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Epidemiological studies have implicated an interplay between genetic and environmental factors in the
actiology of multiple sclerosis (MS). There is a familial recurrence rate of approximately 15%. Meta-
analysis of the recurrence risk shows that the rate is highest overall for siblings, then parents and children,
with lower rates in second- and third-degree relatives. Recurrence is highest for monozygotic twins.
Conversely, the frequency in adoptees is similar to the population lifetime risk. The age-adjusted risk for
half siblings is also less than for full siblings. Recurrence is higher in the children of conjugal pairs with
MS than the offspring of single affecteds. These classical genetic observations suggest that MS is a
complex trait in which susceptibility is determined by several genes acting independently or epistatically.
Comparisons between co-affected sibling pairs provide no evidence for correlation with age or year at
onset and mode of presentation or disability. Thus far, the identification of susceptibility genes has proved
elusive but genetic strategies are now in place which should illuminate the problem. The main dividend
will be an improved understanding of the pathogenesis. To date, population studies have demonstrated an
association between the class II major histocompatibility complex (MHC) alleles DR15 and DQ6 and
their corresponding genotypes. An association with DR4, with or without the primary DRI15 link, is seen
in some Mediterranean populations. Candidate gene approaches have otherwise proved unrewarding.
Four groups of investigators have undertaken a systematic search of the genome. In common with most
other complex traits, no major susceptibility gene has been identified but regions of interest have been
provisionally identified. These genetic analyses are predicated on the assumption that MS is one disease.
Genotypic and phenotypic analyses are beginning to question this assumption. A major part of future
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studies in the genetics of MS will be to resolve the question of disease heterogeneity.
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1. INTRODUCTION

The need to understand the aetiology and pathogenesis of
multiple sclerosis (MS) as the logical basis for treatment
has been appreciated ever since the nosological status of
the disease was consolidated towards the end of the 19th
century. Two aetiological themes emerge from a considera-
tion of the geographical distribution and recurrence risks
in pedigrees—the contributions of genes and the environ-
ment. For a while, these were seen as alternatives, jostling
for priority in the mechanistic formulations of clinical
investigators, but present concepts characterize MS as a
typical complex trait in which there is an interplay
between individual susceptibility and extrinsic triggers.

2. THE DISTRIBUTION OF MULTIPLE SCLEROSIS

Working in the modern era, Kurtzke (1975) first
suggested that the global distribution of MS could be
classified into low-, medium- and high-prevalence bands.
The absolute number of cases identified in different parts
of the world has since steadily increased (Kurtzke 1993).
This can be explained on the basis of improved diagnosis,
increased awareness and better symptomatic treatments
leading to improved life expectancy, without necessarily
the need to invoke a change in incidence—although that
cannot altogether be excluded. It seems that many
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original claims concerning the existence of latitudinal
gradients were overstated although the disease does
undoubtedly show variations in its distribution over quite
small distances. These may be aetiologically informative
but the pattern can be explained either by the effect of a
putative extrinsic factor, presumably an infectious agent,
or on the basis of population genetics.

MS is common in northern Europe, continental north
America and Australasia, but not the Orient, Arabian
peninsula, Africa, continental South America or India
(for a review, see Compston et al. 1998) (figure 1). Within
northern Europe, the disease is more frequent in southern
Scandinavia, northern Germany, the UK and parts of
Italy than in northern Scandinavia, France, Spain and
the eastern Mediterranean countries. Within the UK, the
areas of highest prevalence are north-east Scotland and
the Orkney and Shetland Islands. In Italy, marked differ-
ences in prevalence exist between regions and islands that
are geographically close but differ in their genetic and
cultural histories. In North America, there is a diagonal
gradient in frequency with the highest rates in the mid-West
and lowest rates in the Mississippt Delta. A latitudinal
gradient exists for the White population in Australia with
higher rates in the south than north. In summary, MS is
common in areas populated by northern Europeans and
infrequent in regions where the indigenous peoples are
African, Asian and Oriental.

© 1999 The Royal Society
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Figure 1. The distribution of MS (prevalence per 10°) with
the main informative migration vectors for northern
Europeans and Africans: figures for southern Africa are
English-speaking Whites migrating as adults (60) or as
tchildren (15), Afrikaners (ten) and Cape Coloureds (less than
five).

