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SUMMARY
The polymorphism of HLA (human leukocyte antigen) is extensive. Allelic variation has
previously been detected by cellular and serological methods. Today a variety of genomic
typing techniques have been developed, which give higher resolution and a possibility to
detect single nucleotide variations. One such HLA typing technique, PCR-amplification with
sequence-specific primers (PCR-SSP), has been developed in our laboratory. The application
of PCR-SSP for typing of the DQA1 locus and its use in the study of linkage and association
in disease, is described in this thesis.
Better typing techniques have lead to identification of new alleles, of which one
(DRB1*1415) is described here. The complexity of the HLA system is even more increased by
the combination of alleles in different haplotypes. Tight linkage disequilibrium between the
DR and DQ subregions ensures that specific DR and DQ alleles often are inherited together.
The haplotype carrying the DQA1*0104 allele is described in this thesis.
Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous
system. Its etiology is unknown, but probably MS is a multifactorial and polygenic disease
with autoimmune characteristics. The only repeatedly verified genetic factor in MS is the
HLA association with the class II haplotype DR2,DQ6,Dw2 ( specified here with genomic
typing as DRB1*1501,DRB5*0101,DQA1*0102,DQB1*0602). This haplotype is present in 60%
of MS patients and 30% of controls in North European populations. The importance of HLA
genes in MS has been questioned since it has been difficult to establish linkage with markers
in this region. In Swedish multiplex families we do find significant linkage (lod score >3)
between HLA-DR,DQ and MS.
Further analysis, with detailed PCR-SSP typing of all class I and class II loci (A, B, C,
DR, DQ and DP) in 200 patients and 210 healthy controls, added to the complexity of HLA as
part of the genetic susceptibility in MS. A*0301 was found to be positively associated with MS
independently of DR2,DQ6,Dw2. In contrast, the A*0201 allele was underrepresented in the
patient group and in DR2,DQ6,Dw2-positive individuals it decreased the relative risk from
3.6 to 1.8. In addition, the DPB1*0401 allele occurred in increased frequency together with
DR2,DQ6,Dw2 in patients compared with controls.
In conclusion, HLA is probably one of the major genetic factors determining MS
susceptibility, although several additional events, both genetic and environmental, are
required to develop MS.
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ABBREVIATIONS

CTLA-4

cytotoxic T lymphocyte antigen 4

EAE

experimental autoimmune encephalomyelitis

H-2

mouse MHC

HLA

human leukocyte antigen

IDDM

insulin dependent diabetes mellitus

LMP

low molecular weight proteasome

LOD

logarithm of the odds ratio

MBP

myelin basic protein

MG

myasthenia gravies

MHC

major histocompatibility complex

MOG

myelin oligodendrocyte glycoprotein

MS

multiple sclerosis

RA

rheumatoid arthritis

RT-1

rat MHC

RFLP

restriction fragment length polymorphism

SLE

systemic lupus erythematosis

TAP

transport-associated protein

TcR

T-cell receptor
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INTRODUCTION

The major histocompatibility complex (MHC) is the name that was given to a set of
genes shown to play a key role in the rejection of transplants (for referenceses see 1).
MHC is a general name for this complex in all species, but every species also has its
special name for these set of genes and molecules. In mice it is referred to as H-2, in
rats RT1 and in humans the human leukocyte antigens (HLA). This thesis is focused
on the HLA complex and its association and linkage with disease, in particular
multiple sclerosis.

The HLA molecules
Human leukocyte antigens (HLA) are membrane-bound molecules with a peptide
binding part that interacts with the T-cell receptor (TcR)2. This event leads to the
activation of the specific cellular immune response that protects us from invading
microbes. HLA molecules are divided into class I and class II, which are distinct in
structure, function and expression pattern.

HLA class I
The HLA class I molecules consist of an α-chain with three extracellular domains
bound to a β2-microglobulin chain (Fig 1). The crystal structure of the HLA class I
molecule shows that the first and second domain of the α-chain forms a β-pleated
sheet and two α-helices, creating a groove in which peptides of around nine amino
acids can bind 3-7.
HLA class I molecules interact with TcRs of CD8-positive, mainly cytotoxic, T cells2, 8.
HLA class I molecules are expressed on most nucleated cells in the body. Peptides
presented by class I are mainly of endogenous origin and they are generated in the
cytosol by a proteasome consisting partly of low molecular proteasome-proteins
(LMP-proteins)9, 11. These peptides are subsequently transported into the ER via the
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transporter-associated proteins (TAP), where they are loaded onto the class I
molecules13,

14.

The presentation of endogenous peptides ensures that the immune

system will find infected cells, which then can be eliminated by cytotoxic T cells.
There are three types of classical HLA class I molecules, HLA-A, -B and -C.
The function of these three molecules is probably similar, and having more then one
class I molecules ensures more extensive presentation of peptides and thereby higher
probability of interacting with suitable T cells. The HLA class I molecules also interact
with different NK cell inhibitor receptors and thus protect healthy cells from an immune
attack by the NK cells15-17. There is also the non-classical HLA-E and HLA-F
molecules, which have limited expression18, and the HLA-G molecules that are
expressed only on the placenta, all three with as yet unclear function19, 20.

α-chain

β2m

α-chain β-chai n

Figure 1. The HLA class I and class II
molecules. HLA class I consists of a
three-domain α -chain and the β2m
chain. The class II molecule consists
of one α -chain and one β-chain with
two extracellular domains each.The
black dots indicate where the peptides

HLA class I

HLA class II

bind.

HLA class II
HLA class II molecules consist of one α- and one β-chain, which have two
extracellular domains each (Fig.1). The first domain of the α- and β-chain together
form a structure of a β-pleated sheet and two α-helices, similar to that of the class I
molecules, where slightly longer peptides of 10-25 amino acids bind5, 21-24. The crystal
structure of the class II molecule shows that this structure is more open at the ends
and hence the peptide can extend out from the binding groove25-27.
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Class II molecules interact with CD4-positive T cells, which mainly have a helper
function. They are expressed on cells of the immune system, like macrophages,
dendritic cells, B-cells and activated T-cells. Class II bound peptides are derived from
a class II peptide-loading compartment that lyse with endocytosed vesicles, and thus
these peptides are mainly of extracellular origin10,

28-30.

The class II molecules are

protected by the invariable chain (Ii) when they pass the ER31, 32. This chain is partly
cut off by enzymes in the peptide loading compartment, leaving a CLIP fragment that
the DM molecule replaces with peptide33-39.
Three types of classical class II molecules are expressed and functional in the
immune system, the DR-, DQ- and DP-molecules. An additional heterodimer of the DN
and DO molecules is also expressed, but has unknown function. On B-cells, the most
aboundant molecules are the DR, followed by DQ (1/10 of the DR) and then DP
(1/100 of the DR)40.

The HLA genes
The HLA encoding region is a 3-5 Mb long stretch on the short arm of chromosome 6
(6p21.3), that is divided into the class I, class II and class III regions. Many other
genes, in addition to the HLA genes, are encoded in this region, of which many have
immunological functions (Fig. 2).

HLA class I genes
The class I region is a 1800 kb long part of the chromosome in which the α-chain of
the HLA class I molecules is encoded. The β2-microglobulin is encoded on
chromosome 15. The HLA-B locus is at the most centromeric side, followed by the
HLA-C locus at less than 100 kb distance and the HLA-A gene at a distance of over
1400 kb from the B-locus. In between these loci are the genes of e.g. transcription
factors and GTP binding proteins. The set of non-classical class I (HLA-E, -F and -G)
and pseudogenes (HLA-H, HLA-J, HLA-K and HLA-L) are also present in the class I
region41.
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The HLA class I genes consist of eight exons corresponding to the signal
sequence, the three domains, the transmembrane region, the cytoplasmatic tail of the
protein and the 3’untranslated region. The introns in-between vary in length from 33
to 599 base pairs.
The polymorphism of the HLA class I genes is extremely extensive, with 90
HLA-A, 188 HLA-B and 48 HLA-C alleles reported by June 199742. Most of the
polymorphism lies in the second and third exons, corresponding to the peptide binding
part and TcR interacting part of the molecule, but there is also some polymorphism
found in other exons43.

HLA class II
The 800 kb long HLA class II region is located centromeric of the HLA class I region.
Most telomeric is the gene for the DRα-chain of the DR-molecule, the DRA locus,
followed by the genes for the DRβ-chain encoded by the DRB loci41. There are
several types of DRB genes.
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Fig. 2. The HLA class II, III and I regions of chromosome 6. The genes for the DR, DQ, DP,
DN and DO molecules are in the class II region as well as genes for peptide processing
molecules (TAP, LMP, DM). The class III region includes genes for complement, TNF and heat
shock protein 70. The HLA-A, -B, -C, -E, -H and -G genes are found in the class I region.
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All individuals carry at least the DRB1 gene and in addition most individuals also carry
one or several DRB3, DRB4 or DRB5 genes depending on the haplotype (Fig. 3).

DR1 7, DR18 , DR11 ,
DR1 2, DR13 , DR 14

DRB1

DRB2

DR4, DR7 , DR 9

DRB1

DRB7

DR15 , DR16

DRB1

DRB6

DR1, DR10

DRB1

DRB6

DR8

DRB1

DRB8

DRB3

DR52

DRB4

DR53

DRB5

DR51

Fig. 3. DR haplotypes,
shown on the left side,
with the broad specificities shown on the right
side. Shadowed squares
mark pseudogenes .

Fifty to a hundred kb centromeric of the DR-genes lie the DQA1 and DQB1 loci
which encode the α- and β-chains of the DQ-molecule, respectively. Further 500 kb
centromeric of the DRB genes lies the genes for the DP-molecule, DPA1 and DPB1.
In-between these the DN and DO molecules are encoded (Fig. 2).
A few other genes with sequence similarities to the expressed HLA class II
genes are also found in this region. These are the DQA2, DQB2 and DQB3 genes.
They might be a result of duplication of the class II genes and they are not known to
be expressed. They could potentially serve as a sequence pool from which creation of
new alleles can occur.
Both the α- and β-chain encoding genes have similar structures, with six exons
corresponding to the signal sequence, the two extracellular domains, the
transmembrane region, the cytoplasmatic tail and the 3’untranslated region. Most of
the polymorphism lies in the second exon, which encodes for the peptide binding part
and TcR interacting part of the HLA class II molecule43.
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The polymorphism of the expressed HLA class II genes is as great as for the
class I genes, with e.g. 190 DRB1 alleles reported by June 1997 (Table 1)42. Only one
gene, DRA, expresses only limited polymorphism (only two alleles known).
Other genes with immunological function in this region are the HLA-DMA1,
DMB1, TAP1, TAP2, LMP2 and LMP7 genes, all encoding proteins important in
peptide transport and presentation and expressing limited polymorphism44.

HLA class III
The class III region is a 1100 kb long part of the chromosome between the class I and
class II region. Genes for complement, cytokines, heat shock proteins and
glycocorticoid biosynthesis are encoded in this region, as well as a large number of
genes with as yet uncharacterised function and expression41.

