHCI are derived from proteins that are at the end
of their life-cycle. However, a system entirely devoted to presentation ofonly ‘worn-out’
proteins would be very vulnerable to viral infections. Therefore, many, if not most, of
the peptides that are presented by MHCI derive from proteins that are degraded
immediately after synthesis. Thus, the MHCI peptides that are displayed on the cell
surface are derived from proteins that are currently being translated in the cell. A part
of the rapidly degraded proteins are DRIPS (defective ribosomal products), which result
from defective transcription or translation or from protein mis-assembly. MHCI
peptides may also be generated by unconventional transcriptional mechanisms. Such
peptides may stem from frame-shifted sequences, introns, and 5' and 3' untranslated
regions. CD8 T cells must therefore screen an extreme diversity of peptides in order to
identify the few that are non-self.

Peptides are funnelled from the cytosol to the ER via the transporter associated
with antigen processing (TAP)">""°. Inside the ER, TAP associates with an additional
four members of the peptide-loading complex (PLC): tapasin, calreticulin, ERp57 and
the MHC class I molecule. Although peptides are trimmed by the proteasome befare
entering the ER, an additional aminopeptidase within the ER known as ERAAP is
important for the finale shaping of the class I cargo. ERAAP was first identified by
Serwold et al. who showed that class I expression is greatly reduced on the cell surface
in the absence of this enzyme'”’. Peptides that do not fit the binding groove of MHCI
after trimming is shuttled back via the translocon Sec61p for destruction in the
cytosol''® or reentering into the ER via TAP'”.

Tapsin influences the stability of the MHCI:peptide complex, the translocation of
peptides to the ER and the levels of Tap in the ER membrane'*’, albeit the dependancy

121 The stoichiometric

of tapasin varies greatly between different MHCI alleles
relationship between tapasin and MHCI in the PLC is 2:1'** and each MHCI molecule is
associated with one molecule of B2-microglobulin (f2m). The tapasin molecules
associate with TAP via their ER transmembran domain whereas they are covalently
bound to ERp57 via a disulfide bridge'*’. The role of ERp57 in the PLC appears to be to
stabilize the interaction with MHCI. The recruitment of MHCI to the PLC is normal in
B cells deficient for ERp57'*, while in the absence MHC class I dissociates more rapidly

from the PLC. Hence, several components of the PLC are responsible for bringing the
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MHCI molecule into close contact with the TAP transporter and to retain it there long
enough for peptides to be loaded. Once a stable interaction between peptide and MHCI
has formed, the loaded MHCI dissociates from the PLC and translocates to the cell

surface.

21



AUTOIMMUNITY

Introduction to autoimmunity

MHC is, without comparison, the strongest genetic risk factor for autoimmune and
infectious diseases. Albeit some diseases, such as ankylosing spondylitis and psoriasis
vulgaris have been convincingly associated with class I genes and yet others withclass II
genes, a large number of these diseases appear to be associated with multiple alleles in
several different subregions of the MHC. In rheumatoid arthritis, as well as in other
common autoimmune diseases, alleles in MHCII appear to be the major risk
components, which suggests that a breakdown in T cell tolerance is a major trigger in
the pathogenesis of these diseases. Here I discuss the role of MHC genes in

autoimmunity and the etiology and pathology of rheumatoid arthritis.

MHC genes in autoimmunity

The complexity of the MHC hampers identification of disease causing variants. The
reason for this complexity is the high degree of genetic variation and extensive LD that
exists between alleles, or between segments of alleles. The large proportion of rare
MHC alleles, copy number variants, and the diversification of paralogous genes have a
great negative impact on mapping resolution and the differentiation between haplotype
and allele associations. Nevertheless, a number of predisposing variants have been
proposed for a large number of autoimmune diseases.

In 1967, Hodgkin’s lymphoma became the first disease to be associated with
MHC, when HLA-B antigens were found to be at increased frequency in these
patients'®. The MHC association in multiple sclerosis (MS), a chronic inflammatory
demyelinating disorder, remains the most reproducible association that has been
identified in an autoimmune disease so far'*. This association, which is directed to the
HLA-DR?2 haplotype, was discovered as early as in 1972'”. However, the extensive LD
in the DR2 haplotype has made it difficult to determine whether the risk is conferred by
DQBI1*0602 or DRB1*1501, although recent studies have favoured the latter'”®. Linked
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MHCI alleles, in particular HLA-A*0201 and HLA-A3, may further contribute to the
disease association in MS. In addition, recent meta-analysis have shown an association
for haplotypes DR3 and DR4'%.

In rheumatoid arthritis (RA), which is distinguished by chronic inflammation in
small and large joints (see below), the total variance explained by heritability is about
50%, of which HLA explains 36%"%"*!. Markers in HLA-DRBI, in particular at position
11, which correspond to the p-sheet floor of the antigen-binding groove, account for

the strongest association**'**

. Significant associations have also been found for position
71 in this protein when adjusting for the effect in position 11 and for 74 when adjusting
for the effects in both 11 and 71. The association to positions 71 and 74 in DRBI is
consistent with Gregersens' shared epitope hypothesis'”’, which stated that a sequence
of amino acids in the third hypervariable region of DRB1 (70 Q/R-K/R-R-A-A 74) was
common in patients with RA. When all effects associated with DRB1 are neutralized,
Eyre et al. and Raychaudhuri et al. found significant associations for HLA-B (position
9) and, after adjusting for HLA-B, also HLA-DPB (position 9). The combined effect of
these five positions account for most of the MHC association in a subset of patients
with antibodies to citrullinated peptides'*.

A few MHCII alleles appear to be overlapping between different types of
autoimmunity; however, the vast majority of associated alleles are not. This disease
specificity may argue for tissue-specific antigen presentation in autoimmunity. It has
therefore been of major interest to characterize the ligandome of different MHCII

alleles 1+,

Rheumatoid Arthritis - a heterogenous disease

The strong HLA association in RA to DRBI as well as to other MHCII genes and to
MHCI, provide important insights into the disease etiology. Other genetic associations
to PTPN22, STAT4, IL6R, PADI4 and TRAF1-C5"*"*!*! have also contributed to
uncover disease related mechanisms, although their effects on disease are relatively
small (odds ratio, OR<2) compared to MHCII (OR>6). The most strongly associated
SNP in IL6R, for example, correlates with the levels of circulating II-6R, a cytokine

receptor that is a promising therapeutic target in RA. The associated genes highlight
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molecular pathways in both the adaptive and innate immune system, and the
association to PADI4, a citrullinating enzyme, suggests an important role for antigen
modifications in RA. Accumulating data suggest that the presence of anti-citrulline
protein antibodies (ACPAs) as well as IgM and IgA rheumatoid factors (RFs), which
are directed against the Fc fragment of IgG, are highly correlating with shared epitope
alleles of DRBI and disease associated variants of PTPN22"*>'*. This suggests that
seropositive RA, which is the most common and most severe form of RA'*, constitute a
distinct disease subset with an etiology that is more related to defective adaptive
responses'®. That patients respond differently to treatments with biological drugs, in
particular the cytokine or cytokine receptor inhibitors directed to TNF (etanercept and
others), IL-1 (anakinra) and IL-6R (tocilizumab), but also to B cells (CD20
[rituximab]), support the notion that RA is a heterogenous disease'*. Hence, the
genetic makeup and/or environmental stimuli may trigger different disease
mechanisms in different patients and to use genetic typing to personalize the treatment

for these patient may be a plausible scenario in the future.

T cells are expendable in established RA

The strong association to DRBI agues for an important role of MHCILTCR
interactions in RA, and highlights the relevance of CD4 T cells in the disease. That T
cells infiltrate the synovia in RA was shown nearly 40 years ago'”. Infiltrating T cells
consists of CD4 and CD8 subsets. However, while CD8 cells are relatively sparsein the
synovia, the CD4 cells are numerous (~50% of the cells in the RA synovia) and appear
to be pre-activated, as demonstrated by their defective IL-2 response'**'*’. However, to
which extent these T cells contribute to the pathogenicity in RA is still unclear. It seems
reasonable that T cells play an important role in undifferentiated RA (before diagnosis),
which would be consistent with the presence of ACPAs of IgG isotype years before the
clinical disease onset'**"'. Furthermore, studies by Moreland et al. and others'>!** have
shown that patients treated with chimeric antibodies to human CD4 (cM-T412) in
combination with methotrexate (the most commonly used DMARD in RA) show no or
minor clinical effects of the treatment, despite being severely lymphopenic. The

outcome of the clinical trails with alemtuzumab, a CD52-specific monoclonal antibody,
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were also disappointing in RA despite showing promising effects in MS**. These

studies may suggest that T cells do not contribute to the perpetuation of RA.

The articular disease

The synovial lining, which encompasses the joint cavity, consists of macrophagelike
synovial cells and synovial lining fibroblasts, also known as fibroblast-like synoviocytes
(FLS). This thin hypocellular layer, which has no epithelium or basement membrane,
becomes hyperplastic in the inflamed joint. Hyperplasia triggers terminally
differentiated macrophage-like synovial cells to produce cytokines, chemokines and
growthfactors and to upregulate MHCII and co-stimulatory molecules. This, in turn,
stimulates FLS to produce matrix metalloproteinases, which promote articular damage

and cartilage destruction'”

. These activated FLS display a transformed phenotype.
When isolated from RA, but not from osteoarthritis patients (OA), FLS demonstrate
increased invasiveness after implantation along with human cartilage in SCID mice'*°.
The FLS share other features with tumour cells, in particular the ability to grow in

suspension'”’

and the resistance to apoptosis. Importantly, these activated FLS can
spread between joints and thereby transmit inflammation to unaffected tissue, which
may explain the polyarthritic manifestation that is typical for RA. However, the disease
might also emerge from the bone as a consequence of osteoclast activation leading to
bone erosion and then spread to the joint to initiate an activation of FLS"”®. Inhibition
of osteoclast activation may prevent bone destruction, although it has little or no effect
on joint inflammation'. Moreover, the subcortical bone marrow is subjected to T cell

and B cell infiltrates, suggesting that the bone marrow is an additional compartment in

the disease process of RA'®.

Breaking tolerance
While the series of events that take place in the arthritic joint (i.e. overproduction of

cytokines that sustain the chronic synovitis and infiltration of immune cells) are fairly

well delineated, it is still unclear why T cell and B cell tolerance is breached in the first
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place. The association to PTPN22 suggests that the threshold for T cell activation may
be affected. The associated variant (R620W) in PTPN22 is a gain of function mutation
that may promote negative selection of autoreactive T cell clones in the thymus®'. The
fact that PTPN22 show a similar association in a number of autoimmune diseases
further supports that this gene regulates T cells on a general level rather than acting in a

disease specific manner'®

. It is not clear whether T cells in fact are primed within the
synovial compartment. The synovial milieu contains certainly all cytokines necessary to
activate T cells, such as such as IL-1, IL-6, IL-12, IL-23p19 and TGEF-p, as well as both
myeloid and plasmacytoid DCs necessary for the activation of naive T cells'®’. Once the
cartilage damage is initiated, new epitopes provide a rich source of immune stimuli for
T cell priming. However, it remains to be shown which autoantigens these are. T cell
response to both cartilage (collagen type II) and ubiquitous protein antigens have been
described in RA but to which extent these antigens are important for disease priming is
not known'**1%,

Autoimmunity ensues when both central and peripheral tolerance mechanisms
fail. Expression of tissue specific antigens in the thymic medullary epithelium ensures
that T cells are properly tolerized when leaving the thymus. Those autoreactive T cells
that escape negative selection are maintained in a non-responsive state by peripheral
regulatory T cells.