(a) Maigration

As a generalization, studies of geographically stable
populations illustrate differences in genetic susceptibility,
whereas the effect of migration has been to define MS as
an acquired exogenous disorder. These principles are well
illustrated by studies of MS in Africans. In southern
Africa, the prevalence of MS is relatively high in immi-
grants from Europe, low in Afrikaners and intermediate
in southern African English; occasional cases are seen in
the Cape Coloured population which has mixed African
and European ancestry and the disease is of legendary
rarity in African Blacks. English-speaking Whites moving
from northern Europe to southern Africa as adults take
with them the high frequency of their country of origin,
whereas those migrating below the age of 15 years show
the lower rates characteristic of native-born inhabitants of
southern Africa (Dean 1967). Looked at in reverse, the
prevalence of MS in the UK-born children of West
Indian, African and Asian immigrants approximates that
seen in similar age groups among Caucasians (Elian &
Dean 1997). The same interplay of race and place
emerged from a survey of MS in Israel. The original
study in immigrants reported a difference in prevalence
between migrants from northern Europe (Ashkenazis)
and from Asia and Africa (Sephardis) with an age-at-
migration effect in that there were very few affected
Ashkenazis in the cohort arriving in Israel before adoles-
cence. Updated estimates also support the hypothesis
that, at least for Ashkenazi and Sephardic Jews, racially
determined differences in risk of MS are modified by the
environment (Kahana et al. 1994).

(b) Epidemics

More persuasive with respect to the effect of the envir-
onment on the development of MS are the apparent
epidemics. The first retrospective survey of Iceland
showed that each quinquennial rate of incidence from
1900 was lower than between 1945 and 1954, during
which age at onset was also conspicuously younger. This
suggested a post-war epidemic of MS in Iceland
(Kurtzke et al. 1982). The original observations on MS in
the Faroe Islands showed fewer cases than expected from
comparisons with the neighbouring Orkney and Shetland
Islands. Having failed to identify any patient with an
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estimated date of onset earlier than 1945, a significant
increase was claimed from 1943 such that 41 cases had
been ascertained by 1986. Kurtzke (1993) concluded that
the critical factor determining the Faroe Island’s experi-
ence of MS was occupation by British troops between
1940 and 1945. The development of MS showed both a
temporal and spatial relationship in that villages where
individuals who contributed to each of the incidence
peaks lived were also those where troops were billeted.
However, some are not convinced by these analyses,
preferring the view that any change in frequency relates
to improved recognition and diagnostic procedures
rather than increased incidence (Benedikz et al. 1994).

3. FACTORS WHICH PREDICT THE CLINICAL
COURSE

Although the individual experience of MS is unpre-
dictable, patterns can be recognized based on multi-
variate analysis of the clinical features and their course
and certain laboratory indices of disease activity.
Mechanistically, these are largely unexplained but several
provocative life events have been proposed which might
provide clues either to the actiology of MS or the
mechanisms of disease activity.

The contribution made by genetic factors to the course
of MS can be estimated by comparing age and year at
onset in co-affected relatives. Clustering by age at onset
suggests a genetic influence and year at onset a strong
influence of environmental factors; clustering by neither
implies random exposure to an environmental factor.
These studies are much prone to confounding, for
example concordance for year at onset is influenced by
the tendency for an earlier recognition of symptoms in
the second individual affected in a pair through height-
ened awareness of the possibility of MS. It could be
argued that comparing year and age at onset is too
imprecise for assessing the relative contribution of genes
and environmental factors in determining the develop-
ment of MS in individuals. Bulman e/ al. (1991) studied 99
sibling pairs and showed a significant intraclass correla-
tion for age at onset in siblings and an even stronger
correlation in concordant monozygotic twins. Robertson
et al. (1996a) reported 166 families containing 343
affected individuals providing 177 pairs. After appropriate
correction, there was no correlation with age or year at
onset. Mode of presentation and disability showed no
correlation, suggesting that individuals with familial MS
can neither take comfort from nor should they necessarily
be concerned about the pattern of disease in an affected
relative. There was, however, a correlation with disease
course, even after the exclusion of pairs with primary
progressive MS, and affected siblings tended to be of the
same sex.

(a) Pregnancy

MS is more common in females than males (ratio
females:males of 3:1). Onset of the disease does not cluster
around pregnancy and having children does not alter the
long-term course of the disease, but there is an increase
in the relapse rate during the puerperium. Prospective
studies have indicated an approximately threefold higher
risk in the three to six months after term than during
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pregnancy and suggested that the attacks may be more
severe. Runmarker & Andersen (1995) studied an incep-
tion cohort in Sweden and disposed of the hypothesis that
the onset of MS is influenced by pregnancy; in fact, there
was a conspicuous absence of onset bouts during preg-
nancy compared with non-pregnant epochs including the
puerperal eight months. Fecundity was reduced in women
with MS, presumably by choice, particularly in the
context of significant disability and this is the probable
explanation for concluding that pregnancy after onset is
associated with a lower risk of progression. The most
recent large prospective study showed a reduction for
each trimester compared to the pre-pregnancy relapse
rate (per quartile), with a subsequent increase in the puer-
perium for 222 completed pregnancies (Confavreux ef al.
1998). The preferred interpretation is that these changes
result from oscillations in the Th-1 to Th-2 pattern of
immune responsiveness which characterize pregnancy
and the puerperium.