Table 1. Number of alleles for the different HLA genes known in June 1997.
Molecular characteristics
number of alleles
HLA-A
90
Class I α-chain
HLA-B
188
Class I α-chain
HLA-C
48
Class I α-chain
HLA-E
associated with class I 6.2-kB Hind III fragment
5
HLA-F
associated with class I 5.4-kB Hind III fragment
HLA-G
associated with class I 6.0-kB Hind III fragment
8
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HLA-DOB
HLA-DMA
HLA-DMB
HLA-DNA
HLA-DPA1
HLA-DPB1
HLA-DPA2
HLA-DPB2

Molecular characteristics
DR α-chain
DR β-chain determining specificities DR1, DR2,
DR3 etc
pseudogene with Drβ-like sequences
DR β-chain determining DR52
DR β-chain determining DR53
DR β-chain determining DR51
DRB speudogene found on DR1, DR2 and DR10
hapoltypes
DRB speudogene found on DR4, DR7 and DR9
haplotypes
DRB speudogene found on DR4, DR7 and DR9
haplotypes
DQ α-chain
DQ β-chain
DQ α-chain related sequence, not known to be
expressed
DQ β-chain related sequence, not known to be
expressed
DQ β-chain related sequence, not known to be
expressed
DO β-chain
DM α-chain
DM β-chain
DN α-chain
DP α-chain
DP β-chain
DP α-chain-related pseudogene
DP β-chain-related pseudogene

TAP1
TAP2
LMP2
LMP7

ATP binding cassette transporter
ATP binding cassette transporter
Proteasome-related sequence
Proteasome-related sequence

HLA-DRA
HLA-DRB1
HLA-DRB2
HLA-DRB3
HLA-DRB4
HLA-DRB5
HLA-DRB6
HLA-DRB7
HLA-DRB8
HLA-DQA1
HLA-DQB1
HLA-DQA2
HLA-DQB2
HLA-DQB3

number of alleles
2
190

14
9
12
3
2

19
32

4
5
10
82

5
4

HLA nomenclature
The nomenclature of the HLA system is complicated indeed, mostly due to the fact
that different methods have been used over the years to investigate these genes and
molecules. One of the earliest methods used was cellular assays, in which cells with
different HLA haplotypes (combinations of alleles from different loci) were mixed in
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culture. T cells from an HLA incompatible individual will react against cells expressing
another HLA type (an allotype). Cells could thus be sorted into groups that tolerated
each other and those that responded to different allotypes. These different
specificities were given names like Dw2. Essentially, this is a functional test of all HLA
molecules on the cell surface.
Further characterisation of HLA class II was achieved by using antibodies in
serologic typing, a method that was used from the beginning for HLA class I
characterisation. It was now possible to identify the individual molecules on the cell
surface as e.g. DR and DQ. Dw2 positive cells could now be assigned as carrying a
DR2 and a DQ1 molecule, termed DR2,DQ1 as haplotype. Later the DR2 specificities
were found to carry more variations and could be split into DR15 and DR16. Similary,
the DQ1 specificity was split into DQ5 and DQ6. But antibody specificities are limited
to variations accessible to them and can not detect variations that e.g. are hidden in
the peptide binding groove, except may be indirectly as peptides presented by other
HLA molecules. Such variations can however be detected by analysing the nucleotide
sequence of the HLA genes. Genomic methods used have been e.g. restriction
fragment length polymorphism (RFLP)45-47 and more recently the PCR based
methods. The nomenclature was now changed to consist of the gene name followed
by a star and then an allele number of four digits written in italics, where the first two
digits give the corresponding serological specificity and the two last digits give the
allele designation. The variants of alleles that were detected as DR15 with serology
have now been termed DRB1*1501 to DRB1*1506 48.

HLA polymorphism
The HLA genes are the most polymorphic genes known in the human genome. No
particular allele dominates in frequency and the distribution of alleles varies between
different populations. Most variation is found in Africa49 from which presumably
smaller groups of people have migrated to Europe and Asia. Most of the variation
between alleles is not due to new single base mutations, but rather a shuffling of the
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same sequence motifs into different combinations, created by crossing over and gene
conversion. The heterozygosity of the HLA genes is high, indicating that there is a
selective advantage for the immune system to have variation within these genes.
Similar variations exist in the MHC of other animals and the similarity between
different species shows that allele diversification started before the origin of species.

HLA haplotypes
If all alleles of the HLA genes where to be combined randomly, over 1010 combinations
could be generated. However, HLA genes encoded closely together on the
chromosome are inherited together as haplotypes. The tight linkage diequilibrium
between the DR and DQ genes ensures that, at least in a specific population, one
DRB1 allele is mostly, if not always, inherited with the same DQA1 and DQB1 alleles
(Table 2).
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Table 2. Common HLA class II haplotypes and their allele frequencies in the Swedish
population.
____________________________________________________________________________
HLA-DR
serological

DR subtypes
genomic

DR1
DR103
DR15

DR17
DR18
DR4
DR11

*0101-02
*0103
*1501-06
*1501
*1601-08
*1601
*0301, 0304-05
*0302-03,06-11
*0401-24
*1101-30

DRB5 (51)
DRB5 (51)
DRB5 (51)
DRB5 (51)
DRB3 (52)
DRB3 (52)
DRB4 (53)
DRB3 (52)

DR12
DR13

*1201-05
*1301-30

DRB3 (52)
DRB3 (52)

DR14
DR7
DR8
DR9
DR10

*1401-29
*0701
*0801-16
*0901
*1001

DRB3 (52)
DRB4 (53)

DR16

broad
specificities

DRB4 (53)

DQA1

DQB1

*0101
*0501
*0501
*0301
*0102/3
*0601/2, *0502
*0102
*0602
*0102, *0501 *0301/*0502
*0102
*0502
*0501
*0201
*0401
*0402
*0301/2
*03, *0401/2
*0501,*0102/ *0301,*0501,*0603,*0201
3
*0104,*0501 *0501,*0605,*0301
*0103/2,*050 *06,*0301
1
*0104,*0501 *0503,*0301
*0201
*0201,*0303
*0401,*06,*01 *0402,*03,*06
*0301/2
*0303
*0105
*0501

phenotype
frequency
(n=102)

gene
frequency
(n=204)

25%
1%
26%
26%
3%
3%
22%
0%
36%
11%

14%
0%
15%
15%
1%
1%
12%
0%
20%
5%

7%
22%

3%
12%

6%
15%
10%
2%
2%

3%
7%
5%
1%
1%

____________________________________________________________________________
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It is unclear whether there is any selective advantage to have a special combination of
alleles in a haplotype, or if this is merely an effect of the distance on the chromosome,
or lack of recombinational hot spots. Studies of the variations of recombination
frequency along the chromosome show that there is no recombination between DR
and DQ, but probably several hot spots between DQ and DP50,

51.

The DQA1 gene

product might pair with a DQB1 gene product from another haplotype, making the
variants of DQ molecules expressed on the cell surface even greater. It is also
possible that special DQA1 and DQB1 alleles are inherited together because the
heterodimer they form is selectively advantageous, or at least not disadvantageous.
Even though recombinations have been shown between the HLA-B and HLA-C
genes, the close distance on the chromosome will give rise to a strong linkage
disequilibrium between B and C alleles50.
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HLA ASSOCIATED DISEASES

Many diseases are associated with the HLA genes, i.e. a special HLA haplotype
occurs more frequently among patients compared to the healthy population. These
diseases often have autoimmune features, characterised by an immunological
response against a specific target tissue. Different diseases are associated with
different HLA alleles, e.g. insulin dependent diabetes mellitus (IDDM) with DR4 and/or
DR3, Hashimoto´s thyroiditis with DR5, SLE and DR3, rheumatoid arthritis (RA) with
DR4, myastenia gravis (MG) with B8, DR3 52.

It is not clear what role the HLA complex has in the etiology and pathogenesis of
these diseases. Several possibilities have been put forward. Since the function of HLA
molecules is immunological, it seems feasible that it is the HLA molecules themselves
that execute their immunological function in the HLA associated diseases, at least in
those diseases which have autoimmune characteristics. The two levels at which HLA
molecules can influence an immune response are the selection of the T-cell repertoire
in the thymus and activation of an immune response by presentation of peptides
outside the thymus.
Another possibility is that, yet unidentified, disease-causing genes are closely
linked to a special HLA haplotype and that they therefore are inherited together.
There are many possible and interesting candidate genes that may influence an
immune response encoded in close proximity to the HLA genes, e.g. TNF,
complement, TAP and DM. Though, to explain an association, these genes have to be
polymorphic, which has been described for e.g. the DM, TAP, LMP and TNF genes.
Some diseases, that originally were thought to be HLA associated, have turned out to
be due to a disease gene encoded in or near the HLA region, e.g. haemochromatosis
and 21-hydroxylase deficiency. Other diseases, e.g. systemic lupus erythematosis53,
coeliac disease54 and type 1 diabetes mellitus55,56, show indications that more than
one locus within the HLA contributes to susceptibility.
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If a single gene is to explain a disease etiology, all or most of the patients with
the disease have to carry that mutation of the gene. A few diseases do have a 100%
or near HLA association, e.g. ankylosing spondylitis with B27 and narcolepsy with
Dw2. However, most of the other HLA associated diseases show only a moderate
increase of the HLA haplotype in the patients, distinct from that of the general
population. Thus, carrying the associated HLA haplotype is not sufficient to cause the
disease, since this haplotype is also found in healthy individuals. Also, carrying the
associated haplotype is not necessary to cause the disease, since there are patients
with other HLA haplotypes that also have the disease. So these diseases are probably
multifactorial and HLA could be one factor of several. Moreover, the diseases might
have several genetic components, which are indicated by the difference in
concordance rate between monozygotic (MZ) and dizygotic (DZ) twins, where typically
the rate for MZ is about five times that of DZ in e.g. IDDM and MS.

Narcolepsy
Narcolepsy is characterised by irresistible sleep attacks, lasting 5 to 30 minutes,
during the day. It is also characterised by cataplexy, an abrupt loss of muscle tone,
especially when the patient becomes emotionally excited. One serious danger for
narcoleptic patients is car driving, where 40% of the patients admitted that they had
fallen asleep during driving. Drugs that improve transmission at monoamine synapses
and drugs that inhibits REM sleep help57.
There is a strong familial component in narcolepsy. The disease has
sometimes been running in the family for several generations and siblings have a 2040-fold higher risk of developing the disease. This suggests that there are a group of
genes that specifically regulate sleep and that dysregulation of these genes might
lead to narcolepsy. The onset occurs at 15-25 years of age and the disease affects
0.02-0.06% of the population in the United States and Western Europe. A
concordance rate of 25-31% between MZ twins suggests that narcolepsy is not a
simple genetic disorder and that environmental factors are also influential. In Japan,
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100% of the narcoleptic patients carry the DR15,DQ6,Dw2 haplotype, whereas the
figures for Caucasians is 90-100% and for African-Americans 70%. DQ has been
suggested to be the more important part of the haplotype since many of the
DRB1*1501 negative patients carry the DQB1*0602 and DQA1*0102 alleles. The
strong association to HLA implies that narcolepsy might be an autoimmune disease.
But there are also patients that carry neither DRB1*1501 nor DQB1*0602, showing
that the HLA alleles are not necessary and, since these alleles are carried by around
30% of the general population, the penetrance of the disease is low58. The etiology is
still unknown, but there is a form of narcolepsy that occurs naturally in dogs and
where a single autosomal ressecive trait with full penetrance has been identified.
Gene isolation is ongoing both in dogs and of the corresponding human gene region
59.

Multiple sclerosis
Multiple sclerosis (MS) is a chronic neurological disease with an incidence of 2-4/100
000 and a life time risk of 1/500 in north-western Europe. The prevalence is 20100/100 000. It usually affects people at the ages of 20 to 40 and is thereby the most
common neurological disease of young adults60. About two-thirds of the MS patients
are women.

MS is characterised by inflammation and formation of well demarcated plaques in the
white myelin rich matter of the central nervous system. The symptoms are varied, but
could include paresis, impaired vision, paraesthesia, ataxia, fatigue and pain.
Magnetic resonance imaging (MRI) of the brain and detection of oligoclonal bands in
the spinal fluid are helpful tools for diagnosing the disease. There are at least two
different disease courses in MS, relapsing/remitting (R/R) and primarily chronic
progressive (PCP).
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MS seems to be due to an immune reaction with myelin as the primary target, whereas
the axons are less evidently damaged61. Intrathecal humoral as well as cellular
abnormalities have been noted in MS. Infiltration of lymphocytes, mainly CD4-positive
T cells, and macrophages can be seen62. These macrophages and microglia are activated and have an increased expression of HLA class II. Higher levels of cytokines,
mainly of Th1 type, and intrathecal production of antibodies are found in the lesions63,
64.

The myelin seems to be stripped off the axons by macrophages, probably directed

by myelin specific antibodies that opsonize the myelin65. Damage of the myelin might
also be caused by a cytotoxic effect of T cells, possibly also by CD4-positive T cells66.
This might not be by direct interaction with the oligodendrocytes, since these cells do
not express HLA class II67. Complement has also been suggested as a possible tissue
destroying factor, but since the oligodendrocytes express CD59, they are possibly
protected against direct complement attack, although opsonisation by complement
can enhance macrophage mediated destruction68.

