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Summary
Diseases that have a genetic basis are either monogenic (i.e., are controlled by defects
at a single locus which are necessary and sufficient to cause disease) or are said to
have incompletely penetrant genetic factors (i.e., involve one or more genetic factors
that are not individually deterministic of disease). The strong evidence against Multiple
Sclerosis being determined by a single gene indicates that multiple genetic and/or
environmental factors are required to trigger the disease processes. In addition, there is
evidence suggesting that MS is actually a group of diseases with different underlying
sets of causes but a similar phenotype. The involvement of multiple factors makes the
search for the causes of MS far more complicated than it would be for a monogenic
disease.

Hypothesis
MS is an incompletely penetrant genetic disorder that requires two or more factors to be
present, either two or more genetic factors, or a combination of genetic and
environmental factors.

Experimental tests of the hypothesis
Classifying MS as an incompletely penetrant genetic disorder requires showing that (a)
genetic factors do contribute to susceptibility in MS, but that (b) one gene is not sufficient
to cause MS by itself.
To address requirement (a), many types of evidence indicate that genetic factors do play
a role in causing MS. For instance, numerous familial risk and inheritance studies show
an increased risk to family members of people with MS that apparently are not solely
due to shared environmental influences. (See our paper “Analysis of inherited genetic
susceptibility factors as a possible cause of Multiple Sclerosis.”) In addition, genetic
studies of subjects with MS from a variety of geographic regions and ethnicities have
identified several possible associations between genes or genomic loci and MS,
although most remain tentative with the exception of the HLA region. (See the file
phase2-genetic-studies.xls for details of each of these studies.)
As for requirement (b), the lack of consistently identifiable Mendelian pedigree patterns
in multiplex MS families, the fact that the majority of people with MS report having no
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affected family members, and the failure of multiple MS gene searches to single out one
overwhelmingly influential gene, collectively indicate that there is no one inherited
genetic defect that is solely responsible for all cases of MS. (See “Analysis of Multiple
Sclerosis as a Mendelian disease” for more details.) Indeed, most analyses of MS
pedigrees support the hypothesis that MS is a multifactorial disease involving multiple
genetic and/or environmental components1-8. It is theoretically possible that a somatic
mutation to a single gene, perhaps operating in conjunction with a particular genetic
background, could be responsible for the development of MS. However, there is at
present no evidence supporting this hypothesis (see “Analysis of spontaneous genetic
mutations as a possible cause of Multiple Sclerosis”).
Assuming that MS has a genetic component but is not determined solely by one gene,
three possible models exist for the involvement of genetic and non-genetic factors:
(1) MS is a polygenic disease determined by the simultaneous presence of multiple
genetic factors
(2) MS risk is also significantly shaped by certain non-genetic or “environmental”
factors (infectious agents, toxins, nutritional factors, or trauma)
(3) MS is a group of disorders (some or all with genetic risk factors) that develop via
different mechanisms but exhibit similar phenotypes
(1) MS is a polygenic disease determined by the simultaneous presence of multiple
genetic factors: Proof that MS falls into this category would be provided by genetic
linkage or association studies illuminating an interaction between multiple genes that is
necessary and sufficient to cause the disease (as in the recently identified three-locus
interaction for Hirschsprung disease9). Such an interaction has not yet been identified
for MS, although attempts are now being made to find combinations of genes that are
associated with MS10-12.
(2) MS risk is also significantly shaped by non-genetic or environmental factors: The
role of environmental factors in triggering MS would be suggested by the association of
a particular factor with the development of MS and confirmed by proof that it plays a role
in the etiology of the disease. Several environmental factors have been linked with MS
in the past – some of recent note include Chlamydia pneumoniae, human herpesvirus 6,
Epstein-Barr virus, cigarette smoke, vitamin D, and low sunlight exposure. Please refer
to the relevant Cure Map documents produced by the Accelerated Cure Project for more
information about the evidence produced concerning each of these potential risk factors.
At this time, it appears that although several risk factors seem to be viable candidates,
no specific environmental factor has yet been conclusively proven to participate in
triggering MS.
Despite the absence of confirmed associations and demonstrations of pathological
mechanisms for individual environmental risk factors, we can nevertheless examine the
epidemiological evidence suggesting that environmental factors in general play a role in
the development of MS. Demonstrating that MS risk is influenced by environmental
factors may be achieved by showing that people with similar genetic characteristics
exposed to different environmental factors experience different levels of risk for MS. If
genetic factors are constant, then environmental factors are the only variables remaining
to explain the risk differential. Two types of analyses that attempt to demonstrate an
environmental risk factor through control of the genetic variables are twin studies and
migration studies.
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Twin concordance evidence: One indication that MS requires one or more