(b) Virus infection

There is unequivocal evidence from prospective studies
that new episodes of demyelination are more likely to
occur following viral exposure (Sibley ef al. 1985), particu-
larly upper respiratory (adenovirus) and gastrointestinal
infections (Andersen et al. 1993). Nine per cent of
presumed infections are followed by relapse and 27% of
new episodes are related to infection. The relative risk for
a new episode in the four week period after infection is
1.3. Several studies have attempted to correlate exposure
to viral illness in childhood with the subsequent develop-
ment of MS (for a review, see Granieri & Casetta 1997).
The risk is increased for individuals who develop a
variety of exanthematous and other common viral disor-
ders relatively late in childhood. This particularly applies
to Epstein—Barr virus infection (Operskalski e al. 1989;
Martyn et al. 1993); those reporting infectious mononu-
cleosis before the age of 18 years have an eightfold rela-
tive risk of MS.

(c) Trauma

Several lines of evidence are considered relevant to the
debate on whether trauma can trigger clinical manifesta-
tions of MS in someone who has the disease process or
alter the course in individuals who have already experi-
enced symptoms. Sibley et al. (1991) prospectively studied
170 patients by questionnaire (monthly) and physical
examination (three monthly) for eight years. Defining
either the three or six month period following each
event as ‘at risk’, only electrical trauma showed an asso-
ciation with new episodes and all other forms of trauma
were negatively correlated with both clinical exacerba-
tions and disease progression. Most recently, Siva et al.
(1993) identified trauma in the year preceding onset in
only three out of 223 incident patients from the Mayo
Clinic series; specifically, in prospective studies they
failed to show an increased risk after head trauma, limb
fracture and cervical or lumbar disc surgery. Several
mechanistic hypotheses have been advanced which link
trauma to disease activity through a direct effect on
permeability of the blood—brain barrier. Against the
epidemiological background, further consideration of a
causal link between trauma and MS might be consid-
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Figure 2. Meta-analysis of the recurrence risks for M'S
derived from three population-based series showing the crude
and age-corrected rates for each category of

relative compared to the proband. See the text for details
and references.

ered redundant but, at least in medico-legal circles, the
issue is still alive.

4. THE GENETICS OF MULTIPLE SCLEROSIS

MS has a familial recurrence rate of around 15%.
Pedigree analyses indicate that this mainly results from
coinheritance of susceptibility genes rather than shared
exposure to a common environmental trigger. Slow but
steady progress is being made in identifying and locating
the regions encoding genes that confer susceptibility,
acting independently or through epistatic effects.

(a) Pedigree analysis

The most comprehensive studies of recurrence risk are
from Canada, the UK and Belgium (Sadovnick et al.
1988; Carton et al. 1997; Robertson et al. 19965). Meta-
analysis of recurrence risk among 44177 relatives of 2163
probands from these population-based series showed that
the age-adjusted risk is highest for siblings (3%), then
parents (2%) and children (2%), with lower rates in
second- and third-degree relatives. Overall, the reduction
in risk changes from 3% (relative risk 9.2) in first-degree
relatives to 1% in second- and third-degree relatives (rela-
tive risks 3.4 and 2.9, respectively), compared with a
background age-adjusted risk in this population of 0.3%
(figure 2). With some variations in methodology, three
recent studies approximated to a population-based series
of MS in twins (French Research Group on Multiple
Sclerosis 1992; Sadovnick et al. 1993; Mumford et al. 1994).
Two showed remarkable consistency in demonstrating a
higher clinical concordance rate in monozygotic twins (a.
25%) than dizygotic pairs (a. 3%). The French study is
exceptional in showing no significant difference between
monozygotic and dizygotic twins but this result is within
the confidence limits of the other surveys. The relative
risk for MS in the monozygotic twin partner of an
affected proband is therefore approximately 190.