Self-peptides that provoke an autoreactive T cell response may have either high or
low affinity. High affinity is consistent with the finding that most, if not al, of the
MHCII association in RA can be explained by a few key residues in the MHCII binding
groove. These high-affinity peptides may be absent from the ligandome of thymic
epithelial cells but exist in the periphery or emerge as consequent of tissue damage.
Peptides that bind strongly to MHCII may also increase the risk of triggering low
affinity autoreactive T cells that have escaped negative selection.

Alternatively, since central tolerance to peptides that have been modified in the
periphery might be poor or absent, such peptides may provoke T cell activation despite
binding weakly to MHCII. Moreover, since these peptides are not part of the natural
peptide repertoire, they may be recognized by high-affinity T cells in the periphery as
truly foreign antigens. Compared to high affinity peptides, these peptides may be
relatively common, at least in the tissue from which they are derived. One such tissue

specific peptide that is modified in its peripheral compartment is the immunodominant
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T cell epitope on collagen type II (CII). This peptide is immunogenic in mice in its
glycosylated but not in its non-glycosylated form. However, whether glycosylation is a
post translational modification that occurs only in the periphery on collagen is not
known, nor is it known whether CII at all is presented in the thymus, although the

tolerance to non-glycosylated peptides would suggest so'®.

Th effector cells

RA has recently changed from being a prototypic Thl disease to be more associated
with a Th17 phenotype. This change is largely reflecting the pathogenic role of Th17
cells in rodents (discussed below), while there is still little support for either subset in
human RA. IFN-y, a signature cytokine for Thl, which is indispensable for clearing
intracellular pathogens, is found in very small quantities in the RA synovial fluid,
suggesting that IFN-y may not be necessary for the activation of synovial

macrophages'?’

. Moreover, administration of recombinant IFN-y to patients with RA
does not significantly change the disease course'®®. However, the association to STAT4
in RA, which is a Th1 associated transcription factor, does implicate a role for Th1 cells
in the disease. The first study on Th17 cells in RA was performed by Chabaudet al. in
1999. They demonstrated that synovial membrane tissue from RA, but not OA,
produced large amounts of IL-17. They further showed expression of IL-17 in
perivascular T cells, although they did not quantify Th17 cells directly®. Shen et al.
measured Th17 and Thl cells in the SF from patients and found ~1% Th17 cells and
~10% Thl cells. They could further show that Th17 cells were increased in SF of
patients and that the frequency of Th17 in the PBMC compartment correlated with
CRP, an acute-phase protein that is increased in RA'”°. Church et al. compared Th1 and
Th17 cells in the SF, synovial membrane and blood from patients and controls and
found comparable levels of Th17 cells in SF and blood (~1-2%) and significantly more
Th17 PBMCs in the blood of healthy controls compared to patients. However, they
detected very few Th17 cells in the synovial membrane, which is inconsistent with
Chabauds' study'”'. Finally, Yamada and colleges showed that the frequency of Th17
cells in the blood was similar in patients and controls and did not correlate with the

DAS28 (a measure of disease activity in RA). In addition, they showed that the
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frequency of Th17 cells was decreased in the SF compared to blood, while the frequency
of Thl cells was increased in the SF'72. It is reasonable to assume that much of the
reported discrepancy for Thl and Th17 cells in RA pertains to antirheumatic therapy,

in particular the use of TNF inhibitors and other biological drugs.
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ANIMAL MODELS OF RA

Introduction to animal models

Animal models provide tools to identify disease mechanisms and targets for clinical
interventions in humans. However, it is debated to which extent they manage to do so.
Experimental models for RA have been criticized for not reflecting the diversity of
human disease. These arguments have gained relevance in the postgenomic era when
patients can be divided into disease subsets according to MHCII alleles and, more
recently, anti-citrulline response. However, an experimental model needs to be
reproducible and present a phenotype with reasonable frequency (i.e. the disease needs
to be penetrant). The vast majority of models therefore use active immunizations with
tissue-specific antigens in combination with aggressive adjuvants and, often,
supplements of bacterial components. The stability is further reinforced by an extreme
genetic homogeneity. Moreover, the microbiome of rodents, in particular in those that
are born and raised in a clean environment, differ substantially from humans. Next to
the genetic makeup, the microbiome is probably the most important conditioner of the
immune system.

To combine information from different animal models can, at least partially,
compensate for these flaws. In general, models that are independent on exogenous
antigens (i.e. adjuvant models) and spontaneous models, such as the K/BxN and SKG

models in the mouse!’*!7

, are to be preferred over models that are actively induced
with tissue-antigens and strong adjuvants. Moreover, models that are not strictly strain
dependent are more likely to capture more features of human autoimmunity and
models that operate across species is of course more suitable than models that are
species-specific. I discuss here three models in rats and mice; pristane-induced arthritis
(PIA), PIA transfer and collagen-induced arthritis. The first model is an adjuvant
model, which is free from exogenous antigens. The second model is induced by

adjuvant primed and ex-vivo restimulated T cells while the third model is antigen

induced.
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Intraperitoneal injections of pristane induce lupus and arthritis in mice

Adjuvants containing mineral oils, mineral oils themselves and certain alkeres, such as
pristane (2,6,10,14 tetramethylpentadecane) are suitable for induction of
plasmacytomas (malignant plasma cells) in mice. These agents, which annot be cleared
efficiently by the immune system, induce chronic granulomatous reactions that
stimulate tumour growth. The tumour inducing effect of these agents is dependent on
IL-6, a cytokine that is found in high concentrations in the circulation of patients with
RA'®. Indeed, in addition to tumours, Potter and Wax reported in 1981 that repeated
intraperitoneal injections of large volumes (0.5 mL or more) of pristane induced
arthritis in Balb/c mice. The arthritis appeared several months after the firg injection in
~60-80% of the mice but rarely spread beyond ankle and wrist joints”’. Even if a
relapsing disease was observed in a few mice, the arthritis was in general self-remitting.
Histological analyses of affected joints in mice injected with pristane have shown

7® and serological

neutrophilic infiltration, cartilage erosion and pannus formation'
analyses have shown increased and disease correlating levels of RF”. Pristane-induced
arthritis in mice is associated with haplotypes H2¢, H2¢ and H2", as well as with non-
MHC genes'”. Injection of pristane may also induce the formation of ectopic lymphoid

tissue and production of lupus antibodies'®'*> and the model has therefore been

suitable for the study of lupus (SLE) in mice.

Intradermal injection of pristane induces chronic arthritis in rats

The rat model of pristane-induced arthritis (PIA) shares several features with the
mouse model; however, in the rat protocol pristane is administrated intradermally as a
single small dose (typically 100-200 ul) rather than intraperitoneally. The model was
described for the first time in 1996'®, although at the time it was known that both
complete and incomplete Freund's adjuvant (i.e. with and without Mycobacterium
tuberculosis, respectively) induced arthritis in rats'**'*>. However, PIA, in contrast to
these models, is a chronic relapsing disease, which makes it significantly more weful as

a model for RA'%¢,
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The DA and LEW strains are susceptible to PIA while the E3, ACI and F344
strains are resistant'®’. A large number of highly significant QTLs have been shown to
be associated with arthritis onset, severity and chronicity in PIA, and many of these
overlap with QTLs identified in collagen-induced arthritis®***'**'*!. However, with a
few exceptions (Pia4, harbouring the NcfI gene, being the most prominent'®?), these
loci represent large chromosomal intervals with many plausible gene candidates. As
discussed in a previous chapter, congenic mapping to position causative genes has been
extremely laborious, in particular in regions with many genes and extensive LD. Hence,
to which extent susceptibility genes in PIA overlap with identified loci in RA is still not
known. An association to the MHC, similar to the one found in mouse PIA, has been
described also in the rat®®; however, an association with MHCII genes has so far not
been published (Study II).

Immunization with pristane in DA rats leads to elevated levels of acute phase
proteins, in particular al-acid glycoprotein (AGP), as well as RF**, IL-6*” and IL-1p"*.
Both IL-6 and AGP levels decrease during the chronic phase of the disease. A
correlation has been shown in RA for CRP and IL-6, which is one of several cytokines
that can promote synthesis of acute phase proteins in the liver'®. Elevated CRP levels is
also a classification criteria for RA™°. Extra-articular manifestations, such as
splenomegaly, which have been observed in the mouse model, have not been reported
in the rat, although ankylosis in the tail is frequently seen in DA but not in LEW rats”.
Depletion of CD4 T cells prior to immunization effectively prevents development of
PIA'™. T cell dependency has also been shown in other adjuvant models®” and in
collagen-induced arthritis (CIA)"™®. However, while T cells do not contribute to the
disease progression in CIA, they appear to do so in adjuvant arthritis (induced by
complete Freund's adjuvant)'® and, possibly, in PIA'. Neither depletion of CD8 T cells
nor YT cells influence the development of adjuvant arthritis®***, and at least CD8
depletion does not prevent arthritis development in DA rats immunized with pristane
(Tuncel et al., unpublished data).

An MHCII restriction has been shown in PIA transfer for both RT1-D and RT1-

B molecules®!

. However, these experiments were based on administration of whole
antibodies and the effect on arthritis may not be limited to the blocking capacity of the
antibodies. At least the RT1-D antibody has opsonizing properties and injection into

rats leads to a substantial cell death of MHCII positive cells, and possibly also T cells®
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(Tuncel et al. unpublished data). Hence, the MHCII restriction cannot easily be
interpreted from these studies. However, we have now determined the MHCII
dependency in the induced model using F(ab')’ fragments of RT1-D and RT1-B specific
antibodies (Study II).

It is possible that intradermal or subcutaneous injections of oil cause cell death in
the draining lymph nodes where the oil accumulates*****. Necrotic cells may certainly
provide a rich source of antigens for T cell activation but it seems unlikely that those
antigens would drive a tissue-specific immune response. However, release of DNA into
the pericellular space may promote activation of APCs by nucleic acid-sensing toll-like
receptors (TLRs). Nucleic acids may indeed promote activation of T cells*. Pristane
may also be incorporated into the plasma membrane of APCs and other cells, leading to
an unspecific immune activation and subsequent release of pro-inflammatory cytokines
such as IL-6 and IL-1. Adjuvanticity has been shown to be strictly associated with the
length of the hydrocarbon chain and appears to be strongest in hydrocarbons of
intermediate length (C15-C20)**. Lipophilic hydrocarbons can disturb the integrity of
membranes in microorganisms and increase the permeability for ions®. Indeed, an
influx of ions, in particular Ca**, would have profound impact on cellular activatior’”’.

Innate responses appear to be essential for the induction of autoreactive T cells in
PIA. Acute phase responses, which are induced by innate cells, are raised prior to
disease onset and the levels of AGP in undifferentiated PIA correlate with disease
progression and neutrophilia in immunized rats® (Tuncel et al. unpublished data).
This suggests that IL-6 and possibly also IL-1@, which both increase upon pristane
immunization, may be essential for the induction of T cells response, and at least I1-6 is
also found in the murine PIA model. Pristane may also facilitate uptake of cartilage-
derived antigens from the lymph; however, since pristane lacks the emulsifying capacity
of Freund's adjutant, pristane cannot encapsulate antigens into micelles.