environmental factors is the lack of complete concordance between monozygotic
(MZ) twins. A disease determined strictly by inherited genetic factors would exhibit
100% concordance in MZ twins, whereas the actual concordance rate seen is 2530%, suggesting the involvement of environmental triggers. It may be that genetic
phenomena such as chance somatic mutations (e.g., in the T cell receptor or
immunoglobulin genes) occurring in one twin and not the other could also account for
this discrepancy (although one study revealed that healthy twins, like their co-twins
with MS, often have skewed T-cell receptor repertoires, suggesting that these
somatic changes by themselves may not cause MS13). Most sets of identical twins
would presumably tend to experience similar environmental exposures, at least
during childhood and adolescence, a period suggested as being important for
developing susceptibility to MS. However, studies of the discrepancies in
environmental exposures (e.g., infections) incurred by discordant twin pairs might
eventually provide important insights into non-genetic MS risk factors14, 15.
Migration risk evidence: Several epidemiological studies have analyzed changes in
MS risk for people moving away from their country of origin to a new country
associated with a higher or lower risk. These studies have tended, although not with
complete consistency, to show a change in risk, possibly correlated with age at time
of migration. (See recent studies of immigrants to Jerusalem16, North African
immigrants to France17, Asian and Caribbean immigrants to England18, French
immigrants to the French West Indies19, and British and Irish immigrants to
Australia20, as well as a review of 28 prior studies21.) In addition to a change in
prevalence, differences in the phenotype and severity of MS have also been
observed in migrant populations22. Such findings, if based on proper assumptions
and careful control of genetic factors, would provide strong evidence for the
importance of environmental risk factors in MS. However, several criticisms have
been raised about the methodologies and assumptions used in this studies. For
instance:
• Immigrants may not accurately represent the population of their country of
origin in terms of age, ethnic origin, health status, etc.
• Comparisons of incidence and prevalence rates from different regions may
be problematic. Figures may be influenced by factors such as access to
health care, age structure, numbers of doctors per capita (which vary widely
around the world), overall awareness of MS, or the ascertainment and
diagnostic techniques used. In fact, due to such inconsistencies, even the
often-cited latitude gradient of MS risk is now being called into question23.
• Immigration statistics may not be reliable, leading to an inaccurate calculation
of the percentage of immigrants affected.
• Studies typically involve small numbers of subjects and results in some cases
may not be statistically significant.
Even studies finding prevalence and incidence discrepancies between different
regions within a country (e.g., the northern and southern regions of the US and
Australia) have at times been subject to the same types of confounding factors,
particularly ethnic origin. For these reasons, migration studies may suggest but
cannot be said to have conclusively demonstrated an environmental component to
MS risk.
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(3) MS is a group of diseases that develop via different mechanisms but exhibit similar
phenotypes: One possible explanation for the difficulty of identifying MS genetic
susceptibility loci is that MS is not one disease but instead a disorder with numerous
subtypes, each caused by a different combination of genetic and/or environmental
factors. Such is the case with type 2 diabetes mellitus, a group of metabolic diseases
with similar phenotypes but different genetic etiologies (including some monogenic
forms) which are often also strongly influenced by environmental factors such as diet
and exercise24. Support for heterogeneity in MS comes from studies of candidate genes
in different groups. For instance, several studies of Japanese MS patients have
reported differences in HLA allelic associations between those subjects with “Westerntype” MS and those with “Asian-type” MS (the latter of which is characterized by greater
opticospinal involvement and may be identical to neuromyelitis optica)25-31, suggesting
that these two related phenotypes have different root causes. At this point it seems
reasonable – and certainly more conservative from the standpoint of designing
experiments to find MS risk factors – to assume that MS is an etiologically
heterogeneous condition rather than a single disease.

Conclusions
Given that current evidence points against MS as a single monogenic disease, the three
remaining possibilities are that MS is a polygenic disease, MS is a multifactorial disease
involving both genetic and environmental factors, and MS is a group of diseases
included in which may be monogenic, polygenic and multifactorial disorders.
At this time, there is no conclusive evidence for or against any of these three
possibilities. However, evidence suggesting the involvement of environmental risk
factors indicates that experimental and analytical techniques should be developed and
used that take their existence into account. It is also quite likely that MS is not a single
disease – for instance, the association found for the HLA-DR2 haplotype has not been
confirmed in all families nor in all populations, and subtypes of MS have been identified
that demonstrate seemingly disparate genetic associations. Therefore, techniques are
called for that can either single out causal factors from a combination, or identify
subclasses of disease for closer individual study.
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