Adopted individuals who subsequently develop MS and
affecteds who have themselves adopted children provide
an unusual but informative resource for studying the
relative contribution of genes and the environment in the
aetiology of MS. Considering individuals with MS who
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are adopted before the age of one year and those with
MS who, through adoption, have non-biological siblings
or children, the frequency of MS in non-biological
parents, siblings and children is more or less identical to
the population prevalence and lifetime risk for northern
Europeans and significantly lower than that expected
from the study of recurrence risks in the biological rela-
tives of index cases (Ebers et al. 1995). Half siblings offer
yet one more variant on the familial MS theme in that
they share a proportion of parental genes and divide into
those who do and do not share the same environment, at
least during the period which is thought critical in the
development of MS. The age-adjusted risk for half siblings
is significantly lower than for full siblings and there is no
difference in risk for half siblings reared together and
apart (Sadovnick et al. 1996). Conjugal pairs with MS
who have children provide a special opportunity for
assessing the contribution made to susceptibility by
genetic factors. In the one published study, a much higher
recurrence risk (age-adjusted risk 1:5) was observed than
for the children of single affecteds (age-adjusted risk 1:50;
Robertson et al. 1997). This suggests that the dose of the
genetic effect not only increases the absolute risk but also
anticipates age at presentation.

(b) Strategies for identifying susceptibility genes

The advent of laboratory methods for distinguishing
short sections of DNA and performing accurate mapping
of the many available microsatellites and single nucleotide
polymorphisms across the genome, the availability of
extended pedigrees in which affected status can reliably
be determined and the deployment of appropriate statis-
tical methods for assessing genome-wide significance have
made it possible to tackle the genetics of complex traits.
Unlike monogenic disorders, the responsible genes are not
mutations which code for aberrant gene products but
normal polymorphisms. They are multiple and each may
exert a very small contributory effect on some as yet
undefined structure or physiological function.

Originally, the search for genes determining suscept-
ibility to complex diseases was organized by comparing
the frequency of polymorphisms at a given genetic locus
in groups of unrelated individuals with and without the
trait. These population-based association studies were
limited by the number of polymorphic systems which
could be explored, the paucity of the hypotheses which
directed the search towards a particular region of interest
and the confounding effects of inappropriate choice of
controls. However, an important principle to emerge was
that (to a varying extent) alleles encoded at neighbouring
loci tend to co-segregate. It seems that many adjacent
markers are not yet randomly distributed by genetic
recombinations either because the number of generations
over which mitoses have occurred 1s still too few to estab-
lish genetic equilibrium or because there is evolutionary
pressure to maintain these linkage disequilibria. From the
practical point of view, this means that association studies
can be informative even when the marker is up to 0.5 cM
distant from the disease susceptibility locus. Hence, for a
given effort, the chance of identifying a disease associa-
tion is increased by linkage disequilibrium.

A change in the strategy for studying the genetics of
complex traits became routine over the last decade with
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the reapplication of previously described family-based
methods (Risch 1990). The biased inheritance of genomic
regions encoding susceptibility genes for MS in affected
family pairs in which ancestral haplotypes had been iden-
tified through typing both parents is enshrined both in
affected family pair linkage analysis and transmission
disequilibrium testing (TDT). In these settings, each is a
test for linkage but transmission disequilibrium can also
be used to test for association (figure 3).

Family-based linkage methods have been applied most
energetically to sibling pairs. The probabilities that, for a
given locus, each affected sibling will share neither, one
or both parental alleles are 0.25, 0.50 and 0.25, respec-
tively. Linkage is present if, in a sufficient sample size,
that distribution is distorted in favour of one or two
sharing. Conceptually, it was then a short step to move
from linkage analysis of defined loci to a systematic
search of the genome without prejudice as to how many
and where the susceptibility genes might be located.
Given the number of tests being carried out, some work
was needed on an estimation of statistical significance.
Assessment of the probability that any one genetic locus
might encode a susceptibility gene then advanced to
methods for creating multipoint maps, in which informa-
tion from adjacent loci is used to maximize the statistical
statement. The evidence relating to a given locus can be
expressed as the logarithm of the odds (lod) for a gene
being encoded at that site (the maximum lod score) or,
conversely, as the probability that such a gene is not there
encoded. Since linkage analysis is very unlikely to reveal
the precise identity of a susceptibility gene in one step but
merely narrows the search to a region of interest which
may contain very many positional candidates, these
exclusion maps are useful as a means of discarding
unrewarding sections of the genome for further study. The
difficulty is that exclusion maps have to be set for an
arbitrary level of biological importance and mode of
inheritance. Each may be difficult to establish. Genes of
major significance can be excluded much more easily
than those which contribute rather little to disease
susceptibility. It remains a problem for the clinical
scientist to judge just how much effort is worth investing
in questions for which the answers may only provide
trivial details on the nature of susceptibility.