Whether exposure to mineral oils and other adjuvants is a risk factor in RA & still
debated®”. Squalene, which is a cholesterol precursor that is arthritogenic in DA rats, is
a common constituent in cosmetics and in vaccine adjuvants and several cosmetic
products induce arthritis when injected intradermally in DA rats”?!. Moreover,
percutaneous (on the skin) applications of incomplete Freund's adjuvant has been
shown to induce arthritis in DA rats, although only on abraded skir’'>. A Swedish case-

control study showed that men suffer 30% increased relative risk of developing RA if
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exposed to mineral oils’"’, while mineral oils in skin products does not appear to confer
risk to RA*®. Moreover, a long-term follow-up study of Army recruits who received
influenza virus vaccines emulsified in incomplete Freund's adjuvant (which is no longer
FDA approved for use in humans) found no evidence for increased incidence of

autoimmune disease*'*.

PIA transfer

Pristane as well as incomplete and complete Freund's adjuvants can be used to prime T
cells for passive and adoptive transfers. The manifestations of the transferred disease
resemble in large the induced model; however, the transfer of pristane-primed cells
does not induce a chronic disease, at least not in immunocompetent hosts. In general,
passive transfer of cells from complete Freund's adjuvant-primed donors to normal
immunocompetent rats is not possible, although at least one study has shown the
opposite’>. An exception is passive transfer of thoracic duct (TD) cells, which consists
of highly activated cells and presumably a larger proportion of arthritogenic T cells*'°.
In addition, arthritis can be transferred passively from CFA primed rats to
thymectomized and irradiated hosts’”, while irradiated, non-thymectomized rats do
not develop arthritis when transferred passively with pristane-primed cells (Tuncel and
Holmberg, unpublished data). A standard protocol has been developed for adoptive
PIA transfer, in which pristane-primed T cells are stimulated ex-vivo with
Concanavalin A (ConA) for 65 hrs before intravenous transfer into naive syngenic
hosts (Tuncel et al, manuscript in preparation). We and others have previously
reported optimal conditions for priming and re-stimulation in PIA and adjuvant
transfer models**"?*'”; however, a standardized protocol for PIA transfer has so far not
been published. At least in our hands, the severity and duration of arthritis are
dependent on a number of aspects, of which the age of the recipient, the extension of
the priming, the route of the injection and the source of the cells are the most

important, whereas the number of transferred cells, at least when injecting

intravenously, has little impact on the severity (Tuncel et al., unpublished data).
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Collagen Induced Arthritis

Collagen-induced arthritis is a classic model of RA and although first reported in rats'?,
it is more commonly used in mice’’®. The rat model of CIA is typically induced with
autologous rat CII, although other articular collagens, such collagen type XI, can also
induce arthritis****!. Mycobacterial supplements in the adjuvant or booster injections
are not needed in the rat model but they are typically necessary in the murine model.
Mice are in addition fairly resistant to immunization with autologous I and the T cell
response in mouse CIA is therefore directed to a heterologous antigen, while the
antibody response is directed to both the inoculated and the endogenous collagen. The
manifestations in the joints are similar between CIA and the oilinduced models, with
the major infiltrating cells being neutrophils and CD4 T cells and, to a less extent, CD8
T cells'®. However, while PIA and other adjuvant models preferentially affect larger
joints, such as the ankle, CIA targets more the smaller joints in the digits. Mouse CIA
lacks several distinctive features of RA, such as RF, ACPAs and a female
preponderance®”, and the disease course is typically more monophasic than relapsing
remitting as in PIA. The arthritogenic response is predominantly, if not entirely,
directed to collagen type II and even if CII reactive antibodies are present in patients
with RA**, their pathogenic contribution is still elusive. Nevertheless, autoantibodies
appear to play an important role in RA pathology, which in particular treatments with
rituximab has shown, and CIA therefore fulfils an important role as an antibody driven

model.

T cell polarization in experimental arthritis

The discovery of IL-23 by Oppmann and colleges in 2000 *** challenged the prevailing
perception that autoimmune disease was caused by Th1 cells. The new culprit was the
Th17 cell and its signature cytokine IL-17. In the end of 1990s, several studies had
shown that IFN-y or IFN-y receptor knockout mice developed more severe arthritis
than their wildtype littermates. The absence of IFN-y was postulated to promote IL-4
dependent Th2 immunity and, hence, production of autoantibodies*****. However,

many of the findings at the time were inconsistent. Boissier, for example, showed that
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IFN-y neutralizing antibodies could prevent the development of CIA in DBA/1 mice
when administrated during the priming phase, while the same treatment had the
opposite effect when performed on established disease**. Yet other studies showed that
repeated injections of recombinant IL-12, a cytokine released by macrophages and DCs
to stimulate the production of IFN-y, delayed the onset of CIA in the same strain’”’.
Oppmanns' finding of IL-23 clarified much of this discrepancy. When searching
sequence databases for members of the IL-6 family, they identified a novel cytokine
they named p19. This cytokine was found to be distantly related to the p35 subunit of
IL-12. The p19 cytokine itself had no biological activity but it combined with the p40
subunit of IL-12 to form a composite cytokine. They termed this composite cytokine
IL-23 and could show that it activated STATA4. It further had a strong effect on memory
T cells in both mice and humans. Hence, since most of the IFN-y deficient mice were
mutated in the p40 subunit, the resulting models were deficient in both IFN-y and IL-
23. Targeting the p40, p35 and p19 subunits independently showed that I1-23 rather
than IL-12 was essential for the induction of autoimmunity in several models****. In
arthritis, mice lacking only IL-12 (p35) were shown to develop more CIA while mice
lacking only IL-23 (p19) were completely protected™. It was further shown that the
resistance to CIA in the p19 knock-out mice correlated with an absence of IL-17-
producing CD4 T cells, while the induction of collagen-reactive Thl cells was not
affected. Hence, these data provided a link between IL-23 and the expansion of Th17
cells in autoimmunity. Shortly after Oppmanns' study, Lubberts and van den Berg
published that blocking of IL-17 suppressed CIA in DBA/1 mice*'. Thl7 driven
autoimmunity has since been described for a number of experimental models, such as
the K/BxN cell transfer model’* and the zymozan- or f-glucan-induced SKG model**.
IL-23 is a key cytokine for a sustained Th17 response but it is not necessary for its
induction. A number of independent studies in 2006 showed that two pleiotropic
cytokines, IL-6 and TGF-f, were essential for the induction of Th17 cells in mice”***
and humans*’. In the absence of IL-6, polarization of Th17 cells is indeed defective and
T cells instead succumb to a regulatory phenotype (manifested by the expression of the
FoxP3 transcription factor). The inhibition of autoimmunity in mice deficient for II-6
appears to be dependent on the expansion of regulatory T cells, and upon depletion of
FoxP3+ cells, IL-6 knock out mice regained their susceptibility. Moreover, another

cytokine, IL-21, can induce Th17 differentiation in the absence of IL-6***.
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Not all experimental arthritis models are mediated through Thl17. The
proteoglycan-induced arthritis model (PGIA) has been shown to be independent on IL-
17, and Th differentiation in most, if not all, of the rat adjuvant models are still poorly
characterized. We have shown that IFN-y is important for the induction of arthritis in
the PIA transfer model, while the role of Th17 cells in this model has still not been
characterized””'. However, we have now addressed the dependency of IFN-y and IL-17
in the PIA model (Study II), and we are currently testing the requirement for IL-17 in

the transfer model.
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PRESENT INVESTIGATIONS

STUDY I

The major histocompatibility complex (MHC) is a major genetic determinant of thymic
selection. However, studies in humans and mice have largely focused on the association
to the classical MHC class I and II genes, while the influence of non-MHC genes is still
unclear. In this study, we used an outbred cohort derived from 8 inbred rat strains to
map variations in CD4 and CD8 T cell numbers and MHC class I and II expression.
Blood from ~1400 adult rats was analyzed by flow cytometry. Ten quantitative trait loci
(QTLs) reached genome-wide significance (-logP < 4.3); 4 controlled CD4:CD8 ratio, 3
surface expression of MHC class I and 3 surface expression of MHC class II. Three
QTLs (one for each phenotype) were identified on chromosome 20 and spanned the
MHC region. The confidence intervals of these QTLs were determined to 4.1-9.7
megabases (Mb). To narrow down the QTL regions, we produced a panel of
recombinant MHC-congenic strains (RCS). This panel was derived from four inbred
MHC-congenic strains that shared a common genetic background (DA); DA.1],
DA.1F, DA.1H and DA.1U. We used a conventional intercross breeding to obtain
crossovers in the MHC. Progenies were screened using 67 short-tandem repeat (STR)
and SNP markers, which revealed a total of 70 recombinations. These recombinations
were located within 5 distinct intervals, which largely overlapped with recombination
hotspots in the human MHC (HLA-DM, BTNL2 and LTA). By congenic mapping, we
could show that two minimal QTLs, a 0.282 Mb interval in the classical MHClIa region
(T cell selection QTL 1, TcsI) and a 0.206 Mb interval in the MHCII region (Tcs2), were
responsible for the QTLs identified in the HS rats. Tcs1 was associated with variation in
T cell numbers and MHC class I expression, whereas Tcs2 controlled T cell numbers,
and both MHC class I and II expression. We showed further that these QTLs controlled
the selection of T cells in the thymus rather than the expansion of CD4 and CD8 T cells
in the periphery. Tcs2 contained 12 coding genes that were Sanger sequenced in the five
parental strains to identify genetic variants associated with the mapped phenotypes.
Polymorphisms in a gene encoding the ER transporter, Tap2, were found to be

responsible for the variation in CD8 T cell numbers and MHC class I expression. We
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conclude that surprisingly few regions in the genome (we found only one) control both
MHC expression and T cells selection. The MHC region is an exception, in which two
distinct sub-regions contribute to a significant overlap in phenotypes. These
phenotypes are not solely regulated by classical MHC genes as the regulation by Tap2

illustrates.
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STUDY 11

In this study, we followed up Study I and analyzed the effect of Tcsl and Tcs2 in
pristane-induced arthritis (PIA). We show that Tcs2, a 206 kb chromosomal interval in
the MHCII region, is associated with disease onset and severity at the acute stage of
arthritis. However, neither incidence nor the severity of chronic arthritis was associated
with MHCIL In contrast, genetic variation in the MHCI locus (Tcs1) did not affect the
susceptibility to PIA. The arthritis was particularly severe in rats with RT1* (DA) and
RT1" (DA.1FR9) haplotypes. These strains encode identical RT1-D genes (orthologues
to HLA-DR), which suggested that RT1-D restricted T cells are important in PIA.
However, antibodies that block RT1-D did not prevent arthritis when injected at the
priming stage in PIA, while antibodies to RT1-B (HLA-DQ) did. The importance of
RT1-B was further supported by the expression of this molecule on the cell surface of
pristane primed APCs. While RT1-B was highly expressed on the cell surface of DCs,
RT1-D instead accumulated intracellularly and was relatively weakly expressed on DCs.
To identify which MHC class II-bound antigens are important for priming CD4 T cells
in PIA, we analyzed the peptide ligandome of RT1-B and RT1-D molecules. We
observed qualitative and quantitative differences in the peptide ligandome between the
strains and between the MHC molecules. Peptides derived from ubiquitously expressed
auto-antigens described in RA were identified; however, none of the identified peptides
were specific to cartilage proteins, nor did they elicit a T cell response when added to
pristane primed T cells ex-vivo. The Tcs2 interval regulates T cell selection as shown
previously but neither frequency nor absolute numbers of CD4 and CD8 T cells
correlated with arthritis susceptibility. However, the frequency of both CD4 and CD8
recent thymic emigrants (RTEs) was greatest in rats that were protected from severe
arthritis. Hence, we could show a correlation between thymic activity and arthritis
susceptibility that was determined by MHCII. Surprisingly, T cells expanded more in
arthritis-protected strains than in non-protected strains upon pristane injection, which
correlated with the frequency of RTEs in these strains. Pristane-primed T cells in the
least susceptible strain, DA.1HR61, contained less Th1 cells but more Th17 cells. This
shift in Th subsets is likely to explain the arthritis protection in DA.1HR61 since
neutralization of IFN-y suppressed disease when administrated during disease priming,

while neutralization of IL-17 had no effect. However, the role of IFN-y and IL-17 was
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the opposite in established disease: while neutralization of IFN-y was inefficient,
neutralization of IL-17 was very effective in reducing inflammation, possibly by
inhibiting recruitment of neutrophils to the joints. In conclusion, this study positionsa
206 kb region in the MHCII in an adjuvant model and shows that MHCII genes confer

risk to acute but not chronic arthritis.
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STUDY III