There is no animal model for spontaneus MS. A similar disease, experimental
autoimmune encephalomyelitis (EAE), can be induced in animals by injecting myelin,
myelin-derived proteins or peptides from these proteins together with adjuvants, but
also in some strains even without adjuvants. The disease can be induced by transfer
of activated myelin-specific T cells. The mechanisms of disease etiology delineated
from EAE indicate that MS is an autoimmune disease61, 64, 69. This is also indicated by
the finding of autoreactive T and B cells directed against myelin, that are found in MS
patients.

Even though the etiology of MS is unknown, it is certain that genes can influence the
susceptibility and that environmental factors also are needed, though the relative
importance of these factors is not clear70, 71. The comparatively low concordance rate
of about 4% between full-sibs and of 35% between MZ twins71-73, emphasises that the
genes conferring susceptibility are not sufficient for development of the disease. The
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importance of an environmental factor is also supported by the gradient of the
incidence seen in both the Northern and Southern hemisphere71. The increased
incidence of MS in the Faeroe Islands during the second world war is also an
indication, though these studies have been questioned lately as being more
dependent on, among other things, the presence of neurologists74.
One argument against the importance of the environment is the adoptee study
of Ebers, which shows that the concordance between adopted siblings is not higher
than the background prevalence in the population, even though the environment is
shared75. However, this could also mean that the environmental factor is common
enough to expose the vast majority of the population, in which case susceptibility
genes greatly influences the risk, but where the environmental factor still is essential.
Viruses have long been thought to be the actual triggers of MS, where an
exposure during childhood and additional events before disease onset have been
suggested. However, MS is not likely to be an effect of direct infection, since no
specific virus has repeatedly been isolated from MS lesions. MS possibly resembles
e.g. post-infectious encephalomyelitis more, in that other mechanisms than the direct
elimination of the infection lead to a type of autoimmunity. The autoimmune reaction
may then prevail long after the virus has been cleared from the body.

The now established genetic predisposition for MS was first suggested by the familial
aggregation of the disease shown as an increasing prevalence with increasing degree
of kinship

76.

It is also indicated by the difference in prevalence in different ethnical

groups, even when these are living in the same area, e.g. gypsies in Hungary and
Lapps in Norway77. This could of course also be due to an increased sharing of
environment. Comparison of the difference between the concordance rate in MZ twins
(35%) and DZ twins (4%) is the strongest evidence that genetic factors are involved in
the etiology of MS and, moreover, that this most probably involves several genes.
Many efforts have been made to identify these genes and contradictory results have
been reported from different studies of e.g. the T-cell receptor, immunoglobulins and
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the myelin basic protein. The only genetic factor which repeatedly has been verified in
MS is the HLA genes.
HLA association in MS
Population based association studies shows whether or not a gene marker is
increased among patients compared to controls. In 1973, Jersild et al. identified the
class II specificity Dw2 as associated with MS78. This has since then been verified in
many studies and, with new HLA typing techniques, with increasingly higher
resolution79-82. Earlier studies found association to A3 and B7, but these associations
were later regarded as secondary to class II associations once these were
established.
After a few misunderstandings during the serological era, the Dw2 has been
shows to be "The MS haplotype" world-wide. The Japanese and Arabian association
to DR4 and DR6 were not confirmed83, 84 and indeed an increase of Dw2 was noted in
MS patients, even though the haplotype is less common in these populations. The
incidence of MS is typically higher in countries where the frequency of Dw2 is high.
One exception is Sardinia where Dw2 has not been shown to be associated with MS,
although the prevalence of MS (1/1000) is fairly high. The misunderstanding during
the serological era was because, in the case of Dw2, contrary of what might be
expected, the resolution of the typing with cellular methods was actually higher than
the serological techniques. This is exemplified by the DR2 association in Hungarian
gypsies (which have a low incidence of MS) which was shown to be of the subtype
DRB1*1601, whereas the DR2 association in Scandinavians (which have a high
incidence of MS) was shown to be DRB1*150185.
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HLA linkage in MS
Linkage studies are made in families and give an answer if a genetic marker is linked
to a disease gene, i.e. if these are inherited together more often than expected. This
can be done in sib-pair analysis or in multiplex families (families with more then one
case of MS). Eighty per cent of MS cases are sporadic and 20% have at least one
other known case in the family. A few studies have found linkage of HLA and disease
in MS families86, but there are also studies that do not (Table 3)87-89.

Other genes of importance in MS
Other genes with immunological functions within the HLA complex have been
investigated for a role in MS. Linkage between MBP and MS was described in Finish
material, but this has not been verified in independent studies70,

71.

Association

between MS and the LMP and DM

Table 3. Studies of linkage between HLA and MS.
_________________________________________________________________________
Country

no of families studied

no of sibling pairs

results

_________________________________________________________________________
Canada87

36

40

negative

Scotland88

34

31

negative

UK89

115

negative

Australia90

100

positive

Sweden91

9

Italy86

28

positive

Finland92

21

positive

Sweden (paper V)

49

9

19

positive

positive

28
_________________________________________________________________________

genes has not been established93, and the results from studies of the TAP2
polymorphism are contradictory94-97. Studies of microsatellite markers close to TNF
have also failed to show any additional association98. Moreover, for some haplotypes
there are linkage disequilibrium between the DR,DQ genes and TAP or DM and
additional associations found for these markers have to be tested in HLA matched
patients and controls51.
The identification of the a cytotoxic T lymphocyte antigen 4 (CTLA-4) association in
diabetes is however promising and preliminary data in MS and other diseases show
that this might be a factor of importance in other autoimmune diseases as well.

Large scale genomic screening has been performed in MS. Here, mic-rosatellite
markers spanning the total genome are tested for linkage with disease, mostly in sibpairs but also in whole families

99-102.

Apart from verifying the HLA region as

important, these studies found few other gene regions that were confirmed to be of
importance in more than one investigation. However, they could exclude 80-90% of
the genome as not being important in MS.

29

AIMS OF THIS STUDY

• To develop a PCR based genomic typing technique for typing of the DQA1 locus.

• To characterise the DQA1*0104 carrying haplotypes.

• To characterise a new DRB1 allele.

• With PCR based genomic typing characterise the alleles within the Dw2 haplotype
in MS and narcolepsy.

• To investigate linkage between HLA class II and MS in Swedish multiplex families.

• To investigate additional HLA associations, other than Dw2, in the HLA region and
to analyse if there are any relationships between class I and class II alleles in MS.
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MATERIALS AND METHODS

Polymerase chain reaction (PCR)
In 1993, Kary Mullis was awarded the Nobel prize in chemistry for the principles of
PCR103, showing that the same system used in cells for DNA replication could be
transferred to the test tube. The requirements is a DNA template, a DNA polymerase
enzyme, nucleotides, primers complementary to the starting point at the template plus
a variation in temperature to separate and re-anneal the DNA strands. With the
polymerase from the Thermus aquaticus, which has an optimum working temperature
of 80°C, automated temperature cycling could be used and the test could be
performed in a few hours.

PCR amplification with sequence-specific primers
In this method we use the principle that a completely matched primer will allow more
efficient amplification in the PCR reaction than one with one or several mismatches. A
series of primer pairs are designed to amplify one allele or a group of alleles each,
typically designed to anneal with sequence combinations in the 5’- and 3’-end unique
for that allele or allele group. Positive reaction is detected as an amplified PCR
product of correct length in an ethidiumbromide-stained agarose gel. A sample of
genomic DNA, e.g. from a blood sample of an individual, is added to all the different
primer pairs that are going to be tested for and the DNA will only be amplified in those
reactions where the primer pair is perfectly matched. From reading the pattern of
amplified reactions the HLA alleles can be determined. An internal positive control by
primers specific for a non-polymorphic gene, ensures that no specific HLA allele will
be missed due to failure of amplification.
Not all primers are suitable for sequence-specific amplification. Different
combinations have to be tested in already characterised materials, such as the HLA
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workshop cell lines, when the method is developed. When only one alternative primer
exists, e.g. because there is only one nucleotide difference between two alleles, the
primers can be modified to be more specific by making them longer or by introducing
additional mismatches a few nucleotides from the 3'-end.
All primers will, with enough cycles and low annealing temperature, amplify any
DNA sequence. The PCR parameters are adjusted to avoid unspecific amplifications.
They also have to be standardized so that all PCR reactions can be run in the same
cycler. We have adjusted the primers used in our system to be specific in the following
cycling parameters:

1.

2 min denaturation

2.

10 cycles of 94°C denaturation in 10 seconds and 65°C annealing plus

extension in 60 seconds.
3.

20 cycles of 94°C denaturation, 61°C annealing in 50 seconds and 72°C

extension in 30 seconds.

An addition of glycerol in the PCR buffer will also increase the stringency. This is
especially true for HLA class I typing, which require a glycerol concentration of 5%-7%
compared to class II typing that is less sensitive, accepting a concentration of 0% to
10% for optimal amplification of all primer mixes. To save time a dye, cresol red
(Sigma ), that does not influence the PCR reaction, is added to the PCR mixture
before the cycling. This, together with the glycerol, will make adding loading buffer
before the sample is run on gel unnecessary.
The

main

advantage

with

sequence-specific

PCR

is

that

sequence

polymorphisms are detected in cis, uninfluenced by what allele the other chromosome
carries. This becomes even more important as new alleles are detected, many of
which are combinations of two already known sequence motifs and thus can not be
distinguished from the already known alleles in heterozygous combinations (Figure 8
in paper I). Another advantage is that the time from setting the reaction until the
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interpreted result is short, which makes the method suitable for routine clinical work
and HLA typing on call.

Other genomic HLA typing techniques
Other PCR based typing techniques are available:

• PCR with sequence-specific oligonucleotides (PCR-SSO)104, where the DNA
sample is first amplified by a locus specific primer pair and after amplification the
PCR-product is hybridized with sequence specific oligonucleotide probes. This
technique takes longer time and does not distinguish between cis and trans
encoded polymorphisms. It is suitable for large screenings for HLA alleles, since
many samples can be run at the same time.

• PCR-RFLP, where the amplified PCR-product is cut by restriction enzymes and
polymorphism identified by the fragment size of the cut product.

• Sequenced-based typing105,106 where the sample is sequenced in an automated
DNA cycle sequencer and run on the ABI system with direct readout into
computers. Software is used for the interpretation of the sequence and direct
assignment of HLA alleles. With this technique you will directly identify new alleles.
However, since the alleles from both chromosomes are sequenced at the same
time, there are some heterozygous combinations that cannot be distinguished from
each other but which have to be elucidated by selective PCR afterwards. Moreover,
it is hard to interpret heterozygous individuals for e.g. some DQA1-alleles, where
allele differences are due to deletions107.

Sequencing
DNA sequencing used to identify new polymorphisms in this study, was the
conventional dye dideoxynucleotide cycle sequencing (ABI)108. The DNA is first
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amplified with a biotinylated primer pair. The specific PCR product was pulled out with
magnetic beads and a second PCR reaction was performed with dye ddNTP's. Both
Sequenase and Taq enzyme were tested, were the Sequenase gave more
reproduceable results.

MS patients in this study
Both sporadic cases of MS and families with multiple cases of MS have been used in
the studies in this thesis. In paper IV, the study of the MS associated haplotype, 55
patients with clinically definitive MS and 45 patients with cataplectic narcoplpsy, all
with the HLA-Dw2 phenotype, were investigated. In the 49 families investigated in
paper V, 92 individuals had MS (75% women) and 117 were unaffected family
members. The patients were diagnosed according to the Poser criteria109.The
sporadic cases were all from the neurology clinic "the MS centre" at Huddinge
hospital. The families were reached through advertisement. In paper VI, 200 MS
patients were divided into two groups, where the first group (n=87) was used for
identification of new associations that subsequently were tested in the second group
(n=113). For analysis of previously noted divergences, both groups were analysed
together.