Because it traces the movement of allelic markers
present on each chromosome across one generation
(mitosis), linkage analysis provides information con-
cerning relatively large parts of the genome. It is efficient
for detecting genes exerting major effects but the power of
linkage analysis is approximately inversely related to the
square root of the contribution made to susceptibility and
it is therefore not efficient for genes exerting minor bio-
logical effects. Based on existing results, calculations on
the sample size of affected relative pairs needed to resolve
the genetics of MS are distinctly gloomy:.

For this reason, a further switch in strategy has
occurred in the last few years towards family-based asso-
ciation studies. In its simplest form, TDT uses trios
consisting of single affecteds with both parents (who
usually are but do not need to be unaffected). The aim is
to show that, in a sufficient sample size, alleles encoded at
a particular locus are transmitted to the affected indivi-
dual more or less often than expected by chance. Each
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Figure 3. The principles of identifying regions of interest for susceptibility genes in MS using affected family pairs or transmission
disequilibrium in trios. The genomic region bounded by the putative MS susceptibility gene and its marker is transmitted in
linkage disequilibrium from individual E to G. An additional marker, outside the region of linkage disequilibrium, shown as

an additional horizontal band in individual A, is transmitted to the affected sibling pair C and D. The case-control study

compares C+G+. .. withX+Y+....
with A+ B or G with E + F. See the text for details.
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Figure 4. The relationship between linkage and association.
Solid horizontal (green) bars indicate markers which are
linked or associated with the putative MS susceptibility gene
(yellow). Broken lines (green) indicate markers which are
either not linked or associated. See the text for details. IBD,
identical by descent; TDT, transmission disequilibrium
testing. (@) Distant markers, linkage not associated, (4) small
sample, associated not linked and (¢) near marker, adequate
sample, linked and associated.

parental allele has a 1:2 chance of being transmitted or
not and the test provides evidence for an allelic associa-
tion by demonstrating transmission disequilibrium in a
sufficient sample size. TDT separately examines the move-
ment of each allele which is present in the population and
identifies that which is contributing to transmission
disequilibrium in the sample. Not every family will have
this marker but it follows that those which are in linkage
disequilibrium with susceptibility genes will be well
represented. One further factor limiting the extent to
which the sample of family trios may not prove fully
informative for a particular polymorphic locus is the
presence of homozygotic parents; these are rejected in the
analysis because one of the two identical copies must be
transmitted and the other not. Segregation distortion
arises when a particular allele confers a survival
advantage and therefore appears to be disproportionately
transmitted. In fact, this allele will be overrepresented in
all offspring whether or not they have the disease trait in
question. The issue can be resolved by studying affected
and unaffected children in family quartets, but a new

Phil. Trans. R. Soc. Lond. B (1999)

Sibling pair linkage uses C+ D with A + B. Transmission disequilibrium uses C or D

problem then arises which is offset by the affected family
member approach and that is the difficulty in assigning
the unaffected status to a young adult in a disease which
may not manifest clinically until late in life, if at all,
given the prevalence of pathologically verified but
clinically silent disease in autopsy series. Because it is very
unlikely that an investigator will chose to test for
transmission disequilibrium at exactly the locus which
encodes a disease susceptibility gene contributing to a
complex trait, the dividend from family-based association
methods also depends on the existence of linkage disequi-
librium.

Linkage and association therefore provide different
types of information. Each has its limitations and advan-
tages. Assuming a reasonable sample size, any marker
which is well distant from the true susceptibility locus will
be linked but not associated. A marker which is close to
the susceptibility locus will not be linked in sibling pairs
if the sample size 1s inadequate (and, to date, most sibling
pair studies are not) but it may be associated. Only the
combination of a close marker tested in an adequate
sample will demonstrate both linkage and association
(figure 4).