Collagen type XI (CXI) is a heterotrimeric collagen and a minor constituent of cartilage.
The alpha 3 polypeptide (a3) in CXI is encoded by COL2A1, which also codes for al of
collagen type II (CII). Albeit identical amino acid sequences,a3(XI) and a1(II) differ in
glycosylation pattern, which could influence T cell recognition. We show in this paper
that MHC congenic DA.1F rats immunized with the non-antigenic mineral oil pristane
develop T cell and antibody responses to CXI. The reactivity to CXI was confined to the
chronic phase of the disease and specific for the RT1 haplotype. We separated the alpha
constituents of CXI by HPLC and could show that the T cell response was specific for
the al and a2 polypeptides, while no T cell response was detected for a3. Thus, post-
translational modifications of a3(XI) do not explain CXI immunity in pristane-induced
arthritis. We further used DA.1F recombinant MHC congenic strains from Study I to
map CXI immunity to an interval of approximately 0.2 Mb in the MHC-II region
(Tcs2). Sequencing of the coding regions of the MHC class II genes (RT1-B and RT1-D)
in DA.1F and DA showed that immunity to CXI is associated with RT1-B. Finally, we
show that patients with early stage RA display increased serum reactivity to CXI, which

is distinct from the response to CII.
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STUDY IV

This is the first paper describing the adoptive transfer of pristane-induced arthritis (PIA
transfer). We show in this paper that T cells can be adoptively transferred from
pristane-primed donor rats to naive recipient rats after re-stimulation in vitro with
Concanavalin A (ConA) or different T cell receptor (TCR) Va and V[ specific
monoclonal antibodies. We determined the conditions necessary for T cells to become
arthritogenic, which included dose of pristane, priming period and re-stimulation
protocol. We show that PIA transfer is a mild disease compared to the induced model
while the arthritis onset is earlier in the transfer model (day 5in PIA transfer versus day
10 in PIA). In addition, we show that the transfer model lacks the characteristic
relapsing-remitting disease course typical for PIA and that the rats recover completely
from arthritis 3-4 weeks post T cell transfer. We characterized the cellular compositions
in synovia and blood of PIA rats and compared them to the blood of naive rats. This
showed that highly activated T cells (CD54+, CD25+ and MHC-II+) in pristane primed
rats migrated to the joints. When stimulated in vitro with ConA, these cells produced
high levels of TNF-a and IFN-y, and anti-TNF-a (etanercept) and anti-IFN-y (DB-1)
pre-treatment of recipient rats suppressed development of PIA transfer. We further
determined MHC restriction in the model using MHC-congenic rats. We found that T
cells transferred to allogenic, irradiated, recipients were unable to induce arthritis
whereas T cells transferred to semi-allogenic or syngenic recipients induced arthritis.
We finally showed that pre-treatment of recipient rats with anti- MHC-II monoclonal
antibodies could suppress the disease induction, supporting that PIA is dependent on

MHC class II restricted CD4+ T cells.
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CONCLUDING REMARKS

The work presented in this thesis aims to increase the understanding for the
fundamental processes that concern antigen presentation, T cell selection and
autoimmunity in the rat. Three of the included papers and manuscripts stem from the
generation of a panel consisting of a large number of MHC recombinant inbred strains.
Using a model that is essentially unique to the rat, we have shown that MHCII genes
influence the onset, severity and progression of autoimmune disease, which has never
been shown before. We could also show that T cells in the same model react upon
challenge with the minor cartilage component collagen type XI and provided evidence
for a similar function of this antigen in human RA. In addition, we showed a number of
specific QTLs controlling CD4 and CD8 T cell numbers and provided evidence on gene
level for an interaction between MHCI and MHCII genes. Finally, we described a new
model for experimental arthritis in which the effector function of autoreactive T cells

can be investigated.

In summary, we have provided a physical set of minimal MHC fragments that positions
a large number of immune related phenotypes of importance in humans. The panel of
congenic strains that was established will remain as an important resource for further

studies on the genetic variation in the MHC.

43



ACKNOWLEDGMENT

I would like to thank a whole bunch of people that I got to work with (or know) during
these years. And after spending more than a decade in the lab, first as an undergraduate
and then as graduate student, there has been a lot of people coming (after me) and

leaving (before me). So I might have forgot a few.

Rikard, for all your support and for making me understand the value of hard work. I
appreciate the freedom you gave me to go on with projects that I believed in (I don't

know if you always did) and for trusting my decisions.

Sabi Haag, who forced me to finally get this thing together and move on. For all the
work we did together, your great ideas and your company 24/7 in the lab (mostly) and

elsewhere (rarely). This would not have been the same without you and it ain't over yet..

Jens, who got me interested in natural sciences after blasting an acetylene bomb in
Kalmar in 2000. For being the best teacher you can have, for his enthusiasm and
unconventional ideas, and for teaching me the importance of definition and good
powder. Casse, for his huge knowledge in pretty much everything but particularly in
protein chemistry. I don’t know how much time we spent on optimizing 2D western
blots that (un)fortunately never got published. Bruno, for being such good company in
the lab, outside the lab and in the gym, and for your interestin real science and combat;
Mikey, the sissy that took off in the middle of the race (seriously, we will continue that
race in U.S.A); Erik ], priceless to know someone that spend Friday evenings with
Oreos, milk and Minttu. Shame that you left for D. Erik L, for all the discussions about
everything of more or less importance, and for all help with sequencing; Hoffmann, for
sharing my interest in PIA and transfers, and for knowing the best ways to tail bleed
and inject i.v. Also a big thank you for letting us stay in your flat; Anthony; for taking
some of the projects further and for all the help with scoring, typing and sequencing;
Bicklund, for your forceful way of dealing with things (I mean this in a good way;))
and for always being keen on discussing data; Carlos, for all the help in the animal
house and for the great Aji, for chats about cameras and football (and your sincere

interest in himmelsblatt:)); Soley, for all the help with Fabs and animal experiments;

44



Patrick, for the flow discussions and help with computers; Franzi, for friendship,
dinners and for always helping out; Susann W and Amit, for the great company, the
fun discussions and for bringing in more critical thinking to the lab; Martina J, for all
the help with setting up the flow experiments in Barcelona; Chris, for being critical and
eager to discuss research, and for the good fun in the lab and the house; Rosen, for
support, encouraging words and proofreading; Diana, for help with HS figures and
taking care of the server in the weekends; Craig, for cooking and cultures; Angel, for all
the help in Lund and Stockholm; Nan, for his laid-back attitude and the SOP
discussions; Kajsa, Simon and Katrin for organizing the lab (Kajsa) and the discussions
in the T cell meetings; Liselotte, for the discussions in the rat genetics group and for
taking care of the noise in the writing room; Ingrid, the new room mate; Akhilesh, the
old room mate; and Lina, my political soulmate; Susanne and Emma for help with
orders and histology; Changrong, Biborka, Ida, Ia, Vilma, Flo, Min, and the guys who

just left (and soon will be back): Huseyin, Dorota, and Angela.

All students that helped me during these year, in particular Yossi and Sandy, for your
friendship, Cissi (although I won't forgive you for finishing before me), Martin, Sayeh,
Joyce, Natasha, Susanne, Angela, Anna-Karin, Marianne and last, but not least, Alj,

the guy that "hooked up" with my friend (Jonas will never forget that trip).

I am also grateful to all previous lab members in Lund: Peter O, for always having
something interesting to talk about, Malin H, for good suggestions and discussions
about PIA and treatments; Shahram, for all the good times in and outside the lab in
Lund; Shemin, for all the help when I was new in the lab (you even let me cut my hair
in your living room) and your fabulous dumplings; Robert, for taking care of my flat,
your taste for music and concerts and all the interesting discussions in the kitchen in
Lund; Kyra, for your serious interest in science; Caro, for your remarkable control and
the order you brought to the lab; Duojia, for nice chats; Meirav, who shared my
interest for weird working hours; Tomas B, for all the help and the good suggestion to
drop PC and start with Mac Lena, my co-supervisor who shared my interest in rat
genetics; Malin Neptin, for being such a helpful person; Solveig, for taking care of the
Akta; as well as Teiges, Kristin, Emma A, Therese L, Asa ], Asa A, Jenny K, Lasse
,Yawei, Hisakata, Micke Vestberg, Alex, Balik, Anna-Karin, Patrik W (who shared

45



my interest in coffee and snus); Biker-Ray, for brining the truck back to Lund; and in
labs elsewhere at MBB, Juha, Radi, Asi, Jen for football and drinking activities and,
Jimmy for proteome analyses and Doreen for sorting out the structures; at CMM,

Alan, Pernilla, Ockinger, Ame for collaborations.

Evelina and Kristina, for all the help in the animal house and for weaning reminders.
And in Lund, Sandy and Isabell, for animal care.
And, of course, Eslov, who helped me typing but then took off to drive trains (good

choice!)

Collaborators outside the lab: At Imperial in London, Tim Aitman, for your input on
the MHC paper; in Oxford, Jonathan Flint and Amelie Baud, for discussions about
RMIPs and merge variants at 1 in the morning; and in Barcelona, Alberto Fernandez

Teruel, for the certificates and for always being so helpful.
Totte Gordh, for kindly letting me stay in his family’s fantastic house when I was new
in Stockholm. Stig Sandstrom, Kalmar, for being an amazing teacher. I would nothave

continued if it wasn't for you.

Friends and Family,

for support and encouragement.

46



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Valdar, W., Flint, ]. & Mott, R. Simulating the collaborative cross: power of
quantitative trait loci detection and mapping resolution in large sets of recombinant
inbred strains of mice. Genetics 172, 1783-1797 (2006).

Yalcin, B. & Flint, J. Association studies in outbred mice in a new era of full-genome
sequencing. Mamm. Genome 23, 719-726 (2012).

Grodzicker, T., Williams, J., Sharp, P. & Sambrook, J. Physical mapping of
temperature-sensitive mutations of adenoviruses. Cold Spring Harb. Symp. Quant.
Biol. 39 Pt 1, 439-446 (1975).

Paterson, A. H. et al. Resolution of quantitative traits into Mendelian factors by
using a complete linkage map of restriction fragment length polymorphisms. Nature
335, 721-726 (1988).

Contente, A., Dittmer, A., Koch, M. C., Roth, J. & Dobbelstein, M. A polymorphic
microsatellite that mediates induction of PIG3 by p53. Nat. Genet. 30, 315-320
(2002).