Controls used in this study
Homozygous cell lines, clinical samples as well as donor spleen cells were used to
develop the PCR-SSP typing for DQA1. A selection of Caucasian, African and
Orientals as well as a selection of DR2 positive MS- and narcolepsy patients and
controls were used to verify the haplotypes described. In the linkage study a panel of
250 healthy Swedish controls were used as well as healthy family members from the
multiplex families. Two separate groups of controls, 102 blood donors and 108
cadaveric kidney donors, were used for the association study in the last paper.
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STATISTICS
Association
Association analysis was done with Fisher's exact test according to the formula of
Wolf in the computer software InStat (GraphPad, SanDiego). When new associations
were analysed, a subtraction of chromosomes carrying the previously well-established
associated alleles was done first. This is to ensure that negative associations will not
be overestimated and additional positive associations not underestimated110. The
strength of the association is given as odds ratio (OR), which is similar to relative risk,
but used for retrospective studies.

Correction for multiple comparisons
In a statistically correct study the calculated p-value should be multiplied by the
number of comparisons done in the study (Bonferroni correction). This is a special
problem in HLA association studies since so many alleles exist and can be typed for.
If the material is typed for all the alleles of all HLA loci, the correction factor would be
over 700. Since some alleles go together as haplotypes this leads to an
overcorrection. Some investigators have chosen to correct only for the number of
alleles that are tested for within one locus, even though several loci are investigated.
In study VI we divided the material in two groups, where the second group was tested
for only a few alleles found to be different in the first group. The second material was
then corrected for only the 10 specificities that we tested.

Linkage
Linkage analyses test whether a disease and a marker segregate independently in
pedigrees and it can be performed in e.g. families with more than one case of the
disease. Evidence for linkage is usually expressed as a lod-score, which is simply the
logarithm of the likelyhood for linkage divided by the likelihood for non-linkage111.
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Classical linkage analysis takes into consideration several parameters such as
penetrance of the disease in presence of a marker, recombination frequency between
the marker and the disease marker and the frequency of alleles. Thus, even though
lod scores may in fact be calculated by hand, the use of computerized analysis has
revolutionized linkage analysis. The classical linkage analysis programs are provided
in the Linkage package112.
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RESULTS AND DISCUSSION

Genomic typing of the DQA1 locus (paper I)
Paper I describes the genomic typing of the DQA1 locus using PCR-amplification with
sequence-specific primers (PCR-SSP). Since the pub-lishing in 1993, five new DQA1
alleles have been reported: the DQA1*0105, *0303, *0502, *0503 and *0504 alleles48.
The DQA1 typing has been adjusted to pick up these alleles by increasing the number
of primer mixes from 12 to 16. All phenotypically different DQA1 alleles can still be
assigned, although a few of all possible homozygous and heterozygous combinations
give the same amplification pattern. These can however be delineated from the
linkage to specific DRB1 alleles in the Swedish population, or by additional primer
pairs.
The PCR parameters have been optimised, as shown under material and
methods, to include a long initial denaturation step and then a 10 cycles twotemperature PCR, followed by a 20 cycles 3-temperature PCR. This will increase the
specificity in the first 10 cycles and increase the amount of PCR product in the last 20
cycles.
The PCR-SSP method has been developed for typing of all HLA class I and
class II loci in low resolution and for specific allele groups also in high resolution.
These methods are used in paper VI.
PCR-SSP has the advantage of using the same parameters for typing of all
HLA loci, which makes it suitable for routine laboratory use. It also has the potential to
detect new allelic variations, since the method does not detect the same variability in
trans - a problem that both PCR-SSO and sequenced based typing have to deal with
(Fig. 8 in paper I).
Further improvement of the method might be feasible by real time PCR, where
the PCR product is measured during the PCR reaction. The data can then be
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transferred into the computer and interpreted directly by software for HLA allele
assignment. This would eliminate writing and interpretation errors and the gel-loading
step would not be necessary. The use of an internal control might be a problem that
hopefully can be solved by the use of different chromafores.
In routine use in our transplantation laboratory, both HLA class I and class II
typing by PCR-SSP is used today. Unrelated bone marrow donors are typed for A, B,
C, DR, DQ in low resolution first and further subtyped when necessary. DP is typed for
with high resolution directly. Less analysis is made for organ transplantation. The
resolution of HLA typing actually needed before transplantation is not possible to
evaluate before stringent, high resolution typing methods are used to type both
donors and recipients. Such studies are on their way and a first retrospective typing
with PCR-SSP and PCR-SSO of 215 kidney transplants shows that the survival of
completely matched kidneys was greater than those that were shown to have
incompatibilities113. Comparison of class I serology and PCR-SSP shows that up to
10% of the typing done with serology had either missed an allele or failed to
distinguish between different allele groups and some were also wrongly assigned
(Schaffer, manuscript in preparation). Similar findings of 10-20 % discrepancy
between serology and genomic typing techniques have been reported by others114.
Is it then necessary to type for the minute differences detected by genomic
typing techniques? Minute differences of single amino acids have been shown to have
effect on transplantation outcome115,116 and amino acid differences in parts of the HLA
molecule that do not have contact with either TcR or the peptide could potentially give
rise to an immune response if they are presented as peptides in the recipient’s HLA
molecules. On the other hand, some degree of mismatch might have an advantageous
effect on the recipients leukaemia after bone marrow transplantation (graft-versusleukaemia effect). A successful outcome with one amino acid difference was shown
for a bone marrow transplant117, but whether the differences in acceptable
mismatches are due to the position of the mismatch or other reasons have to be
investigated further.
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New haplotypes and alleles (paper II and III)
New alleles are reported every month and within the 1997 April update48 188 DRB1
and 19 allelic variations of DQA1 were recognised (table). Paper II describes
haplotypes expressing the DQA1 allele and paper III describes a new DRB1 allele
(DRB1*1415).
The lately discovered DQA1*0105 allele differs from the DQA1*0104 only with
one nucleotide in the 4th exon118. This exon was not investigated in paper II.
DQA1*0105 is carried on the DRB1*1001 haplotype, whereas the DQA1*0104 is
carried on the DRB1*1401 haplotype.
D Q B1

D QA 1

DR B 1

DR B 3

0501

010 5

1001

0503

010 4

1401

0 2x x

0501

010 4

12x x

0101

0605

010 4

12x x

0202

0501

010 1

01x x

a)

b)

Fig. 4. The
haplotypes carrying
the DQA1 alleles
*0105, *0104 and
*0101 and their
corresponding
DQB1, DRB1 and
DRB5 alleles.

c)

d)

e)

The DRB1*1415 allele described in paper III did carry the DQA1*0104 allele as well
as other DR14 haplotypes that have been found during routine typing. There are
however 29 DRB1*14 alleles described today of which many have uncharacterised
haplotypes. The allele frequency of the DRB1*14 alleles and the DRB1*1001 allele is
3% and 1% respectively, and presumably DQA1*0104 and DQA1*0105 are carried in
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about the same frequencies. Only a few of the DRB1*12 alleles carry the DQA1*0104
in the African individuals tested.
The close similarities between DQA1*0104 and *0105 indicates that the
variation was created by point mutation after recombination between the DRB1*14
and DRB1*1001 or DRB1*12 alleles occurred. Interestingly, the DQ α− and βheterodimers formed by the DQA1 and DQB1 alleles of the DRB1*14, *1001 and *12
haplotypes will all be different. Thus, the variability of the DQ heterodimer can, by
combinations of different alpha and beta chains, give rise to a variability comparable
with the amount of alleles expressed for the DR heterodimer. The persistence of these
DQ variations on distinct haplotypes world-wide indicates that such variations might
be functionally important for the immune system.
The DQA1*0104 and *0105 differ from the other DQA1 alleles in the first exon,
encoding for the signal sequence and part of the DQα chain. They also differ more
upstream in the promoter region, which is not unusual for the DQA1 gene, where
different polymorphic promoters can occur together with the same DQA1 allele and
vice versa119. These differences are more likely to change expression levels than
influencing peptide binding or T-cell interactions. There are several examples of
alleles that have lost their expression capacity, which are detected by genomic typing
but not serology120, but whether this is true for the DQA1 alleles or not is not known.

A few new alleles carry newly discovered nucleotide mutations, whereas most
new variants are created by recombinations of already existing mutations121.
Recombinations seem to be common for the DRB1*14, *08, *11, *13 and *03 allele
groups, which have large numbers of subtypes reported, compared to e.g. the number
of DR1 alleles. Many of the new alleles reported are rare and found in other population groups than the North European, and one can question the relevance of typing for
all these variants when transplantation between e.g. Scandinavian patients and
donors are considered. It is important that cell lines are created when a new allele is
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found to enable updating of HLA typing methods. It is also valuable to have a
continuous update of the allele frequencies in the population.

The DR2 haplotype associated with multiple sclerosis and narcolepsy (paper IV)
Paper IV is an investigation of the alleles within the narcolepsy and MS associated
HLA haplotype, DR15,DQ6,Dw2. Two additional DRB1*15 alleles (the DRB1*1505
and *1506) and two additional DRB1*16 alleles (the DRB1*1607 and DRB1*1608)
have been reported since 1995. In addition, six new DRB5 alleles (DRB5*010110108N, *0202-0204) have been reported. This will not influence the result concluded
from paper IV, though we can say that the DRB5*0101 that we typed for actually is
DRB5*01011. The narcolepsy and MS associated haplotype can thus be considered
to be DRB1*1501, DRB5*01011,DQA1*0102,DQB1*0602 (=DR15,DQ6,Dw2).
Further study of narcolepsy in other ethnic groups shows that the association to
DR15,DQ6 is not always 100%, as in Japanese and our Swedish patients with
narcolepsy. It is however hard to draw any conclusions of which part of the HLA class
II haplotype that is most important, since the other haplotypes that are carried by the
DR15,DQ6,Dw2-negative patients have either other DRB1 alleles or DQ alleles - or
both. However, the majority (64%) of the DRB1*1501 negative patients do carry the
DQB1*0602 and DQA1*0102 alleles58. The differences between different ethnic
groups could in part be due to difficulties in diagnosing the disease in different
countries. Since narcolepsy does not have any clear autoimmune etiology, a role of a
gene in linkage disequilibrium with the associated haplotype is possible. This does not
rule out the possibility that such a gene product also interplays with specific allelic
variants of the HLA molecules.
Higher resolution in HLA typing has shown that the previously cellularly and
serologically defined MS associated alleles only consist of one of the several possible
subtypes in both patients and controls. One exception in our MS patients and controls
is the DQ6 allele, which was typed as DQB1*0602 in the majority of the cases, but
also as DQB1*0603 in 2% of the patients and 2% of the controls. The difference
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between the *0602 and the *0603 allele is however minute and might not have any
influence in the etiology of MS122. DQB1*0603 is expressed on other haplotypes not
associated with MS as well (DRB1*13), which, if anything, would mean that the
DQB1*0603 is not disease promoting by itself. To continuously have the same
haplotype within a population, even as detected with higher resolution, indicates that
the disease promoting effect lies within the whole haplotype and that this haplotype
probably springs from a common ancestor. All genes within that haplotype are thus of
potential interest to study. Efforts have been made to identify epitopes within the HLA
molecules that might show increased associations with MS82,123, in line with that which
has been identified for coeliac disease, IDDM (DQB1 position 57)124-126 and humoral
immunodeficiencies127. These suggestions have not been verified in independent
studies84.