(c) Studies of candidate genes

Population-based case—control studies have demon-
strated an association between the class II major
histocompatibility complex (MHC) alleles DRI> and
DQ6 and their corresponding genotypes DRBI*1501,
DRB5%0101 and DQAI"0102, DQB2°0602 (Olerup &
Hillert 1991) and the gene for tumour necrosis factor
(TNF)-a is also usually associated (Coraddu et al. 1998)
since this 1s encoded within the same linkage group. A
specifically different association in seen in Mediterranean
populations. For example, in Sardinians, MS is associated
with DR4 (DRBI“0405-DQA170301, DQBI *0302; Marrosu
et al. 1992) although the DRI5 association is seen among
patients from all other parts of Italy in which adequate
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studies have been performed (La Mantia et al. 1990). In
the Canary Islands, the disease is primarily associated
with DR15 and DQG6 but a secondary association exists
with DR4 (Coraddu et al. 1998). In Turkey, there is also
an allelic association with both DR2 (DBRI1%1501,
DQAI10102, DQBI*0602) and DR4 (DRBI"04,
DQAI1703, DQBI " 0302; Saruhan-Direskeneli et al. 1997).
Extensive searches using population- and family-based
association and linkage studies over many years have only
yielded additional putative candidate genes in the VH2-5
immunoglobulin heavy chain and the T-cell receptor
(TCR) B-chain variable regions. Recent contributions to
this aspect of the genetics of MS have tended to illustrate
the difficulty which exists in confirming weak associations
(VH2-5 (Ligers et al. 1997; Wansen et al. 1997) and TCR-
B (Droogan et al. 1996; Wansen et al. 1997)). Studies of
linkage or association with the genes encoding inter-
cellular adhesion molecule (ICAM)-1 (Mycko et al. 1998),
interleukin (IL)-Ira (De La Concha et al. 1997; Wansen et
al. 1997), IL-1B and interferon (IFN)-y (Wansen et al.
1997), IL-4 (Vanderbroeck et al. 1997) and 23 separate
growth-factor genes and their receptors (Mertens et al.
1998) have all been negative. Except in the isolated popu-
lation of Finns where there is both an association and
linkage to the gene for myelin basic protein (Tienari et al.
1992, 1998), studies of structural genes of myelin have also
been uninformative (Nellemann et al. 1995; Thompson et
al. 1996; Price et al. 1997; Rodriguez et al. 1997; He et al.
19984). Some investigators have explored new candidates.
Using a variety of individuals (34 families, 147 cases and
95 controls), a Scandinavian group failed to implicate any
one of several candidates encoding cytokines (IFN-v,
IL-2, IL-4, IL-10, transforming growth factor (TGF)-f1
and -2 and IL-4R) or myelin proteins (proteolipid
protein, myelin-associated glycoprotein, oligodendrocyte
myelin glycoprotein and 2',3'-cyclic nucleotide-3’-phos-
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Figure 5. Positional and
intelligent candidates tested for
genetic susceptibility in MS based
on a scheme for the pathogenesis.
Most are uninformative but some
show provisional evidence for
linkage or an association. See the
text for details and references.

phodiesterase, although IFN-v (12q24.1), IL-4R (16pl2.1)
and TGF-B2 (1g41) could not be fully excluded (He ¢t al.
19985)). In France, efforts have been directed at growth
factors which determine oligodendrocyte development
and their receptors. Again, no evidence for linkage
emerges but these may also be type 2 errors due to the
small sample size (Reboul ez al. 1999).

(d) Systematic genome screens

Four groups of investigators have wundertaken a
systematic search of the genome using affected family
members in an attempt to locate additional susceptibility
genes—usually using identity by descent analysis in
sibling pairs. Genotyping was completed on cohorts of
between 21 and 225 families, together involving in excess
of 1000 individuals, for 257-443 microsatellite markers.
These were chosen to have an average spacing of around
10cM giving enough power to identify regions encoding
a major susceptibility gene and they are sufficiently poly-
morphic to make a high proportion of the available
families fully informative. Although linkage analysis has
revealed several new genomic regions which may encode
genes conferring susceptibility to MS, some of these will
be true and others false positives. Superficially, the results
show a disappointing lack of overlap. In common with
most other complex traits, no major susceptibility gene
has been identified. The possible reasons are that no such
gene exists, it has been missed by all three groups or
heterogeneity has obscured the picture. The importance
of the MHC is confirmed but, of the other new putative
susceptibility loci, several are clearly unique to each
screen and so may be false positives. The regions of
interest emerging from the UK genome screen (Sawcer et
al. 1996) are lcen, 5 cen, 6p, 7p, 14q, 17q, 19q and Xp (see
also Chataway et al. 1998) (figure 5). In the Canadian
series they are 2p, 3p, 5p, 11q and Xp (Ebers et al. 1996),
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while the US—French consortium has identified 6p, 7q,
llp, 12q and 19q (Multiple Sclerosis Genetics Group
1996).

No statistically significant regions of interest were
identified in the relatively small Finnish screen
(Kuokkanen et al. 1997) although positive lod scores
achieved for 6p2l (MHC) and 5pl4-pl2.
Increasing the density of markers raised the lod scores in
several other regions (4cen, 1ltel and 17q) whereas others
(2932 and 10g21) were unchanged. When all 21 families
were typed across the regions of interest, the highest lod
score (2.8) was at 17q22-q24, as in the previously
reported UK screen.