Litt, M. & Luty, J. A. A hypervariable microsatellite revealed by in vitro amplification
of a dinucleotide repeat within the cardiac muscle actin gene. Am. J. Hum. Genet. 44,
397-401 (1989).

Tautz, D. Hypervariability of simple sequences as a general source for polymorphic
DNA markers. Nucleic Acids Res 17, 6463-6471 (1989).

Weber, J. L. & May, P. E. Abundant class of human DNA polymorphisms which can
be typed using the polymerase chain reaction. Am. J. Hum. Genet. 44, 388-396
(1989).

Petes, T. D. Meiotic recombination hot spots and cold spots. Nat. Rev. Genet. 2, 360—
369 (2001).

Nachman, M. W. & Churchill, G. A. Heterogeneity in rates of recombination across
the mouse genome. Genetics 142, 537-548 (1996).

Yu, A. et al. Comparison of human genetic and sequence-based physical maps.
Nature 409, 951-953 (2001).

Jensen-Seaman, M. 1. et al. Comparative recombination rates in the rat, mouse, and
human genomes. Genome Research 14, 528-538 (2004).

Broman, K. W., Murray, J. C,, Sheftfield, V. C., White, R. L. & Weber, J. L.
Comprehensive human genetic maps: individual and sex-specific variation in
recombination. Am. J. Hum. Genet. 63, 861-869 (1998).

Myers, S., Bottolo, L., Freeman, C., McVean, G. & Donnelly, P. A fine-scale map of
recombination rates and hotspots across the human genome. Science 310, 321-324
(2005).

Marais, G. Biased gene conversion: implications for genome and sex evolution.
Trends Genet. 19, 330-338 (2003).

Schuchert, P., Langsford, M., Kislin, E. & Kohli, J. A specific DNA sequence is
required for high frequency of recombination in the ade6 gene of fission yeast.
EMBO ]. 10, 2157-2163 (1991).

Heine, D., Khambata, S., Wydner, K. S. & Passmore, H. C. Analysis of
recombinational hot spots associated with the p haplotype of the mouse MHC.
Genomics 23, 168-177 (1994).

Yauk, C. L., Bois, P. R. J. & Jeffreys, A. J. High-resolution sperm typing of meiotic
recombination in the mouse MHC Ebeta gene. EMBO J. 22, 1389-1397 (2003).
Winckler, W. et al. Comparison of fine-scale recombination rates in humans and
chimpanzees. Science 308, 107-111 (2005).

Boulton, A., Myers, R. S. & Redfield, R. J. The hotspot conversion paradox and the
evolution of meiotic recombination. Proc. Natl. Acad. Sci. U.S.A. 94, 8058-8063

47



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(1997).

Cullen, M., Perfetto, S. P., Klitz, W., Nelson, G. & Carrington, M. High-resolution
patterns of meiotic recombination across the human major histocompatibility
complex. Am. J. Hum. Genet. 71, 759-776 (2002).

Jettreys, A. J. & Neumann, R. Reciprocal crossover asymmetry and meiotic drive in a
human recombination hot spot. Nat. Genet. 31, 267-271 (2002).

Li, H. H. et al. Amplification and analysis of DNA sequences in single human sperm
and diploid cells. Nature 335, 414-417 (1988).

Darvasi, A. & Soller, M. Advanced intercross lines, an experimental population for
fine genetic mapping. Genetics 141, 1199-1207 (1995).

Darvasi, A., Weinreb, A., Minke, V., Weller, J. I. & Soller, M. Detecting marker-QTL
linkage and estimating QTL gene effect and map location using a saturated genetic
map. Genetics 134, 943-951 (1993).

Wicker, L. S. et al. Resistance alleles at two non-major histocompatibility complex-
linked insulin-dependent diabetes loci on chromosome 3, Idd3 and 1dd10, protect
nonobese diabetic mice from diabetes. J. Exp. Med. 180, 1705-1713 (1994).
Olofsson, P. et al. Genetic links between the acute-phase response and arthritis
development in rats. Arthritis Rheum. 46, 259-268 (2002).

Darvasi, A. & Soller, M. A simple method to calculate resolving power and
confidence interval of QTL map location. Behav. Genet. 27, 125-132 (1997).

Lyons, P. A. et al. Congenic mapping of the type 1 diabetes locus, Idd3, to a 780-kb
region of mouse chromosome 3: identification of a candidate segment of ancestral
DNA by haplotype mapping. Genome Research 10, 446-453 (2000).

Flint, J., Valdar, W., Shifman, S. & Mott, R. Strategies for mapping and cloning
quantitative trait genes in rodents. Nat. Rev. Genet. 6, 271-286 (2005).

Silver, L. M. Mouse genetics: concepts and applications. (1995).

Markel, P. et al. Theoretical and empirical issues for marker-assisted breeding of
congenic mouse strains. Nat. Genet. 17, 280-284 (1997).

Talbot, C. J. et al. High-resolution mapping of quantitative trait loci in outbred mice.
Nat. Genet. 21, 305-308 (1999).

Yalcin, B. et al. Commercially available outbred mice for genome-wide association
studies. PLoS Genet. 6, (2010).

Chia, R., Achilli, F., Festing, M. F. W. & Fisher, E. M. C. The origins and uses of
mouse outbred stocks. Nat. Genet. 37, 1181-1186 (2005).

Demarest, K., Koyner, J., McCaughran, J., Cipp, L. & Hitzemann, R. Further
characterization and high-resolution mapping of quantitative trait loci for ethanol-
induced locomotor activity. Behav. Genet. 31, 79-91 (2001).

Hansen, C. & Spuhler, K. Development of the National Institutes of Health
genetically heterogeneous rat stock. Alcohol Clin Exp Res 8, 477-479 (1984).
Olofsson, P., Holmberg, J., Pettersson, U. & Holmdahl, R. Identification and
isolation of dominant susceptibility loci for pristane-induced arthritis. J. Immunol.
171, 407-416 (2003).

Brenner, M. & Gulko, P. S. The arthritis severity locus Cia5a regulates the expression
of inflammatory mediators including Syk pathway genes and proteases in pristane-
induced arthritis. BMC Genomics 13, 710 (2012).

Ahlqvist, E. et al. High-resolution mapping of a complex disease, a model for
rheumatoid arthritis, using heterogeneous stock mice. Human Molecular Genetics
20, 3031-3041 (2011).

Klaczkowska, D., Raposo, B. & Nandakumar, K. S. Heterogeneous stock mice are
susceptible to encephalomyelitis and antibody-initiated arthritis but not to collagen-
and G6PI-induced arthritis. Scand. J. Immunol. 73, 46-52 (2011).

Mott, R. & Flint, J. Simultaneous detection and fine mapping of quantitative trait
loci in mice using heterogeneous stocks. Genetics 160, 1609-1618 (2002).

Solberg Woods, L. C., Holl, K., Tschannen, M. & Valdar, W. Fine-mapping a locus

48



44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

for glucose tolerance using heterogeneous stock rats. Physiol Genomics 41, 102-108
(2010).

Valdar, W. et al. Genome-wide genetic association of complex traits in
heterogeneous stock mice. Nat. Genet. 38, 879-887 (2006).

Complete sequence and gene map of a human major histocompatibility complex.
The MHC sequencing consortium. Nature 401, 921-923 (1999).

SNELL, G. D. Methods for the study of histocompatibility genes. J. Genet. 49, 87-
108 (1948).

Benacerraf, B. Role of MHC gene products in immune regulation. Science 212,
1229-1238 (1981).

DAUSSET, J. & COLOMBANTI, J. [Statistical and prognostic study of 100 cases of
immunological hemolytic anemia]. Acta Haematol. 20, 137-146 (1958).
Guillaudeux, T., Janer, M., Wong, G. K., Spies, T. & Geraghty, D. E. The complete
genomic sequence of 424,015 bp at the centromeric end of the HLA class I region:
gene content and polymorphism. Proc. Natl. Acad. Sci. U.S.A. 95, 9494-9499 (1998).
Bodmer, W. F. Evolutionary significance of the HL-A system. Nature 237, 139-45
passim (1972).

Shand, R. & Dixon, B. [CITATION][C]. Mod Asp Immunobiol (2001).

Dawkins, R. et al. Genomics of the major histocompatibility complex: haplotypes,
duplication, retroviruses and disease. Immunol. Rev. 167, 275-304 (1999).
Skovgaard, M., Jensen, L. J., Brunak, S., Ussery, D. & Krogh, A. On the total number
of genes and their length distribution in complete microbial genomes. Trends Genet.
17, 425-428 (2001).

Horton, R. et al. Gene map of the extended human MHC. Nat. Rev. Genet. 5, 889-
899 (2004).

Kaufman, J. et al. The chicken B locus is a minimal essential major
histocompatibility complex. Nature 401, 923-925 (1999).

Flajnik, M. F. & Kasahara, M. Comparative genomics of the MHC: glimpses into the
evolution of the adaptive immune system. Immunity 15, 351-362 (2001).
Matsunaga, T. & Rahman, A. What brought the adaptive immune system to
vertebrates?--The jaw hypothesis and the seahorse. Immunol. Rev. 166, 177-186
(1998).

Beck, S. & Trowsdale, J. Sequence organisation of the class II region of the human
MHC. Immunol. Rev. 167, 201-210 (1999).

Jones, J. S. & Partridge, L. Tissue rejection: the price of sexual acceptance? Nature
304, 484-485 (1983).

Kuroda, N., Naruse, K., Shima, A., Nonaka, M. & Sasaki, M. Molecular cloning and
linkage analysis of complement C3 and C4 genes of the Japanese medaka fish.
Immunogenetics 51, 117-128 (2000).

Hansen, J. D., Strassburger, P., Thorgaard, G. H., Young, W. P. & Pasquier, Du, L.
Expression, linkage, and polymorphism of MHC-related genes in rainbow trout,
Oncorhynchus mykiss. J. Immunol. 163, 774-786 (1999).

Matsuo, M. Y., Asakawa, S., Shimizu, N., Kimura, H. & Nonaka, M. Nucleotide
sequence of the MHC class I genomic region of a teleost, the medaka (Oryzias
latipes). Immunogenetics 53, 930-940 (2002).

Shiina, T. et al. Gene organization of the quail major histocompatibility complex
(MhcCoja) class I gene region. Immunogenetics 49, 384-394 (1999).

Afanassieff, M. et al. At least one class I gene in restriction fragment pattern-Y (Rfp-
Y), the second MHC gene cluster in the chicken, is transcribed, polymorphic, and
shows divergent specialization in antigen binding region. J. Immunol. 166, 3324—
3333 (2001).

Chardon, P, Renard, C. & Vaiman, M. The major histocompatibility complex in
swine. Immunol. Rev. 167, 179-192 (1999).

Hurt, P. The Genomic Sequence and Comparative Analysis of the Rat Major

49



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Histocompatibility Complex. Genome Research 14, 631-639 (2004).

Kumadnovics, A. et al. QUOD ERAT FACIENDUM: sequence analysis of the H2-D
and H2-Q regions of 129/Sv] mice. Immunogenetics 54, 479-489 (2002).

Walter, L. & Giinther, E. Physical mapping and evolution of the centromeric class I
gene-containing region of the rat MHC. Immunogenetics 51, 829-837 (2000).
Kasahara, M., Watanabe, Y., Sumasu, M. & Nagata, T. A family of MHC class I-like
genes located in the vicinity of the mouse leukocyte receptor complex. Proc. Natl.
Acad. Sci. U.S.A. 99, 13687-13692 (2002).