Linkage in MS (paper V)
Twenty percent of MS cases are familial, i.e. the patient has one or several relatives
that also have MS. This familial aggregation is also illustrated as an increased risk for
first degree relatives to acquire the disease, as well as the even higher concordance
rate for monozygotic twins. However, disease within families does not point to strictly
genetic influence, since families also share environment. To establish the role of one
gene within families, this gene has to be inherited more often than expected together
with the disease. The statistical measure of the evidence for linkage is classically
calculated as lod scores. A lod score of 3, or the odds 1000:1 that a genetic marker is
linked with the disease, is regarded as significant at the conventional p=0.05
threshold. We calculated the lod score for HLA-DRB1, -DQA1 and -DQB1 in 49
families with at least two patients with MS and found a significant lod score for DRB1
(=3.03) for a dominant inheritance model. Intermediate and recessive models of
inheritance were also tested, but this gave lower lod score values, as did the DQA1
and DQB1 loci. Moreover, the highest lod score was obtained for very low penetrance
(3%), which is in line with the association studies, showing that most individuals (30%
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of the population) that carry the associated DR15,DQ6,Dw2 haplotype do not develop
MS. The dominant inheritance linked to the DR2 haplotype has been shown before84,
128,

however this is not confirmed by all studies and the mode of inheritance can not

be said to be completely defined yet70.
How, then, can a gene be both dominant and have low penetrance? Since MS
probably is a multifactorial disease, additional factors are needed to develop the
disease. It is possible that the risk of developing disease increases with the amount of
susceptibility genes that the individual carries. The low penetrance could be explained
if the environmental factors are uncommon and that many people do have genetically
high risk of developing MS, but never come in contact with the triggering and disease
promoting factors required. An alternative explanation is that the environmental
factors are common, but these interact with several different genes in a multistep
procedure that in the end leads to the development of MS. Some of the events, like
rearrangements of the autoreactive T and B cell receptors, are stochastic and the
chance of rearranging an autoreactive receptor might be small. Moreover, these
specific T cells have to survive the selection in thymus, an event that is dependent on
HLA.
Highest lod score value was obtained with a recombination frequency of zero.
That is, either we are looking at the actual disease connected gene, or the disease
causing gene lies so close to the HLA class II genes that recombinations are
extremely rare. This is also in line with the data from the association studies where
flanking markers of the HLA class II region have failed to show association that is independent of the DR15,DQ6,Dw2 association.
Although standard lod score analysis is tremendously powerful in identifying
linkage within 20-Mb gene segments (the HLA region is 4 Mb), there are some
drawbacks that have to be considered. The method is model-dependent and thus
factors like mode of inheritance, allele frequencies and penetrance have to be
specified. The allele frequencies of the HLA system are well known since this has
been extensively investigated in many populations. The fact that many healthy
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individuals carry the same associated DR15,DQ6,Dw2 haplotype, tells us that the
penetrance is low. The mode of inheritance is however harder to determine, since
different studies give different results. This can generate spurious linkage in
imperfectly Mendelian conditions like MS. Another disadvantage with the lod score
analysis is that may be a fairly large gene region where no recombinations occur,
which leaves us with the region of interest, but still not the actual gene. Moreover, if
the disease is heterogeneous, i.e. depending on several different loci, a linkage is
hard to establish, even though the disease would be caused by clear disease causing
mutations. However, analysis of the associated DR15,DQ6 haplotype shows that this
is the normal (i.e. not mutated) HLA haplotype carried by many healthy individuals.
Thus, the susceptibility-increasing ability of the HLA genes might be a coincidence of
normal variation. Since the variation of the HLA system is so extreme, this must be of
great advantage for the immune system in defending the body against invading
microbes,

which might also give the drawbacks that some individuals develop

autoimmune disease. These diseases typically do not affect reproductivity and such
disease susceptibility genes will therefore not be select away in an evolutionary
perspective. The final drawback of the lod score analysis, as many other genetical
analyses, is the vulnerability to errors like typing mistakes, clinical misdiagnosis and
locus heterogeneity.
There are other model-free linkage analyses that may circumvent the above
mentioned drawbacks. These methods only look at the affected individuals and search
for genes that are shared between them. Pairs of sibs are expected to share 0, 1 or 2
parental haplotypes with the frequency of 1/4, 1/2 and 1/4 respectively. Distinction of
alleles that are identical by descent (IBD) and alleles that are identical by state (IBS)
have to be made, especially since many of the HLA alleles occur in high allele
frequency. This requires that the alleles of the parents can be deduced and that none
of them are homozygous for that allele. We identified sib-pair in our MS families and
found 16 that were concordant. True IBD could not be determined in these few cases,
since some of the parents and the siblings were homozygous. Since most of these
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sibs carried the DR15 haplotype, which occurred in doubled frequency in these
families compared to the general population, it is likely that some of the sibs only were
identical by state and not by descent. However, the proportion of alleles shared
between the sibling differed from that expected on the basis of independent
assortment52 (p<0.01), which support the existance of linkage between the HLA
complex and MS (Table 4).

Table 4. Proportion of 16 siblings concordant for MS sharing 0, 1 or 2 HLA-DR alleles.
______________________________________________________
0 alleles
1 alleles
2 alleles
identical
identical
identical
________________________________________________________________________
Observed
0
6
10
Expected
4
8
4
________________________________________________________________________

χ2 = 13.5 (p<0.01, df=2)

To determine if the associated DR15,DQ6,Dw2 haplotype was inherited more
often than expected, the MS patients were compared to their healthy sibs (paper V,
table 3). This was indeed the case, giving additional evidence of the importance of
HLA as genetical predisposing genes.
We have recently performed additional statistical analyses of the 49 multiplex
families to test the significance of our findings. This is important since maximum twopoint lod scores may in fact be inflated if the model giving the highest lod score is not
correct. However, the non-parametric linkage analysis (NPL) of the Genehunter
package129 showed a clearly significant p-value of 0.0096. In the one parametric
model that we tested, also using the Genehunter package, the lod score was 2.8
using a penetrance level of 0.1, i.e. similar to the 2-point score of 3.04. Finally, the
affected pedigree member analysis (APM), another nonparametric analysis based
only on the affected individuals of the pedigrees, gave a p-value of 0.0056. Thus, we
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conclude that the statistical evidence for a significant role of the HLA class II genes in
MS in the Swedish population is solid.

Association of DR15,DQ6,Dw2 within the families was also determined.
Compared to healthy Swedish controls, the within family DR15,DQ6,Dw2 carriers had
a risk of 5.9. Sporadic DR15 positive cases of MS usually have a risk around 3.5. The
higher within-family risk could indicate that additional genes within these families
contribute to disease susceptibility. If the affected family members were compared to
nonaffected, DR15,DQ6 carriers still has an increased risk of 2.8, indicating that HLA
is at least one of the more important susceptibility genes.

Other studies have shown no linkage to HLA and interpreted this as a minimal role of
the HLA genes87-89,92. The discrepancy between these studies and ours could be due
to differences in study design or that we investigate different populations. However,
lately a re-appreciation of HLA as important susceptibility gene has arisen, mostly
because of the findings in the large genome screening studies, HLA came out as the
only genetic factor that was found in all populations studied99-102. Moreover, the
discrepancy of the linkage studies might only be expected for multifactorial and
polygenic diseases like MS.

A question that remains unsolved is whether the linkage and association found is due
to an effect of normal immunological function of the HLA molecules themselves or to a
disease causing gene encoded in linkage disequilibrium within the HLA gene region.
In our multiplex family study we find that even families without the associated
DR15,DQ6,Dw2 haplotype contribute positively to the lod score. This speaks in favour
for the HLA molecules themselves, since a mutation of a closely encoded gene would
follow only the haplotype on which it first occurred. Having the associated haplotype
will increase the possibility that an unlucky immunological event leading to
autoimmunity will take place, though this reaction also occurs in individuals with other
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HLA alleles, but to a lesser extent. Alternatively, the same disease could be caused
by several different mutations of a closely encoded gene.

Association with other alleles in the HLA class I and class II region (paper VI)
In this study we have performed a thorough HLA typing by PCR-SSP of the expressed
class I and class II genes, i.e. A, B, C, DR, DQ and DP. The aim was to investigate if
any other alleles in the HLA system, than the associated DR15,DQ6, could influence
the susceptibility to MS. Indeed, both negatively and positively associated alleles
were found. These effects were most clearly seen when the combination of class I and
class II haplotypes were considered. Specifically, the HLA-A3 allele increased the risk
whereas HLA-A2 decreased the risk. In contradiction to what has been found before,
the HLA-A2 and HLA-A3 associations were independent of the DR15 association. B7,
however, followed the DR15 haplotype. Carrying A3 together with DR15,B7 will
increase the risk of MS even more than carrying the DR15,B7 with another A allele.
Similarly, A2 will decrease the risk even for DR15,B7 carriers, i.e. the influence from
the HLA-A locus can modify the established DR15,DQ6,Dw2 susceptibility.
In contrary to what we have found before130, there is actually a difference between the
HLA haplotype, or at least combinations of alleles, carried by patients compared to
controls if this haplotype is compared all the way from the DP genes to the HLA-A
gene. Here, class I can have both a disease promoting effect or a protective one
depending on allele, whereas only a disease promoting effect was found on the DP
side of the DR15 allele. However, from this study we can not say if these alleles lie on
the same chromosome or if the effect is due to interaction of the expressed molecules.
The analysis of the DQA2 and the C4 genes84,130, close to the DQ and DR genes,
indicates that the haplotype does not extend that far, which means that an interacting
effect can be executed in trans as well as in cis, i.e. the effect is due to the HLA
molecules themselves and the role they have in immune regulation.
A protective effect both in the MHC class I and class II region has been shown
in rat models of experimental autoimmune encephalomyelitis (EAE), induced by a
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peptide of the myelin basic protein (MBP) in a recombinant strain congenic for
MHC131. The protective effect of the class II genes of the ”u” haplotype was mediated
by cytokines of a Th2 type of response. These animals developed a immune response
to the same MBP peptide as the susceptible rats, but they did not develop EAE. The
protective effect found in the class I region was mediated by TGFβ-producing CD8positive T-cells, shown by the fact that the effect could be blocked with anti-CD8
antibodies. The susceptible strains developed a Th1 type of cytokine response.
Interestingly, the same MBP peptide was used in all these experiments, which
indicates that it is the peptide binding capacity of the MHC molecules that regulates
the disease response. The finding that HLA-A2 occurs in less frequency in
DR15,DQ6,Dw2 positive patients compared to controls, indicates that similar
immunological regulation between alleles of different HLA molecules might also exist
in humans. This effect is not completely dominant, since there are patients that have
DR15,B7,A2 and still develop the disease.
The animal model shows that the effect is due to the MHC molecules
themselves, since the rats were congenic for MHC and since they all were injected
with the same peptide. Whether the same is true for humans could be analysed by
studying the combinations of the A2, A3, B7, DR15, DQ6 and DPB1*0401 in families.
This will indicate if the class I and class II alleles have to be encoded in cis (which
would favour a linked gene hypothesis), or if trans encoded alleles are enough (which
would favour a disease regulated effect of the HLA molecules themselves).
Apart from giving rise to different immune responses as in the EAE model,
there are other ways in which HLA class I alleles might exert their disease regulating
ability. One is the selection of the T-cell repertoire, where the class I molecules either
could select or delete potentially protective CD8-positive T cells. If viruses are the
triggering environmental event needed for development of MS, one can speculate that
the immune response against the viruses is differently regulated depending on the
HLA class I alleles. Allelic variants of HLA class I molecules which can efficiently
present intracellular peptides from viruses, might give a better clearing of the infection
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at an early stage. This might stop the virus from becoming latent, prevent the virus
from coming out of its latent stage, or regulate other ways that possibly could turn a
virus infection to a autoimmune reaction.
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CONCLUSIONS

HLA AND MS
The linkage and associations shown in this thesis indicate that HLA genes are of
importance in MS, but we can still not prove if it is the molecules themselves that are
responsible for the susceptibility. However the independent class I association as well
as a negative association in the class I region indicates that the HLA molecules
themselves are active in susceptibility. If it thereby can be concluded that MS is
indeed an autoimmune disease where components of the immune system together
with environmental factors cause myelin destruction, there are at least three ways in
which the disease mechanism can be elucidated from here:
Hypothesis 1. The HLA association is a thymic effect: The HLA molecules act as
selectors of the T-cell repertoire, where some HLA molecules may be more prone to
let myelin-directed T cells out from the thymus. Individuals carrying that specific HLA
haplotype would then have an increased risk of developing MS. Similarly, there might
be combinations of HLA alleles that efficiently deplete such T cells and protect the
individual against MS. A protective effect could also be mediated by an increased
ability to select disease down-regulating CD8-positive T cells. Myelin-directed T cells
from MS patients would then be of interest to study. This has been done many times
already, showing that such T cells are present, but also in healthy controls, although
MS patients tend to have more of them. Moreover, the myelin proteins they are
directed against are not the same in all patients. To further elucidate the mechanisms
of the reaction, the T cells of early lesions have to be characterised for antigen
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specificity, HLA restriction, T-cell receptor rearrangement, cytokine secretion and
activation state. Such studies are probably very difficult to perform.
What speaks against this hypothesis is that the binding of specific peptides in the
thymus do not regulate the T-cell repertoire completely. Transgenic mice expressing
only one peptide in the thymus still had a large number of different T cells, also
showing that the activating peptides need not be related in TcR contact residues to
the selecting peptide in the thymus132. Moreover, studies of T-cell repertoires in HLAidentical and non-identical individuals in families shows that, although the shaping of
the T-cell repertoire is dependent on the HLA genes, other non-HLA genes also seem
to be of importance133, 134.