The suggestion of meta-analysis has been repeatedly
made. Areas shared between the MS screens can be
detected by eye and have been listed in various reviews
but integrated analysis of the raw genotypes as a means of
ironing out similarities and discrepancies between the
screens has not yet materialized. An alternative has been
to pool information from screens in specifically different
complex traits searching for overlapping regions which
might, for example, encode autoimmune genes. Becker et
al. (1998) studied 23 full genome screens and concluded
that around 65% of the positive linkages map non-
randomly to 18 distinct clusters; some are shared by more
than one human disorder and are syntenic to loci impli-
cated in experimental autolmmunity.
Merriman and colleagues have implicated a candidate
locus on 18ql2—21 using transmission disequilibrium in
2383 simplex families with type 1 diabetes, 936 with MS
and 309 with rheumatoid arthritis (z=3649; p=5x10"2
for association using TDT adjusted for linkage, T|,) and
suggested that this encodes a gene regulating tolerance
and immune homeostasis (A. Merriman and 24 others,
unpublished data).

were

models of

(e) Positional candidates

The most logical way to proceed from the identification
of regions of interest in full genome screens is to concen-
trate on new candidates located under the linkage peaks.
This presupposes that the provisional identification of
these hits is valid and it makes sense to remain alert to
the possibility of new intelligent candidates encoded
outside these regions, based on evolving concepts of the
pathogenesis (figure 6).

In a study from Scandinavia (Xu e/ al. 1999), 15
markers from regions of interest identified in one or more
full genome screens were assessed using affected relative
pairs (from 46 multiplex families, 28 trios, 190 cases and
148 unrelated controls). Depending on the method of
analysis, positive results were obtained for 5pl5, 6p2l,
7ptrld and 12q23; the latter two also showed transmission
disequilibrium in families and an association in the case—
control series. The remaining markers (2p23, 5p, 5q,
6q22-25, 7q, 11q21-23, 12q24-qtr, 13q33-34, 16pl2,
18pll and Xp2l) did not identify regions of interest in
the Scandinavian series. An Italian group used 67
markers covering regions of interest from the three full
genome screens and candidates (HLA-DRBI, cytotoxic
lymphocyte-associated antigen (CTLA)-4, IL-9, colony-
stimulating factor (CSF)-1R, apoliprotein (APO)-E,
Bcl-2 and TNF-R2) in 69 multiplex families (28 from
Sardinia and 41 from mainland Italy). Some positive

Phil. Trans. R. Soc. Lond. B (1999)

scores were obtained particularly for the region at 5ql4 in
the Sardinian subset. Three (2pll.2, 7pl5.2 and 17ql2)
also showed transmission disequilibrium (DAlfonso et al.
1999). Oturai et al. (1999) confirmed linkage but no
assoclation of a pericentromeric region on chromosome 5
and of 6p2l to susceptibility in MS in sibling pairs from
Scandinavia.

Chromosome 5 has now featured in all the family
studies but the region is broad and it may be difficult to
assess in more detail.

Chataway et al. (1999a) used a multiplexed oligo-
ligation assay to test single nucleotide polymorphisms
from within the C6 and C7 complement genes encoded
under the peak on the pericentromeric region of chromo-
some 5 in both case—control comparisons and using trans-
mission disequilibrium testing, but failed to implicate any
one allele of these candidates in susceptibility to MS.

In view of its potential role in retrovirus pathogenesis,
Bennetts et al. (1997) compared the frequency of chemo-
kine receptor CCR5 mutations in cases and controls from
Australia but found no difference. Chataway et al. (19995)
also failed to show transmission disequilibrium for alleles
encoded at this locus but the study confirmed that the
delta CCR5 mutation forms part of the same haplotype
made up from neighbouring loci. This provides clear
evidence for a genetic founder effect and establishes that
linkage disequilibrium does exist within the human
genome among outbred Europeans.

Chataway e/ al. (1999¢) also examined a selection of
candidates located under peaks from one or more of the
four full genome screens using TDT in 744 family trios.
These included the APO-C loci and the gene for myelin
associated glycoprotein on chromosome 19, the genes for
CNPase, myeloperoxidase, neurofibromin and APO-H at
various locations on chromosome 17, tissue inhibitor of
metalloproteinase 3 and neurofibromatosis 2 on chromo-
some 22, the gene for microtubule-associated protein 1B
on chromosome 5 and APO-B on chromosome 2. Out of
these, only the 192bp allele of myeloperoxidase showed
excess transmission.