Shiina, T. et al. Molecular dynamics of MHC genesis unraveled by sequence analysis
of the 1,796,938-bp HLA class I region. Proc. Natl. Acad. Sci. U.S.A. 96, 13282-13287
(1999).

Bontrop, R. E., Otting, N., de Groot, N. G. & Doxiadis, G. G. Major
histocompatibility complex class II polymorphisms in primates. Immunol. Rev. 167,
339-350 (1999).

Haino, M. et al. Comparison and evolution of human immunoglobulin VH
segments located in the 3' 0.8-megabase region. Evidence for unidirectional transfer
of segmental gene sequences. J. Biol. Chem. 269, 2619-2626 (1994).

Ting, J. P.-Y. & Trowsdale, J. Genetic control of MHC class II expression. Cell 109
Suppl, $21-33 (2002).

Czerwony, G. et al. Differential surface expression of HLA-DRB1 and HLA-DRB4
among peripheral blood cells of DR4 positive individuals. Hum. Immunol. 60, 1-9
(1999).

Cheung, V. G. & Spielman, R. S. Genetics of human gene expression: mapping DNA
variants that influence gene expression. Nat. Rev. Genet. 10, 595-604 (2009).

Kelley, J., Walter, L. & Trowsdale, J. Comparative genomics of major
histocompatibility complexes. Immunogenetics 56, 683-695 (2005).

Martin, M., Mann, D. & Carrington, M. Recombination rates across the HLA
complex: use of microsatellites as a rapid screen for recombinant chromosomes.
Human Molecular Genetics 4, 423-428 (1995).

Gabriel, S. B. et al. The structure of haplotype blocks in the human genome. Science
296, 2225-2229 (2002).

Walsh, E. C. et al. An integrated haplotype map of the human major
histocompatibility complex. Am. J. Hum. Genet. 73, 580-590 (2003).

Dawkins, R. L. et al. Disease associations with complotypes, supratypes and
haplotypes. Immunol. Rev. 70, 5-22 (1983).

Degli-Esposti, M. A. et al. Ancestral haplotypes: conserved population MHC
haplotypes. Hum. Immunol. 34, 242-252 (1992).

Snoek, M., Groot, P. C,, Spies, T., Campbell, R. D. & Demant, P. Fine mapping of the
crossover-sites in the C4-H-2D region of H-2 recombinant mouse strains.
Immunogenetics 34, 409-412 (1991).

Jettreys, A. J., Ritchie, A. & Neumann, R. High resolution analysis of haplotype
diversity and meiotic crossover in the human TAP2 recombination hotspot. Human
Molecular Genetics 9, 725-733 (2000).

Jettreys, A. J., Kauppi, L. & Neumann, R. Intensely punctate meiotic recombination
in the class II region of the major histocompatibility complex. Nat. Genet. 29, 217-
222 (2001).

Steimle, V., Otten, L. A., Zufferey, M. & Mach, B. Complementation cloning of an
MHC class II transactivator mutated in hereditary MHC class II deficiency (or bare
lymphocyte syndrome). Cell 75, 135-146 (1993).

Biswas, A., Petnicki-Ocwieja, T. & Kobayashi, K. S. Nod2: a key regulator linking
microbiota to intestinal mucosal immunity. J. Mol. Med. 90, 15-24 (2012).
Schroder, K. & Tschopp, J. The inflammasomes. Cell 140, 821-832 (2010).

Reith, W. & Mach, B. The bare lymphocyte syndrome and the regulation of MHC
expression. Annu. Rev. Immunol. 19, 331-373 (2001).

50



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Beresford, G. W. & Boss, J. M. CIITA coordinates multiple histone acetylation
modifications at the HLA-DRA promoter. Nat. Immunol. 2, 652-657 (2001).

Boss, . M. & Jensen, P. E. Transcriptional regulation of the MHC class II antigen
presentation pathway. Curr. Opin. Immunol. 15, 105-111 (2003).

Masternak, K. et al. CIITA is a transcriptional coactivator that is recruited to MHC
class IT promoters by multiple synergistic interactions with an enhanceosome
complex. Genes Dev. 14, 1156-1166 (2000).

Landmann, S. et al. Maturation of dendritic cells is accompanied by rapid
transcriptional silencing of class II transactivator (CIITA) expression. J. Exp. Med.
194, 379-391 (2001).

Mubhlethaler-Mottet, A., Otten, L. A., Steimle, V. & Mach, B. Expression of MHC
class IT molecules in different cellular and functional compartments is controlled by
differential usage of multiple promoters of the transactivator CIITA. EMBO J. 16,
2851-2860 (1997).

van den Elsen, P. J., Peijnenburg, A., van Eggermond, M. C. & Gobin, S. J. Shared
regulatory elements in the promoters of MHC class I and class II genes. Immunol
Today 19, 308-312 (1998).

Meissner, T. B. et al. NLR family member NLRCS5 is a transcriptional regulator of
MHC class I genes. Proc. Natl. Acad. Sci. U.S.A. 107, 13794-13799 (2010).

Dey, A. et al. Occupancy of upstream regulatory sites in vivo coincides with major
histocompatibility complex class I gene expression in mouse tissues. Mol. Cell. Biol.
12, 3590-3599 (1992).

Neefjes, J. J., Stollorz, V., Peters, P. J., Geuze, H. J. & Ploegh, H. L. The biosynthetic
pathway of MHC class II but not class I molecules intersects the endocytic route. Cell
61, 171-183 (1990).

Roche, P. A., Marks, M. S. & Cresswell, P. Formation of a nine-subunit complex by
HLA class II glycoproteins and the invariant chain. Nature 354, 392-394 (1991).
Viville, S. et al. Mice lacking the MHC class II-associated invariant chain. Cell 72,
635-648 (1993).

Riese, R. J. et al. Essential Role for Cathepsin S in MHC Class II-Associated
Invariant Chain Processing and Peptide Loading. Immunity 4, 357-366 (1996).
Freisewinkel, I. M., Schenck, K. & Koch, N. The segment of invariant chain that is
critical for association with major histocompatibility complex class IT molecules
contains the sequence of a peptide eluted from class II polypeptides. Proc. Natl.
Acad. Sci. U.S.A. 90, 9703-9706 (1993).

Denzin, L. K. & Cresswell, P. HLA-DM induces CLIP dissociation from MHC class
IT alpha beta dimers and facilitates peptide loading. Cell 82, 155-165 (1995).

Sloan, V. S. et al. Mediation by HLA-DM of dissociation of peptides from HLA-DR.
Nature 375, 802-806 (1995).

Pos, W. et al. Crystal Structure of the HLA-DM-HLA-DR1 Complex Defines
Mechanisms for Rapid Peptide Selection. Cell 151, 1557-1568 (2012).

Denzin, L. K., Hammond, C. & Cresswell, P. HLA-DM Interactions with
Intermediates in HLA-DR Maturation and a Role for HLA-DM in Stabilizing Empty
HLA-DR Molecules. (1996).

Paul, P. et al. A Genome-wide multidimensional RNAi screen reveals pathways
controlling MHC class II antigen presentation. Cell 145, 268-283 (2011).

Liljedahl, M. et al. HLA-DO is a lysosomal resident which requires association with
HLA-DM for efficient intracellular transport. EMBO J. 15, 4817-4824 (1996).
Kropshofer, H., Arndt, S. O. & Moldenhauer, G. ScienceDirect.com - Immunity -
HLA-DM Acts as a Molecular Chaperone and Rescues Empty HLA-DR Molecules at
Lysosomal pH. Immunity (1997).

Guce, A. L et al. HLA-DO acts as a substrate mimic to inhibit HLA-DM by a
competitive mechanism. Nat. Struct. Mol. Biol. 20, 90-98 (2013).

Yoon, T. et al. Mapping the HLA-DO/HLA-DM complex by FRET and mutagenesis.

51



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Proc. Natl. Acad. Sci. U.S.A. 109, 11276-11281 (2012).

McFarland, B. J. & Beeson, C. Binding interactions between peptides and proteins of
the class IT major histocompatibility complex. Med Res Rev 22, 168-203 (2002).
Andersson, I. E. et al. (E)-Alkene and Ethylene Isosteres Substantially Alter the
Hydrogen-Bonding Network in Class I MHC A(q)/Glycopeptide Complexes and
Affect T-Cell Recognition. ] Am Chem Soc (2011). doi:10.1021/ja2038722
EL-Manzalawy, Y., Dobbs, D. & Honavar, V. Predicting MHC-II binding affinity
using multiple instance regression. IEEE/ACM Trans Comput Biol Bioinform 8,
1067-1079 (2011).

Nielsen, M. et al. Improved prediction of MHC class I and class II epitopes using a
novel Gibbs sampling approach. Bioinformatics 20, 1388-1397 (2004).

Momburg, F. & Hammerling, G. J. Generation and TAP-mediated transport of
peptides for major histocompatibility complex class I molecules. Adv. Immunol. 68,
191-256 (1998).

Cresswell, P. & Lanzavecchia, A. Antigen processing and recognition. Curr. Opin.
Immunol. 13, 11-12 (2001).

Serwold, T., Gonzalez, F., Kim, J., Jacob, R. & Shastri, N. ERAAP customizes
peptides for MHC class I molecules in the endoplasmic reticulum. Nature 419, 480-
483 (2002).

Koopmann, J. O. et al. Export of antigenic peptides from the endoplasmic reticulum
intersects with retrograde protein translocation through the Sec61p channel.
Immunity 13, 117-127 (2000).

Roelse, J., Grommé, M., Momburg, F., Himmerling, G. & Neefjes, J. Trimming of
TAP-translocated peptides in the endoplasmic reticulum and in the cytosol during
recycling. J. Exp. Med. 180, 1591-1597 (1994).

Garbi, N., Tiwari, N., Momburg, F. & Himmerling, G. ]. A major role for tapasin as
a stabilizer of the TAP peptide transporter and consequences for MHC class I
expression. Eur. J. Immunol. 33, 264-273 (2003).

Williams, A. P, Peh, C. A., Purcell, A. W., McCluskey, J. & Elliott, T. Optimization
of the MHC class I peptide cargo is dependent on tapasin. Immunity 16, 509-520
(2002).

Rufer, E., Leonhardt, R. M. & Knittler, M. R. Molecular architecture of the TAP-
associated MHC class I peptide-loading complex. J. Immunol. 179, 5717-5727
(2007).

Dick, T. P., Bangia, N., Peaper, D. R. & Cresswell, P. Disulfide bond isomerization
and the assembly of MHC class I-peptide complexes. Immunity 16, 87-98 (2002).
Garbi, N., Tanaka, S., Momburg, F. & Himmerling, G. J. Impaired assembly of the
major histocompatibility complex class I peptide-loading complex in mice deficient
in the oxidoreductase ERp57. Nat. Immunol. 7, 93-102 (2006).

Curtoni, E. S., Mattiuz, P. L., Tosi, R. M. & Italy, C. N. D. R. Histocompatibility
testing 1967. (1967).

Harbo, H. F. et al. Genes in the HLA class I region may contribute to the HLA class
II-associated genetic susceptibility to multiple sclerosis. Tissue Antigens 63, 237-247
(2004).

Jersild, C., Svejgaard, A. & Fog, T. HL-A antigens and multiple sclerosis. Lancet 1,
1240-1241 (1972).

Oksenberg, J. R. et al. Mapping multiple sclerosis susceptibility to the HLA-DR locus
in African Americans. Am. J. Hum. Genet. 74, 160-167 (2004).