Hypothesis 2. The HLA association is due to the ability of the HLA molecules to
activate myelin-specific T cells. One way of studying this would be to look at the actual
myelin epitopes that are presented by susceptibility associated, as well as protective,
HLA haplotypes. It is then essential to look at all the molecules and not only DR and
DQ. However, due to the possible heterogenicity of the disease an identification of
single autoantigen-specific T cell responses in all MS patients is unlikely66. Since T
cells specific for MBP are found both in sick and healthy individuals, the presence of
these seems to correlate more with genetic background then association with disease.
On the other hand, in a twin study of the restriction of MBP specific T cell, a
preferential restriction to the DR4 molecule in a DR4/DR13 heterozygote was noted,
but a restriction to the DR15 molecules was seen in a DR15/DR4 heterozygote135. The
different ability of HLA alleles to bind myelin peptides could possibly influence disease
outcome and any study of T cells in MS has to be correlated to genetic background. If
one finds specific myelin epitopes and corresponding disease related T cells in MS
patients one would have to explain why and how these epitopes come out from the
brain and activate the T cells in MS patients but not in healthy individuals.
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Hypothesises 3. MS is a virus-induced disease and the HLA association is due to the
ability of the immune system to respond to a virus infection. One hypothesis of how
viral infections can lead to autoimmunity is that there is a cross-reactivity between
viral epitops with myelin epitopes. Sequences of mapped HLA bound myelin epitopes
in an MS patient could then be searched for in viral genomes. However, it is also
possible that viruses have the ability to induce autoimmunity by carrying host proteins
with them, for example by incorporating them in the envelope136. A screen of viral
genomes would then be meaningless. Instead it would be more interesting to look at
which viruses actually have the capacity to infect oligodendrocytes and then study if
they can transfer myelin proteins out from the brain and activate T cells. A relationship
to the HLA association is harder to establish in this case, but could be due to
differential regulation of the immune response against that virus. Any gene product
that possibly interacts with the virus at any stage from infection, latency establishment
and reactivation, would be of interest to study. This theory fits well with that MS might
be a heterogeneous disease66,70. Apart from the fact that several genes are involved,
the products of these genes have to interact with the environmental factors necessary
for disease triggering, factors that might be different in different patients and many
different viruses might have the same effect. This is also supported by the different
pathologies found in MS brains.

In summary, MS might be regarded as a symptom of myelin destruction that can occur
in different ways and that might have different etiologies. This, together with the notion
that MS might not be caused by a single environmental agent, adds to the complexity
of the disease. To give us ideas of disease mechanisms in MS, it is of interest to look
at genetic factors in relationship to environmental factors and immunological
stochastic events, as well as to correlate them to pathological characteristics. In the
future, such genetic analysis can help us to adjust therapy and predict disease
outcome and to select individuals with high risk for preventative treatments (Fig. 5).
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Fig. 5. The relationship between possible events contributing to the development of MS.

53
ACKNOWLEDGEMENTS

Many people have helped me in these studies and made my time as a PhD student a
enjoyable time. I specially want to give my gratitudes to:
Professor Erna Möller, for interesting discussions and for demanding quality of
scientific work.
My supervisors Olle Olerup and Jan Hillert for excellent supervision and friendship.
I have been very fortunate to have supervision in stereo running at the same wave
length.
My co-writers Anna Aldener-Cannavá, Arturs Ligers, Charlotte Sachs, Sten
Fredrikson, Magnus Vrethem, Mary Berlin, Johan Grünewald, Bing He, Anders
Eklund, Marita Troye-Blomberg and her group for fruitfull collaborations.
Friends and colleagues in the lab Anna, Marie, Sus, Jenny, Cia, Mette, Beatrice,
Sari, Britt-Marie, Henrik, Mikaela for creating an excellent atmosphere and for all the
things that you have done for me. You are fantastic!
All friends and colleagues at CBT and the rest of NOVUM, the clinical immunology
department and the neurology department. No one mention, no one forgotten.
Collaborators at Tomas Olssons Lab, Astra Draco in Lund and people at Professor HG Rammensee´s lab for purification of MHC bound peptides.
PGO, Robert, Niclas, Carmelo and others who helped me with computer related
problems.
The foreign friends and colleagues at the 12th international histocompatibility
workshop in 1996 for the "garlic congratulations" I received for my wedding.
My family for all the love and support that you are giving me.
Niklas for Love.

54
REFERENCES
1.

Solheim BG, Ferrone S, Möller E, The HLA system in clinical transplantation. 1993,
Berlin: Springer-Verlag.

2.

Garboczi DN, Ghosh P, Utz U, Fan QR, Biddison WE, Wiley DC. Structure of the
complex between human T-cell receptor, viral peptide and HLA-A2. Nature, 1996.
384(6605): p. 134-141.

3.

Thorpe CJ. Outsize peptides bulge out of the groove. Immunol Today, 1993. 14(2):
p. 51-52.

4.

Falk K, Rotzschke O, Stevanovic S, Jung G, Rammensee HG. Allele-specific motifs
revealed by sequencing of self-peptides eluted from MHC molecules. Nature, 1991.
351(6324): p. 290-296.

5.

Rammensee H-G, Friede T, Stevanovic S. MHC ligands and peptide motifs: first
listing. Immunogenetics, 1995. 41: p. 178-228.

6.

Garrett TP, Saper MA, Bjorkman PJ, Strominger JL, Wiley DC. Specificity pockets
for the side chains of peptide antigens in HLA-Aw68. Nature, 1989. 342(6250): p.
692-

7.

696.

Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, Wiley DC.
Structure of the human class I histocompatibility antigen, HLA-A2. Nature, 1987.
329(6139): p. 506-512.

8.

Martineznaves E, Barber LD, Madrigal JA, Vullo CM, Clayberger C, Lyu SC, et al.
Interactions of HLA-B*4801 with peptide and CD8. Tissue Antigens, 1997. 50(3):
p. 258-264.

9.

Maffei A, Papadopoulos K, Harris PE. Mhc class I antigen processing pathways.
Human Immunology, 1997. 54(2): p. 91-103.

10.

Peters PJ, Neefjes JJ, Oorschot V, Ploegh HL, Geuze HJ. Segregation of MHC class
II molecules from MHC class I molecules in the Golgi complex for transport to
lysosomal compartments. Nature, 1991. 349(6311): p. 669-676.

11.

Groettrup M, Soza A, Kuckelhorn U, Kloetzel P-M. Peptide antigen production by
the proteasome: complexity provides efficiency. Immunology Today, 1996. 17(9): p.
429-435.

12.

Peters PJ, Raposo G, Neefjes JJ, Oorschot V, Leijendekker RL, Geuze HJ, et al.
Major histocompatibility complex class II compartments in human B

55
lymphoblastoid cells are distinct from early endosomes. Journal of Experimental
Medicine, 1995. 182(2): p. 325-334.
13.

Van Kaer L, Ashton-Rickardt PG, Ploegh HL, Tonegawa S. TAP1 mutant mice are
deficient in antigen presentation, surface class I molecules, and CD4-8+ T cells. Cell,
1992. 71(7): p. 1205-14.

14.

Shepherd JC, Schumacher TN, Ashton-Rickardt PG, Imaeda S, Ploegh HL,
Janeway C, Jr., et al. TAP1-dependent peptide translocation in vitro is ATP
dependent and peptide selective. Cell, 1993. 74(3): p. 577-584.

15.

Lanier LL and Philips JH. Inhibitory MHC class I receptors on NK cells and T cells.
Immunology Today, 1996. 17(2): p. 86-91.

16.

Parham P. Events in the adaptation of natural killer cell receptors to MHC class I
polymorphisms. Research in Immunology, 1997. 148(3): p. 190-194.

17.

Valiante NM, Lienert K, Shilling HG, Smits BJ, Parham P. Killer cell receptors keeping pace with mhc class I evolution. Immunological Reviews, 1997. 155: p.

155-

164.
18.

Arnaiz-Villena A, Chandanayingyong D, Chiewsilp P, Diaz-Campos N, Fan L,
Fauchet R, et al., HLA-E polymorphism: 12th international histocompatibility
workshop study, in Genetic diversity of HLA - functional and medical implications,
Charron D, Editor. 1997, EDK, Medical and Scientific International Publisher:

Paris,

France. p. 151-154.
19.

Carosella E, Dausset J, Kirszenbaum M. HLA-G revisited. Immunology Today,

1996.

17(9): p. 407-409.
20.

Arnaiz-Villena A, Chandanayingyong D, Chiewsilp P, Diaz-Campos N, Fan L,
Fauchet R, et al., HLA-G polymorphism: 12th international histocompatibility
workshop study, in Genetic diversity of HLA - functional and medical implications,
Charron D, Editor. 1997, EDK, Medical and Scientific International Publisher:

Paris,

France. p. 155-159.
21.

Rudensky AY, Preston-Hurlburt P, Hong S-C, Barlow A, Janeway CA. Sequence
analysis of peptides bound to MHC class II molecules. Nature, 1991. 351: p. 622- 627.

22.

Sinigaglia F and Hammer J. Rules for peptide binding to MHC class II molecules.
Apmis, 1994. 102(4): p. 241-248.

56
23.

Falk K, Rötzschke O, Stevanovic S, Jung G, Rammense H-G. Pool sequencing of
natural HLA-DR, DQ, and DP ligands reveals detailed peptide motifs, constraints
of processing, and general rules. Immunogenetic, 1994. 39: p. 230-242.

24.

O'Sullivan D, Sidney J, Appella E, Walker L, Phillips L, Colon SM, et al.
Characterization of the specificity of peptide binding to four DR haplotypes. J
Immunol, 1990. 145(6): p. 1799-1808.

25.

Brown JH, Jardetzky TS, Gorga JC, Stern LJ, Urban RG, Strominger JL, et al.
Three-dimensional structure of the human class II histocompatibility antigen HLADR1. Nature, 1993. 364(6432): p. 33-39.

26.

Gorga JC, Brown JH, Jardentzky T, Wiley DC, Stroming JL. Crystallization of

HLA-

DR antigens. Res Immunol, 1991. 142: p. 401-407.
27.

Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Urban RG, Strominger JL, et al.
Crystal structure of the human class II MHC protein HLA-DR1 complexed with an
influenza virus peptide. Nature, 1994. 368: p. 215-221.

28.

Germain RN and Margulies DH. The biochemistry and cell biology of antigen
processing and presentation. Annu. Rev. Immunol., 1993. 11: p. 403-450.

29.

Tulp A, Verwoerd D, Dobberstein B, Ploegh HL, Pieters J. Isolation and
characterization of the intracellular MHC class II compartment. Nature, 1994.
369(6476): p. 120-126.

30.

West MA, Lucocq JM, Watts C. Antigen processing and class II MHC peptideloading compartments in human B-lymphoblastoid cells. Nature, 1994. 369(6476):
p. 147-151.

31.

Teyton L, O'Sullivan D, Dickson PW, Lotteau V, Sette A, Fink P, et al. Invariant chain
distinguishes between the exogenous and endogenous antigen presentation
pathways. Nature, 1990. 348(6296): p. 39-44.

32.

Newcomb JR, Carboynewcomb C, Cresswell P. Trimeric interactions of the
invariant chain and its association with major histocompatibility complex class II
alpha-beta dimers. Journal of Biological Chemistry, 1996. 271(39): p. 2424924256.

33.

Demotz S and Danieli C. Release of DR molecules from complexes with invariant chain
through the formation of a C-terminal 25 kDa invariant chain fragment. Mol
Immunol, 1993. 30(18): p. 1623-1632.

57
34.

Sette A, Southwood S, Miller J, Appella E. Binding of major histocompatibility
complex class II to the invariant chain-derived peptide, CLIP, is regulated by allelic
polymorphism in class II. Journal of Experimental Medicine, 1995. 181(2): p. 677683.

35.