In a population association study, Barcellos et al. (1997)
showed an increase in the 19q13.2 haplotype in Caucasian
patients with MS from California; they confirmed the
HLA haplotype association (6p21.3) in the same popula-
tion but not the association with myelin basic protein

(18¢23).

(f) Heterogeneity

These genetic analyses are predicated on the assump-
tion that MS is one disease. The issue of heterogeneity is
arguably the most important unexplored aspect of the
genetics of MS. Given the variable clinical features and
course, the diversity of pathological and imaging changes
and the hints of genetic differences within and between
regions, it is to be expected that examples of specifically
different diseases and more than one mechanistic route to
demyelination are masquerading under the rubric of
clinically definite MS.

Mutations of mitochondrial DNA are responsible for a
MS-like illness characterized by disproportionate involve-
ment of the anterior visual pathway (Harding et al. 1992;
Riordan Eva et al. 1995), although mitochondrial genes
do not generally contribute to susceptibility in MS
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(Kellar Wood et al. 1994; Kalman e/ al. 1995; Nishimura et
al. 1995).

Based on the estimation of very long chain fatty acids in
male-male pairs, there were no examples of adreno-
leucodystrophy in the UK cohort of siblings (Sawcer et al.
1996). Chataway et al. (1999d) returned to the issue of
phenocopies and excluded examples of spinocerebellar
degeneration (SCAI, 2, 3, 6 and 7) from this sample.
However, there was excess transmission of the 22 trinu-
cleotide repeat allele of SCA2 encoded on chromosome 12.
One explanation is that the presence of a particular allele
encoded at a locus where trinucleotide expansions deter-
mine premature degeneration of a defined axonal pathway
may promote axonal pathology and direct the disease
process towards a particular system in MS.

Conditioning the UK genome screen for DRI5 (or an
extended DRI15-linked haplotype also encoding alleles of
TNF and the DQ locus) shows that the regions of interest
on lp, 17p, 17q and X cluster in families which are identical
by state for DR15, whereas the non-sharing group is asso-
ciated with lcen, 3p, Scen, 7p, 14q and 22q (Coraddu et al.
1999). In addition, new regions of interest are found at 5q
and 13p (DRI5 sharing) and 16p and 20p (DRI5 non-
sharing). A major part of future studies in the genetics of
MS will be to resolve the question of disease heterogeneity.

(g) Future strategies

The 1ssue for the future 1s how best to pick the regions
of interest and identify the responsible genes encoded
therein reliably. A number of tactics can be proposed for
resolving the status of these regions of interest. The
obvious strategy is to increase the number of families and
the density of markers at specific loci and to complete
the search in regions. These
approaches provide rather little new guidance and they
are limited by the small return on extraction of new
information (Chataway et al. 1998). More importantly,
once the density of markers gets much above 5cM,
typing errors and inconsistencies in the map order begin
to corrupt the results and multipoint maps degrade
(Feakes et al. 1999). Based on current strategies for
complex traits and the available results, it might seem
logical to focus on family-based association studies. Here,
the problem is that, for a systematic search, the extent of
linkage disequilibrium in outbred populations demands a
very dense set of markers and, therefore, a prodigious
amount of genotyping. That restriction may not apply to
genetic isolates who happen to have a high prevalence of
a complex trait such as MS and much more extensive
linkage disequilibrium. Thus, one strategy is first to
screen the genome with linkage to establish regions of
interest and then to refine the map with TDT. However,
laboratory methods are beginning to be deployed which
make whole genome linkage disequilibrium screening
feasible. The necessary microsatellite and single nucleo-
tide polymorphism markers are available and the
number of trios needed for a definitive study i1s more
manageable than that required for linkage using affected
sibling pairs. A preferred strategy is therefore first to
screen cases and controls using pooled DNA (that is, two
samples each made up from several hundred individuals)
so as to identify those markers which show a difference
in frequency. Pooling can reliably detect a 5% difference

relatively unexplored

Phil. Trans. R. Soc. Lond. B (1999)

in allele frequency. Some results will be false positives
and it is therefore necessary as a second step to retype
the individuals across the emerging regions of interest,
using TDT with a suitably dense set of markers.

The contribution to susceptibility made by the regions
which have provisionally been identified only accounts for
a proportion of the increased risk of MS implicated by
family studies. Clearly there is more to be learned
concerning susceptibility to MS and the interplay
between genes and environmental factors. Sustained
effort is worthwhile since the application of this
knowledge for improved understanding of the pathogen-
esis in counselling and in designing novel treatments is
potentially considerable.
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