Fernando, M. M. A. et al. Defining the role of the MHC in autoimmunity: a review
and pooled analysis. PLoS Genet. 4, e1000024 (2008).

Eyre, S. et al. High-density genetic mapping identifies new susceptibility loci for
rheumatoid arthritis. Nat. Genet. 44, 1336-1340 (2012).

Deighton, C. M., Walker, D. |, Griffiths, I. D. & Roberts, D. F. The contribution of
HLA to rheumatoid arthritis. Clin. Genet. 36, 178—182 (1989).

52



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Raychaudhuri, S. et al. Five amino acids in three HLA proteins explain most of the
association between MHC and seropositive rheumatoid arthritis. Nat. Genet. 44,
291-296 (2012).

Gregersen, P. K., Silver, J. & Winchester, R. ]. The shared epitope hypothesis. An
approach to understanding the molecular genetics of susceptibility to rheumatoid
arthritis. Arthritis Rheum. 30, 1205-1213 (1987).

Wahlstrom, J. et al. Identification of HLA-DR-bound peptides presented by human
bronchoalveolar lavage cells in sarcoidosis. J. Clin. Invest. 117, 3576-3582 (2007).
Fissolo, N. et al. Naturally presented peptides on major histocompatibility complex I
and II molecules eluted from central nervous system of multiple sclerosis patients.
Mol. Cell Proteomics 8, 2090-2101 (2009).

Costantino, C. M., Spooner, E., Ploegh, H. L. & Hafler, D. A. Class I MHC self-
antigen presentation in human B and T lymphocytes. PLoS ONE 7, €29805 (2012).
Seward, R.J., Drouin, E. E,, Steere, A. C. & Costello, C. E. Peptides presented by
HLA-DR molecules in synovia of patients with rheumatoid arthritis or antibiotic-
refractory Lyme arthritis. Mol. Cell Proteomics 10, M110.002477 (2011).

Remmers, E. F. et al. STAT4 and the risk of rheumatoid arthritis and systemic lupus
erythematosus. N. Engl. J. Med. 357, 977-986 (2007).

Suzuki, A. et al. Functional haplotypes of PADI4, encoding citrullinating enzyme
peptidylarginine deiminase 4, are associated with rheumatoid arthritis. Nat. Genet.
34, 395-402 (2003).

Lee, A. T. et al. The PTPN22 R620W polymorphism associates with RF positive
rheumatoid arthritis in a dose-dependent manner but not with HLA-SE status.
Genes Immun. 6, 129-133 (2005).

Plenge, R. M. et al. TRAF1-C5 as a risk locus for rheumatoid arthritis--a
genomewide study. N. Engl. J. Med. 357, 1199-1209 (2007).

Padyukov, L., Silva, C., Stolt, P., Alfredsson, L. & Klareskog, L. A gene-environment
interaction between smoking and shared epitope genes in HLA-DR provides a high
risk of seropositive rheumatoid arthritis. Arthritis Rheum. 50, 3085-3092 (2004).
Killberg, H. et al. Gene-gene and gene-environment interactions involving HLA-
DRBI, PTPN22, and smoking in two subsets of rheumatoid arthritis. Am. J. Hum.
Genet. 80, 867-875 (2007).

Huizinga, T. W. . et al. Refining the complex rheumatoid arthritis phenotype based
on specificity of the HLA-DRB1 shared epitope for antibodies to citrullinated
proteins. Arthritis Rheum. 52, 3433-3438 (2005).

Klareskog, L., Catrina, A. I. & Paget, S. Rheumatoid arthritis. Lancet 373, 659-672
(2009).

Firestein, G. S. Evolving concepts of rheumatoid arthritis. Nature (2003).

Van Boxel, J. A. & Paget, S. A. Predominantly T-cell infiltrate in rheumatoid
synovial membranes. N. Engl. ]. Med. 293, 517-520 (1975).

Abdel-Nour, A. N, Elson, C. J. & Dieppe, P. A. Proliferative responses of T-cell lines
grown from joint fluids of patients with rheumatoid arthritis and other arthritides.
Immunol. Lett. 12, 329-333 (1986).

Hovdenes, J., Gaudernack, G., Kvien, T. K., Egeland, T. & Mellbye, O. ]. A functional
study of purified CD4+ and CD8+ cells isolated from synovial fluid of patients with
rheumatoid arthritis and other arthritides. Scand. J. Immunol. 29, 641-649 (1989).
Kokkonen, H. et al. Antibodies of IgG, IgA and IgM isotypes against cyclic
citrullinated peptide precede the development of rheumatoid arthritis. Arthritis Res.
Ther. 13, R13 (2011).

Arlestig, L. et al. Antibodies against cyclic citrullinated peptides of IgG, IgA and IgM
isotype and rheumatoid factor of IgM and IgA isotype are increased in unaffected
members of multicase rheumatoid arthritis families from northern Sweden. Ann.
Rheum. Dis. 71, 825-829 (2012).

Moreland, L. W. et al. Treatment of refractory rheumatoid arthritis with a chimeric

53



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

anti-CD4 monoclonal antibody. Long-term followup of CD4+ T cell counts.
Arthritis Rheum. 37, 834-838 (1994).

Choy, E. H. et al. Percentage of anti-CD4 monoclonal antibody-coated lymphocytes
in the rheumatoid joint is associated with clinical improvement. Implications for the
development of immunotherapeutic dosing regimens. Arthritis Rheum. 39, 52-56
(1996).

Keystone, E. C. Abandoned therapies and unpublished trials in rheumatoid arthritis.
Curr Opin Rheumatol 15, 253-258 (2003).

Firestein, G. S. Invasive fibroblast-like synoviocytes in rheumatoid arthritis. Passive
responders or transformed aggressors? Arthritis Rheum. 39, 1781-1790 (1996).
Miiller-Ladner, U. et al. Synovial fibroblasts of patients with rheumatoid arthritis
attach to and invade normal human cartilage when engrafted into SCID mice. The
American Journal of Pathology 149, 1607-1615 (1996).

Lafyatis, R. et al. Anchorage-independent growth of synoviocytes from arthritic and
normal joints. Stimulation by exogenous platelet-derived growth factor and
inhibition by transforming growth factor-beta and retinoids. J. Clin. Invest. 83,
1267-1276 (1989).

Lefévre, S. et al. Synovial fibroblasts spread rheumatoid arthritis to unaffected joints.
Nat. Med. 15, 1414-1420 (2009).

Cohen, S. B. et al. Denosumab treatment effects on structural damage, bone mineral
density, and bone turnover in rheumatoid arthritis: a twelve-month, multicenter,
randomized, double-blind, placebo-controlled, phase II clinical trial. Arthritis
Rheum. 58, 1299-1309 (2008).

Jimenez-Boj, E. et al. Interaction between synovial inflammatory tissue and bone
marrow in rheumatoid arthritis. J. Immunol. 175, 2579-2588 (2005).

Vang, T. et al. Protein tyrosine phosphatases in autoimmunity. Annu. Rev. Immunol.
26, 29-55 (2008).

Zikherman, J. & Weiss, A. Unraveling the functional implications of GWAS: how T
cell protein tyrosine phosphatase drives autoimmune disease. J. Clin. Invest. 121,
4618-4621 (2011).

McInnes, I. B. & Schett, G. Cytokines in the pathogenesis of rheumatoid arthritis.
Nat Rev Immunol 7, 429-442 (2007).

Snir, O. et al. Multifunctional T cell reactivity with native and glycosylated type II
collagen in rheumatoid arthritis. Arthritis Rheum. 64, 2482-2488 (2012).

Backlund, J. et al. Predominant selection of T cells specific for the glycosylated
collagen type II epitope (263-270) in humanized transgenic mice and in rheumatoid
arthritis. Proc. Natl. Acad. Sci. U.S.A. 99, 9960-9965 (2002).

Snir, O. et al. Identification and functional characterization of T cells reactive to
citrullinated vimentin in HLA-DRB1*0401-positive humanized mice and
rheumatoid arthritis patients. Arthritis Rheum. 63, 2873-2883 (2011).

Firestein, G. S. & Zvaifler, N. J. Peripheral blood and synovial fluid monocyte
activation in inflammatory arthritis. II. Low levels of synovial fluid and synovial
tissue interferon suggest that gamma-interferon is not the primary macrophage
activating factor. Arthritis Rheum. 30, 864-871 (1987).

Veys, E. M., Menkes, C. J. & Emery, P. A randomized, double-blind study
comparing twenty-four-week treatment with recombinant interferon-gamma versus
placebo in the treatment of rheumatoid arthritis. Arthritis Rheum. 40, 62-68 (1997).
Chabaud, M. et al. Human interleukin-17: A T cell-derived proinflammatory
cytokine produced by the rheumatoid synovium. Arthritis Rheum. 42, 963-970
(1999).

Shen, H., Goodall, J. C. & Hill Gaston, J. S. Frequency and phenotype of peripheral
blood Th17 cells in ankylosing spondylitis and rheumatoid arthritis. Arthritis
Rheum. 60, 1647-1656 (2009).

Church, L. D. et al. Rheumatoid synovial fluid interleukin-17-producing CD4 T cells

54



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

have abundant tumor necrosis factor-alpha co-expression, but little interleukin-22
and interleukin-23R expression. Arthritis Res. Ther. 12, R184 (2010).

Yamada, H. et al. Th1 but not Th17 cells predominate in the joints of patients with
rheumatoid arthritis. Ann. Rheum. Dis. 67, 1299-1304 (2008).

Kouskoff, V. et al. Organ-specific disease provoked by systemic autoimmunity. Cell
87, 811-822 (1996).

Korganow, A. S. et al. From systemic T cell self-reactivity to organ-specific
autoimmune disease via immunoglobulins. Immunity 10, 451-461 (1999).
Sakaguchi, N. et al. Altered thymic T-cell selection due to a mutation of the ZAP-70
gene causes autoimmune arthritis in mice. Nature 426, 454-460 (2003).

Nordan, R. P. & POTTER, M. A macrophage-derived factor required by
plasmacytomas for survival and proliferation in vitro. Science 233, 566-569 (1986).
POTTER, M. & Wax, J. S. Genetics of susceptibility to pristane-induced
plasmacytomas in BALB/cAn: reduced susceptibility in BALB/c] with a brief
description of pristane-induced arthritis. J. Immunol. 127, 1591-1595 (1981).
Bedwell, A. E., Elson, C. J. & Hinton, C. E. Immunological involvement in the
pathogenesis of pristane-induced arthritis. Scand. J. Immunol. 25, 393-398 (1987).
Wooley, P. H., Seibold, J. R., Whalen, J. D. & Chapdelaine, J. M. Pristane-induced
arthritis. The immunologic and genetic features of an experimental murine model of
autoimmune disease. Arthritis Rheum. 32, 1022-1030 (1989).

Kuroda, Y. et al. Distinctive patterns of autoimmune response induced by different
types of mineral oil. Toxicol. Sci. 78, 222-228 (2004).

Satoh, M. & Reeves, W. H. Induction of lupus-associated autoantibodies in BALB/c
mice by intraperitoneal injection of pristane. J. Exp. Med. 180, 2341-2346 (1994).
POTTER, M. & BOYCE, C. R. Induction of plasma-cell neoplasms in strain BALB/c
mice with mineral oil and mineral oil adjuvants. Nature 193, 1086-1087 (1962).
Vingsbo, C. et al. Pristane-induced arthritis in rats: a new model for rheumatoid
arthritis with a chronic disease course influenced by both major histocompatibility
complex and non-major histocompatibility complex genes. The American Journal of
Pathology 149, 1675-1683 (1996).