Morris P, Shaman J, Attaya M, Amaya M, Goodman S, Bergman C, et al. An
essential role for HLA-DM in antigen presentation by class II major
histocompatibility molecules. Nature, 1994. 368(6471): p. 551-554.

36.

Kropshofer H, Vogt AB, Hammerling GJ. Structural features of the invariant chain
fragment CLIP controlling rapid release from HLA-DR molecules and inhibition of
peptide binding. Proceedings of the National Academy of Sciences of the United States
of America, 1995. 92(18): p. 8313-8317.

37.

Ghosh P, Amaya M, Mellins E, Wiley DC. The structure of an intermediate in class
II MHC maturation - clip bound to HLA-DR3. Nature, 1995. 378(6556): p. 457-462.

38.

Gautam AM, Pearson C, Quinn V, McDevitt HO, Milburn PJ. Binding of an
invariant-chain peptide, CLIP, to I-A major histocompatibility complex class II
molecules. Proceedings of the National Academy of Sciences of the United States of
America, 1995. 92(1): p. 335-339.

39.

Fling SP, Arp B, Pious D. HLA-DMA and -DMB genes are both required for MHC
class II/peptide complex formation in antigen-presenting cells. Nature, 1994.
368(6471): p. 554-558.

40.

Gorga JC, Horejsi V, Johnson DR, Raghupathy R, Strominger JL. Purification and
characterization of class II histocompatibility antigens from a homozygous human B
cell line. J Biol Chem, 1987. 262: p. 16087-16094.

41.

Trowsdale J and Campbell RD, The 12th international MHC map, in Genetic
diversity of HLA - functional and medical implications, Charron D, Editor. 1997, EDK,
Medical and Scientific International Publisher: Paris, France. p. 499-504.

42.

Marsh SGE. Nomenclature for factors of the HLA system, update may/june 1997.
Tissue Antigens, 1997. 50(4): p. 419-420.

43.

Marsh SGE and Bodmer JG. HLA class II nucleotide sequences, 1992. Tissue
Antigens, 1992. 40: p. 229-243.

44.

Teisserenc H, Besnault L, Briaud I, Busson M, Albert E, Bignon JD, et al., TAP, LMP
and HLA-DM polymorphism: 12th international histocompatibility workshop study,

58
in Genetic diversity of HLA - functional and medical implications, Charron D, Editor.
1997, EDK, Medical and Scientific International Publisher: Paris, France. p. 159.
45.

Carlsson B, Wallin J, Böhme J, Möller E. HLA-DR-DQ haplotypes defined by
restriction fragment length analysis: Correlation to serology. Human Immunol, 1987.
20: p. 95-113.

46.

Bidwell JL, Bidwell EA, Savage DA, Middleton D, Klouda PT, A. BB. A DNA-RFLP
typing system that positively identifies serologically well-defined and ill-defined HLADR and DQ alleles, including DRw10. Transplantation, 1988. 45(3): p. 640-646.

47.

Wake CT, Long EO, Mach B. Allelic polymorphism and complexity of the genes for
HLA-DR beta-chains--direct analysis by DNA-DNA hybridization. Nature, 1982.
300(5890): p. 372-374.

48.

Bodmer JG, Marsh SGE, Albert ED, Bodmer WF, Bontrop RE, Charron D, et al.,
Nomenclature for factors of the HLA system, 1996 and updates Jan-April 1997, in
Genetic diversity of HLA - functional and medical implications, Charron D, Editor.
1997, EDK, Medical and Scientific International Publisher: Paris, France. p. 505-533.

49.

Olerup O, Troye-Blomberg M, Schreuder GM, Riley EM. HLA-DR and -DQ gene
polymorphism in West Africans is twice as extensive as in north European Caucasians:
evolutionary implications. Proceedings of the National Academy of Sciences of the
United States of America, 1991. 88(19): p. 8480-8484.

50.

Thomsen M, Alcalay D, Barmada M, Borelli I, Breda-Coimbra H, CambonThomsen A, et al., MHC recombinant families, in Genetic diversity of HLA functional and medical implications, Charron D, Editor. 1997, EDK, Medical and
Scientific International Publisher: Paris, France.

51.

Djilali-Saiah I, Benini V, Daniel S, Assan R, Bach JF, Caillat-Zucman S. Linkage
disequilibrium between HLA class II (DR, DQ, DP) and antigen processing (LMP,
TAP, DM) genes of the major histocompatibility complex. Tissue Antigens, 1996.
48(2): p. 87-92.

52.

Tiwari JL and Terasaki PI, HLA and disease associations. 1985, New York:
Springer-Verlag Inc.

53.

Arnett FC. Genetic aspects of human lupus. Clinical Immunology &
Immunopathology, 1992. 63(1): p. 4-6.

59
54.

Bugawan TL, Angelini G, Larrick J, Auricchio S, Ferrara GB, Erlich HA. A
combination of a particular HLA-DP beta allele and an HLA-DQ heterodimer
confers susceptibility to coeliac disease. Nature, 1989. 339(6224): p. 470-473.

55.

Erlich HA, Zeidler A, Chang J, Shaw S, Raffel LJ, Klitz W, et al. HLA class II
alleles and susceptibility and resistance to insulin dependent diabetes mellitus in
Mexican-American families. Nature Genetics, 1993. 3(4): p. 358-364.

56.

Sheehy MJ, Scharf SJ, Rowe JR, Neme de Gimenez MH, Meske LM, Erlich HA, et
al. A diabetes-susceptible HLA haplotype is best defined by a combination of HLADR and -DQ alleles. Journal of Clinical Investigation, 1989. 83(3): p. 830-835.

57.

Kelly DD, Disorders of sleep and consciousness, in Principles of neural science,
Kandel ER and Schwarts JH, Editors. 1983, Edward Arnold: London.

58.

Mignot E, Kimura A, Latterman A, Grumet FC, Mayer G, Thorsby E, et al., HLA class
II studies in non DRB1*1501 patients with narcoplepsy-cataplexy, in Genetic
diversity of HLA - functional and medical implications, Charron D, Editor. 1997, EDK,
Medical and Scientific International Publisher: Paris, France. p. 436-440.

59.

Mignot E. Behavioral genetics '97: Genetics of narcolepsy and other sleep
disorders. Am J Hum Genet, 1997. 60: p. 1289-1302.

60.

Rosati G. Descriptive epidemiology of multiple sclerosis in Europe in the 1980s: a
critical overview. Annals of Neurology, 1994. 36 Suppl 2: p. S164-174.

61.

Raine CS. Analysis of autoimmune demyelination: Its impact upon multiple
sclerosis. Laboratory Investigation, 1984. 50(6): p. 608-635.

62.

Raine CS and Scheinberg LC. On the immunopathology of plaque development and
repair in multiple sclerosis. J Neuroimmunol, 1988. 20(2-3): p. 189-201.

63.

Traugott U. Multiple sclerosis: relevance of class I and class II MHC-expressing cells
to lesion development. Journal of Neuroimmunology, 1987. 16(2): p. 283-302.

64.

Martin R, Vogt AB, Kropshofer H, Lichtenfels R. Association of HLA and multiple
sclerosis. Behring Institute Mitteilungen, 1994(94): p. 158-170.

65.

Lassmann H and Vass K. Are current immunological concepts of multiple sclerosis
reflected by the immunopathology of its lesions?. Springer Seminars in
Immunopathology, 1995. 17(1): p. 77-87.

66.

Voskuhl RR, Robinson ED, Segal BM, Tranquill L, Camphausen K, Albert PS, et al.

HLA restriction and TCR usage of T lymphocytes specific for a novel candidate
X2 MBP, in multiple sclerosis. Journal of Immunology, 1994. 153(10):

autoantigen,

p. 4834-44.

60
67.

Lee SC and Raine CS. Multiple sclerosis: oligodendrocytes in active lesions do not
express class II major histocompatibility complex molecules. J Neuroimmunol, 1989.
25(2-3): p. 261-266.

68.

Zajicek J, Wing M, Skepper J, Compston A. Human oligodendrocytes are not
sensitive to complement. A study of CD59 expression in the human central nervous
system. Laboratory Investigation, 1995. 73(1): p. 128-138.

69.

Martin R, McFarland HF, McFarlin DE. Immunological aspects of demyelinating
diseases. Annu Rev Immunol, 1992. 10: p. 153-187.

70.

Tienari PJ. Multiple sclerosis: multiple etiologies, multiple genes?. Annals of
Medicine, 1994. 26(4): p. 259-269.

71.

Compston A, Kellar-Wood H, Wood N. Multiple sclerosis. Baillieres Clinical
Neurology, 1994. 3(2): p. 353-371.

72.

Mumford CJ, Wood NW, Kellar-Wood H, Thorpe JW, Miller DH, Compston DA.
The British Isles survey of multiple sclerosis in twins. Neurology, 1994. 44(1): p. 1115.

73.

Dyment DA, Sadnovich AD, Ebers GC. Genetics of multiple sclerosis. Human
Molecular Genetics, 1997. 6(10): p. 1693-1698.

74.

Compston A. Genetic epidemiology of multiple sclerosis. Journal of Neurology,
Neurosurgery and Psychiatry, 1997. 62: p. 553-561.

75.

Ebers GC, Sadovnick AD, Risch NJ. A genetic basis for familial aggregation in
multiple sclerosis. Nature, 1995. 377(6545): p. 150-151.

76.

Eichhorst H. Über infantile und hereditäre Multiple Sklerose. Arch Path Anat Phys,
1896. 146: p. 173-192.

77.

Gronning M and Mellgren SI. Multiple sclerosis in the two northernmost counties of
Norway. Acta Neurologica Scandinavica, 1985. 72(3): p. 321-327.

78.

Jersild C, Fog T, Hansen GS, Thomsen M, Svejgaard A, Dupont B.
Histocompatibility determinants in multiple sclerosis, with special reference to
clinical course. Lancet, 1973. 2(840): p. 1221-1225.

79.

Cullen CG, Middleton D, Savage DA, Hawkins S. HLA-DR and DQ DNA genotyping
in multiple sclerosis patients in Northern Ireland. Human Immunology, 1991. 30(1): p.
1-6.

80.

Olerup O, Carlsson B, Wallin J, Olsson T, Fredrikson S, Ernerudh J, et al. Genomic
HLA-typing by RFLP-analysis using DR beta and DQ beta cDNA probes reveals

61
normal DR-DQ linkages in patients with multiple sclerosis. Tissue Antigens, 1987.
30(3): p. 135-138.
81.

Haegert DG, Michaud M, Schwab C, Francis GS. Multiple sclerosis and HLA class
II susceptibility and resistance genes. Journal of Neuroscience Research, 1990.
26(1):p. 66-73.

82.

Spurkland A, Ronningen KS, Vandvik B, Thorsby E, Vartdal F. HLA-DQA1 and HLADQB1 genes may jointly determine susceptibility to develop multiple sclerosis.
Human Immunology, 1991. 30(1): p. 69-75.

83.

Spurkland A, Tabira T, Ronningen KS, Vandvik B, Thorsby E, Vartdal F. HLADRB1, -DQA1, -DQB1, -DPA1 and -DPB1 genes in Japanese multiple sclerosis
patients. Tissue Antigens, 1991. 37(4): p. 171-173.

84.

Olerup O and Hillert J. HLA class II-associated genetic susceptibility in multiple
sclerosis: a critical evaluation. Tissue Antigens, 1991. 38(1): p. 1-15.

85.

Olerup O, Schaffer M, Hillert J, Sachs C. The narcolepsy-associated
DRw15,DQw6,Dw2 haplotype has no unique HLA-DQA or -DQB restriction
fragments and does not extend to the HLA-DP subregion. Immunogenetics, 1990.
32(1):p. 41-44.

86.

Eoli M, Pandolfo M, Amoroso A, Salmaggi A, Zaffaroni M, Gasparini P, et al.
Evidence of linkage between susceptibility to multiple sclerosis and HLA-class II loci
in Italian multiplex families. European Journal of Human Genetics, 1995. 3(5): p. 303311.

87.

Ebers GC, Pathy D, Stiller C, Nelson R, Seland T, Larsen B. HLA typing in sibling
pairs with multiple sclerosis. Lancet, 1982. 2(8310): p. 1278.

88.