PEARSON, C. M., WOOD, F. D., McDANIEL, E. G. & DAFT, E. S. Adjuvant
arthritis induced in germ-free rats. Proc. Soc. Exp. Biol. Med. 112, 91-93 (1963).
Holmdahl, R., Goldschmidt, T. J., Kleinau, S., Kvick, C. & Jonsson, R. Arthritis
induced in rats with adjuvant oil is a genetically restricted, alpha beta T-cell
dependent autoimmune disease. Immunology 76, 197-202 (1992).

Olofsson, P. & Holmdahl, R. Pristane-induced arthritis in the rat. Methods Mol.
Med. 136, 255-268 (2007).

Nordquist, N., Olofsson, P., Vingsbo-Lundberg, C., Petterson, U. & Holmdahl, R.
Complex genetic control in a rat model for rheumatoid arthritis. J. Autoimmun. 15,
425-432 (2000).

Brenner, M. et al. Identification of two new arthritis severity loci that regulate levels
of autoantibodies, IL-1P and joint damage. Arthritis Rheum. (2011).
doi:10.1002/art.33468

Jenkins, E., Brenner, M., Laragione, T. & Gulko, P. S. Synovial expression of Th17-
related and cancer-associated genes is regulated by the arthritis severity locus Cial0.
Genes Immun. (2011). doi:10.1038/gene.2011.73

Wester, L., Olofsson, P., Ibrahim, S. M. & Holmdahl, R. Chronicity of pristane-
induced arthritis in rats is controlled by genes on chromosome 14. J. Autoimmun.
21, 305-313 (2003).

Vingsbo-Lundberg, C. et al. Genetic control of arthritis onset, severity and
chronicity in a model for rheumatoid arthritis in rats. Nat. Genet. 20, 401-404
(1998).

Olofsson, P. et al. Positional identification of Ncfl as a gene that regulates arthritis
severity in rats. Nat. Genet. 33, 25-32 (2003).

55



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.
208.

209.

210.

211.

212.

Wernhoff, P., Olofsson, P. & Holmdahl, R. The genetic control of rheumatoid factor
production in a rat model of rheumatoid arthritis. Arthritis Rheum. 48, 3584-3596
(2003).

Herman, S. et al. Cell death and cytokine production induced by autoimmunogenic
hydrocarbon oils. Autoimmunity 45, 602-611 (2012).

Schultz, D. R. & Arnold, P. I. Properties of four acute phase proteins: C-reactive
protein, serum amyloid A protein, alpha 1-acid glycoprotein, and fibrinogen. Semin.
Arthritis Rheum. 20, 129-147 (1990).

Aletaha, D. et al. 2010 Rheumatoid arthritis classification criteria: An American
College of Rheumatology/European League Against Rheumatism collaborative
initiative. Arthritis Rheum. 62, 2569-2581 (2010).

Yoshino, S., Schlipkéter, E., Kinne, R., Hiinig, T. & Emmrich, F. Suppression and
prevention of adjuvant arthritis in rats by a monoclonal antibody to the alpha/beta T
cell receptor. Eur. J. Immunol. 20, 2805-2808 (1990).

Yoshino, S. & Cleland, L. G. Depletion of alpha/beta T cells by a monoclonal
antibody against the alpha/beta T cell receptor suppresses established adjuvant
arthritis, but not established collagen-induced arthritis in rats. J. Exp. Med. 175,
907-915 (1992).

Pelegri, C. et al. Depletion of gamma/delta T cells does not prevent or ameliorate,
but rather aggravates, rat adjuvant arthritis. Arthritis Rheum. 39, 204-215 (1996).
Pelegri, C., Paz Morante, M., Castellote, C., Castell, M. & Franch, A. Administration
of a nondepleting anti-CD4 monoclonal antibody (W3/25) prevents adjuvant
arthritis, even upon rechallenge: parallel administration of a depleting anti-CD8
monoclonal antibody (OX8) does not modify the effect of W3/25. Cell. Immunol.
165, 177-182 (1995).

Holmberg, J. et al. Pristane, a non-antigenic adjuvant, induces MHC class II-
restricted, arthritogenic T cells in the rat. J. Immunol. 176, 1172-1179 (2006).
Priestley, C. A., Spencer, S. C., Sawyer, G. J. & Fabre, J. W. Suppression of kidney
allograft rejection across full MHC barriers by recipient-specific antibodies to class
IT MHC antigens. Transplantation 53, 1024-1032 (1992).

Kleinau, S., Dencker, L. & Klareskog, L. Oil-induced arthritis in DA rats: tissue
distribution of arthritogenic 14C-labelled hexadecane. Int. J. Immunopharmacol. 17,
393-401 (1995).

Hoffmann, M. H. et al. Nucleic acid-stimulated antigen-presenting cells trigger T
cells to induce disease in a rat transfer model of inflammatory arthritis. J.
Autoimmun. 36, 288-300 (2011).

Whitehouse, M. W., Orr, K. J., Beck, F. W. & PEARSON, C. M. Freund's adjuvants:
relationship of arthritogenicity and adjuvanticity in rats to vehicle composition.
Immunology 27, 311-330 (1974).

Sikkema, J., de Bont, J. A. & Poolman, B. Mechanisms of membrane toxicity of
hydrocarbons. Microbiol. Rev. 59, 201-222 (1995).

Gardner, P. Calcium and T lymphocyte activation. Cell 59, 15-20 (1989).

Gillett, A. et al. TNF production in macrophages is genetically determined and
regulates inflammatory disease in rats. J. Immunol. 185, 442-450 (2010).

Sverdrup, B. M., Kéllberg, H., Klareskog, L., Alfredsson, L.Epidemiological
Investigation of Rheumatoid Arthritis study group. Usage of skin care products and
risk of rheumatoid arthritis: results from the Swedish EIRA study. Arthritis Res.
Ther. 14, R41 (2012).

Singh, M. & O'Hagan, D. Advances in vaccine adjuvants. Nat. Biotechnol. 17, 1075-
1081 (1999).

Sverdrup, B., Klareskog, L. & Kleinau, S. Common commercial cosmetic products
induce arthritis in the DA rat. Environ. Health Perspect. 106, 27-32 (1998).

Kleinau, S., Erlandsson, H. & Klareskog, L. Percutaneous exposure of adjuvant oil
causes arthritis in DA rats. Clin. Exp. Immunol. 96, 281-284 (1994).

56



213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Sverdrup, B. et al. Association between occupational exposure to mineral oil and
rheumatoid arthritis: results from the Swedish EIRA case-control study. Arthritis
Res. Ther. 7, R1296-303 (2005).

Beebe, G. W, Simon, A. H. & Vivona, S. Long-term mortality follow-up of Army
recruits who received adjuvant influenza virus vaccine in 1951-1953. Am. J.
Epidemiol. 95, 337-346 (1972).

PEARSON, C. M. & WOOD, F. D. PASSIVE TRANSFER OF ADJUVANT
ARTHRITIS BY LYMPH NODE OR SPLEEN CELLS. J. Exp. Med. 120, 547-560
(1964).

Spargo, L. D,, Cleland, L. G., Wing, S. J., Hawkes, J. S. & Mayrhofer, G.
Characterization of thoracic duct cells that transfer polyarthritis. Clin. Exp.
Immunol. 126, 560-569 (2001).

Taurog, J. D., Sandberg, G. P. & Mahowald, M. L. The cellular basis of adjuvant
arthritis. I. Enhancement of cell-mediated passive transfer by concanavalin A and by
immunosuppressive pretreatment of the recipient. Cell. Immunol. 75, 271-282
(1983).

Trentham, D. E., Townes, A. S. & Kang, A. H. Autoimmunity to type II collagen an
experimental model of arthritis. J. Exp. Med. 146, 857-868 (1977).

Courtenay, J. S., Dallman, M. J., Dayan, A. D., Martin, A. & Mosedale, B.
Immunisation against heterologous type II collagen induces arthritis in mice. Nature
283, 666-668 (1980).

Tuncel, J. et al. Class IT major histocompatibility complex-associated response to
type XI collagen regulates the development of chronic arthritis in rats. Arthritis
Rheum. 64, 2537-2547 (2012).

Lu, S., Carlsen, S., Hansson, A. S. & Holmdahl, R. Immunization of rats with
homologous type XI collagen leads to chronic and relapsing arthritis with different
genetics and joint pathology than arthritis induced with homologous type II
collagen. J. Autoimmun. 18, 199-211 (2002).

Taneja, V. et al. New humanized HLA-DR4-transgenic mice that mimic the sex bias
of rheumatoid arthritis. Arthritis Rheum. 56, 69-78 (2007).

Oppmann, B. et al. Novel p19 protein engages IL-12p40 to form a cytokine, IL-23,
with biological activities similar as well as distinct from IL-12. Immunity 13, 715-
725 (2000).

Vermeire, K. et al. Accelerated collagen-induced arthritis in IFN-gamma receptor-
deficient mice. J. Immunol. 158, 5507-5513 (1997).

Manoury-Schwartz, B. et al. High susceptibility to collagen-induced arthritis in mice
lacking IFN-gamma receptors. J. Immunol. 158, 5501-5506 (1997).

Boissier, M.-C. et al. Biphasic effect of interferon-y in murine collagen-induced
arthritis. Eur. J. Immunol. 25, 1184-1190 (1995).

Hess, H. et al. High doses of interleukin-12 inhibit the development of joint disease
in DBA/1 mice immunized with type II collagen in complete Freund's adjuvant. Eur.
J. Immunol. 26, 187-191 (1996).

Hue, S. et al. Interleukin-23 drives innate and T cell-mediated intestinal
inflammation. J. Exp. Med. 203, 2473-2483 (2006).

Cua, D.J. et al. Interleukin-23 rather than interleukin-12 is the critical cytokine for
autoimmune inflammation of the brain. Nature 421, 744-748 (2003).

Murphy, C. A. et al. Divergent Pro- and Antiinflammatory Roles for IL-23 and IL-12
in Joint Autoimmune Inflammation. (2003).

Lubberts, E. et al. IL-1-independent role of IL-17 in synovial inflammation and joint
destruction during collagen-induced arthritis. J. Immunol. 167, 1004-1013 (2001).
Hickman-Brecks, C. L., Racz, J. L., Meyer, D. M., LaBranche, T. P. & Allen, P. M.
Th17 cells can provide B cell help in autoantibody induced arthritis. J. Autoimmun.
36, 65-75 (2011).

Hirota, K. et al. T cell self-reactivity forms a cytokine milieu for spontaneous

57



234.

235.

236.

237.

238.

development of IL-17+ Th cells that cause autoimmune arthritis. J. Exp. Med. 204,
41-47 (2007).

Veldhoen, M., Hocking, R. J., Atkins, C. J., Locksley, R. M. & Stockinger, B. TGFbeta
in the context of an inflammatory cytokine milieu supports de novo differentiation
of IL-17-producing T cells. Immunity 24, 179-189 (2006).

Bettelli, E. et al. Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells. Nature 441, 235-238 (2006).

Mangan, P. R. et al. Transforming growth factor-beta induces development of the
T(H)17 lineage. Nature 441, 231-234 (2006).

Yang, L. et al. IL-21 and TGF-beta are required for differentiation of human T(H)17
cells. Nature 454, 350-352 (2008).

Korn, T. et al. IL-21 initiates an alternative pathway to induce proinflammatory
T(H)17 cells. Nature 448, 484-487 (2007).

58