Francis DA, Batchelor JR, McDonald WI, Dodi IA, Hing SN, Hern JE, et al. HLA
genetic determinants in familial MS. A study from the Grampian region of Scotland.
Tissue Antigens, 1987. 29(1): p. 7-12.

89.

Kellar-Wood HF, Wood NW, Holmans P, Clayton D, Robertson N, Compston DA.
Multiple sclerosis and the HLA-D region: linkage and association studies. Journal
of Neuroimmunology, 1995. 58(2): p. 183-190.

90.

Stewart GJ, McLeod JG, Basten A, Bashir HV. HLA family studies and multiple
sclerosis: A common gene, dominantly expressed. Human Immunology, 1981. 3(1):
p. 13-29.

62
91.

Hillert J, Kall T, Vrethem M, Fredrikson S, Ohlson M, Olerup O. The HLA-Dw2
haplotype segregates closely with multiple sclerosis in multiplex families. J
Neuroimmunol, 1994. 50(1): p. 95-100.

92.

Tienari PJ, Wikstrom J, Koskimies S, Partanen J, Palo J, Peltonen L. Reappraisal of
HLA in multiple sclerosis: close linkage in multiplex families. European Journal of
Human Genetics, 1993. 1(4): p. 257-268.

93.

Ristori G, Carcassi C, Lai S, Fiori P, Cacciani A, Floris L, et al. HLA-DM
polymorphisms do not associate with multiple sclerosis: an association study with
analysis of myelin basic protein T cell specificity. Journal of Neuroimmunology, 1997.
77(2): p. 181-184.

94.

Bennetts BH, Teutsch SM, Heard RN, Dunckley H, Stewart GJ. TAP2
polymorphisms in Australian multiple sclerosis patients. Journal of
Neuroimmunology, 1995. 59(1-2): p. 113-21.

95.

Moins-Teisserenc H, Semana G, Alizadeh M, Loiseau P, Bobrynina V, Deschamps
I, et al. TAP2 gene polymorphism contributes to genetic susceptibility to multiple
sclerosis. Human Immunology, 1995. 42(3): p. 195-202.

96.

Kellar-Wood HF, Powis SH, Gray J, Compston DA. MHC-encoded TAP1 and TAP2
dimorphisms in multiple sclerosis. Tissue Antigens, 1994. 43(2): p. 129-132.

97.

Bell RB and Ramachandran S. The relationship of TAP1 and TAP2 dimorphisms to
multiple sclerosis susceptibility. Journal of Neuroimmunology, 1995. 59(1-2): p. 201204.

98.

Roth MP, Nogueira L, Coppin H, Clanet M, Clayton J, Cambon-Thomsen A. Tumor
necrosis factor polymorphism in multiple sclerosis: no additional association
independent of HLA. Journal of Neuroimmunology, 1994. 51(1): p. 93-99.

99.

Sawcer S, Jones HB, Feakes R, Gray J, Smaldon N, Chataway J, et al. A genome
screen in multiple sclerosis reveals susceptibility loci on chromosome 6p21 and
17q22. Nature Genetics, 1996. 13(4): p. 464-468.

100.

Haines JL, Ter-Minassian M, Bazyk A, Gusella JF, Kim DJ, Terwedow H, et al. A
complete genomic screen for multiple sclerosis underscores a role for the major
histocompatability complex. The Multiple Sclerosis Genetics Group. Nature
Genetics, 1996. 13(4): p. 469-471.

63
101.

Ebers GC, Kukay K, Bulman DE, Sadovnick AD, Rice G, Anderson C, et al. A full
genome search in multiple sclerosis [see comments]. Nature Genetics, 1996. 13(4):
p. 472-476.

102.

Kuokkanen S, Sundvall M, Terwilliger JD, Tienari PJ, Wikstrom J, Holmdahl R, et
al. A putative vulnerability locus to multiple sclerosis maps to 5p14-p12 in a region
syntenic to the murine locus Eae2 [see comments]. Nature Genetics, 1996. 13(4): p.
477-480.

103.

Mullis K and Faloona F. Specific synthesis of DNA in vitro via a polymerasecatalyzed chain reaction. Methods Enzymol, 1987. 155: p. 335-350.

104.

Saiki RK, Bugawan TL, Horn GT, Mullis KB, Erlich HA. Analysis of enzymatically
amplified beta-globin and HLA-DQ alpha DNA with allele-specific oligonucleotide
probes. Nature, 1986. 324(6093): p. 163-166.

105.

McGinnis MD, Conrad MP, Bouwens AG, Tilanus MG, Kronick MN. Automated,
solid-phase sequencing of DRB region genes using T7 sequencing chemistry and dyelabeled primers. Tissue Antigens, 1995. 46(3): p. 173-179.

106.

Versluis LF, Rozemuller E, Tonks S, Marsh SG, Bouwens AG, Bodmer JG, et al. Highresolution HLA-DPB typing based upon computerized analysis of data obtained by
fluorescent sequencing of the amplified polymorphic exon 2. Human Immunology,
1993. 38(4): p. 277-283.

107.

Schaffer V and Charron D, Sequenced based typing for HLA DQA: comparison of a
generic and specific method, in Genetic diversity of HLA - functional and medical
implications, Charron D, Editor. 1997, EDK, Medical and Scientific International
Publisher: Paris, France. p. 244-245.

108.

Hultman T, Bergh S, Moks T, Uhlén M. Bidirectional solid phase sequencing of in
vitro-amplified plasmid DNA. BioTechniques, 1991. 10: p. 84-93.

109.

Poser CM, Paty DW, Scheinberg L, McDonald WI, Davis FA, Ebers GC, et al. New
diagnostic criteria for multiple sclerosis: guidelines for research protocols. Ann
Neurol, 1983. 13(3): p. 227-231.

110.

Payami H, Joe S, Farid NR, Stenszky V, Chan SH, Yeo PP, et al. Relative
predispositional effects (RPEs) of marker alleles with disease: HLA-DR alleles and
Graves disease. American Journal of Human Genetics, 1989. 45(4): p. 541-546.

111.

Strachan T and Read AP, Human molecular genetics. 1996, Oxford: BIOS
Scientific Publisher Ltd. 596.

64
112.

Terwilliger JD and Ott J, Handbook of human genetic linkage. 1994, Baltimore: The
Johns Hopkins University Press.

113.

Mytilineos J, Lempert M, Middleton D, Williams F, Cullen C, Scherer S, et al. HLA
class I DNA typing of 215 HLA-A, -B, -DR zero mismatched kidney transplants.
Tissue Antigens, 1997. 50(4): p. 355-358.

114.

Carpenter CB. HLA class I DNA typing in organ transplantation. Tissue Antigens,
1997. 50(4): p. 322-325.

115.

Fleischhauer K, Kernan NA, O'Reilly RJ, Dupont B, Yang SY. Bone marrowallograft rejection by T lymphocytes recognizing a single amino acid difference in
HLA-B44. New England Journal of Medicine, 1990. 323(26): p. 1818-1822.

116.

Odum N, Platz P, Jakobsen BK, Petersen CM, Jacobsen N, Moller J, et al. HLA-DP
and bone marrow transplantation: DP-incompatibility and severe acute graft versus
host disease. Tissue Antigens, 1987. 30(5): p. 213-216.

117.

Choo SY, Starling GC, Anasetti C, Hansen JA. Selection of an unrelated donor for
marrow transplantation facilitated by the molecular characterization of a novel

HLA-

A allele. Human Immunology, 1993. 36(1): p. 20-26.
118.

Yasunaga S, Kimura A, Hamaguchi K, Ronningen KS, Sasazuki T. Different
contribution of HLA-DR and -DQ genes in susceptibility and resistance to insulindependent diabetes mellitus (IDDM). Tissue Antigens, 1996. 47(1): p. 37-48.

119.

Brünnler G, Haas JP, Fan LA, Petzl-Erler ML, Volgger A, Yao Z, et al., DQA1
promoter polymorphism: 12th international histocompatibility workshop study, in
Genetic diversity of HLA - functional and medical implications, Charron D, Editor.
1997, EDK, Medical and Scientific International Publisher: Paris, France. p. 171- 175.

120.

Parham P. Filling in the blanks. Tissue Antigens, 1997. 50(4): p. 318-321.

121.

Parham P, Arnett KL, Adams EJ, Little AM, Tees K, Barber LD, et al. Episodic
evolution and turnover of HLA-B in the indigenous human populations of the
americas. Tissue Antigens, 1997. 50(3): p. 219-232.

122.

Spurkland A, Celius EG, Knutsen I, Beiske A, Thorsby E, Vartdal F. The HLADQA1*0102,DQB1*0602 heterodimer may confer susceptibility to multiple
sclerosis in the absence of the HLA-DRA1*01,DRB1*1501 heterodimer. Tissue
Antigens, 1997. 50(1): p. 15-22.

65
123.

Vartdal F, Sollid LM, Vandvik B, Markussen G, Thorsby E. Patients with multiple
sclerosis carry DQB1 genes which encode shared polymorphic amino acid
sequences. Human Immunology, 1989. 25(2): p. 103-10.

124.

Horn GT, Bugawan TL, Long CM, Erlich HA. Allelic sequence variation of the HLADQ loci: relationship to serology and to insulin-dependent diabetes
susceptibility. Proceedings of the National Academy of Sciences of the United States of
America, 1988. 85(16): p. 6012-6016.

125.

Todd JA. Genetic control of autoimmunity in type 1 diabetes. Immunology Today,
1990. 11(4): p. 122-129.

126.

Todd JA, Bell JI, McDevitt HO. HLA-DQ beta gene contributes to susceptibility and
resistance to insulin-dependent diabetes mellitus. Nature, 1987. 329(6140): p. 599-604.

127.

Olerup O, Smith CI, Björkander J, Hammarström L. Shared HLA class II-associated
genetic susceptibility and resistance, related to the HLA-DQB1 gene, in IgA deficiency
and common variable

immunodeficiency. Proceedings of the National Academy

of

Sciences of the United States of America, 1992. 89(22): p. 10653-10657.

128.

Ho HZ, Tiwari JL, Haile RW, Terasaki PI, Morton NE. HLA-linked and unlinked
determinants of multiple sclerosis. Immunogenetics, 1982. 15(5): p. 509-517.

129.

Kruglyak L and Lander ES. A nonparametric approach for mapping quantitative trait
loci. Genetics, 1995. 139(3): p. 1421-8.

130.

Hillert J and Olerup O. Multiple sclerosis is associated with genes within or close to
the HLA-DR-DQ subregion on a normal DR15,DQ6,Dw2 haplotype. Neurology, 1993.
43(1): p. 163-168.

131.

Mustafa M, Vingsbo C, Olsson T, Issazadeh S, Ljungdahl Å, Holmdahl R. Protective

influences on Experimental Autoimmune Encephalomyelitis by MHC class I

and class II

alleles. J Immunol, 1994. 153: p. 3337-3344.
132.

Ignatowicz L, Rees W, Pacholczyk R, Ignatowicz H, Kushnir E, Kapple rJ, et al. T
Cells Can Be Activated By Peptides That Are Unrelated In Sequence to Their
Selecting Peptide. Immunity, 1997. 7(2): p. 179-186.

133.

Silver J, Gulwani-Akolkar B, Akolkar PN, Leffell MS, Bias W, Kotb M, et al., HLA
and the T cell receptor, in Genetic diversity of HLA - functional and medical
implications, Charron D, Editor. 1997, EDK, Medical and Scientific International
Publisher: Paris, France. p. 183-187.

66
134.

Troye-Blomberg M, Fogdell A, el-Ghazali G, Larsson A, King MH, Sisay-Joof F, et
al. Analysis of the T-cell receptor V beta usage in monozygotic and dizygotic twins
living in a Plasmodium falciparum endemic area in west Africa. Scandinavian
Journal of Immunology, 1997. 45(5): p. 541-545.

135.

Martin R, Voskuhl R, Flerlage M, McFarlin DE, McFarland HF. Myelin basic
protein-specific T-cell responses in identical twins discordant or concordant for
multiple sclerosis. Annals of Neurology, 1993. 34(4): p. 524-35.

136.

Naucler CS, Larsson S, Moller E. A novel mechanism for virus-induced
autoimmunity in humans. Immunological Reviews, 1996. 152: p. 175-192.

