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Abstract

The 'Genes and Environment in Multiple Sclerosis (GEMS) project establishes a
platform to investigate the events leading to MS in at-risk individuals. It has recruited
2,632 first-degree relatives from across the USA. Using an integrated genetic and
environmental risk score, we identified subjects with twice the MS risk when compared
to the average family member, and we report an initial incidence rate in these subjects
that'is 30 times greater than that of sporadic MS. We discuss the feasibility of large-
scale studies of asymptomatic at-risk subjects that leverage modern tools of subject

recruitment to execute collaborative projects.
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Introduction

The underlying inflammatory demyelinating disease process in multiple sclerosis
(MS)likely predates its earliest clinical manifestation’. This concept is supported by the
observation that many individuals with incidental MS-like brain lesions subsequently
fulfill criteria for diagnosis of MS? and that some individuals have incidental,
asymptomatic MS-like lesions on autopsy®. Early detection of MS is important, as
longitudinal neuroimaging studies have demonstrated accelerated brain atrophy after
the first.episode of neurological symptoms4, and as clinical trials have shown that early
treatment with disease-modifying drugs delays the accumulation of disabilitys’6 and
possibly reduces mortality”. Thus, developing the capacity to detect the earliest stages
of the disease process and to identify affected individuals months or years before

symptom onset is clinically meaningful.

Primary prevention strategies have not yet been tested in MS in part due to the
low incidence of MS in the general population. There are certain populations that are at
higher risk of developing MS, but the incidence rate and risk factors that operate in such
targeted populations of high-risk individuals for the disease have not been well
characterized to date. In particular, first-degree family members of MS patients are 20-
40 times-more likely to develop MS than the general population1. Consistent with the
notion that much of the disease is asymptomatic, clinically silent MS-like brain lesions
are seen in 4-10% of MS family members®'!. However, screening all MS family
members with serial neuroimaging is not practical since the absolute risk of the disease

remains modest.
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Over the past decade, researchers have validated many genetic factors and
environmental exposures that increase MS susceptibility in the general population.
Large-scale genome-wide association studies resulting from international collaborative
efforts confirmed that genetic variations within the major histocompatibility complex
(MHC) exert the greatest individual effect on MS susceptibility but also identified more
than 110 additional common genetic variants of more modest effect size outside of the
MHC'%'8In parallel, epidemiological studies have firmly established the contribution of
several environmental factors to MS risk, such as infectious mononucleosis, smoking,
adolescent obesity, and Vitamin D deficiency'®?’. Taken together, these studies have
laid the groundwork for new opportunities to combine risk factors and generate an
individualized risk estimate for MS?°. In the future, such a tool may be deployed to
identify high-risk individuals (such as family members) prior to symptom onset, and such
subjects would be excellent candidates for clinical trials of primary prevention. Our
Genes and Environment in Multiple Sclerosis (GEMS) project shows that studies of

presymptomatic individuals at risk of MS are feasible.

To tackle the challenge of early detection of MS in this high-risk population of
family members, we initiated the GEMS project, a prospective natural history study that
will'map the sequence of events in the transition from health to MS. Here, we report the
design of and initial findings from the GEMS cohort. We also highlight strategies that we
have found to be effective in subject recruitment of this non-patient population (i.e., first-

degree family members). Further, we introduce and report the efficacy of an integrated
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Genetic and Environmental Risk Score (GERS) that provides a single aggregate
estimate of MS risk for individual family members. Finally, we evaluate, in this unique
cohort of high-risk subjects, the role of known environmental risk factors that were
identified in the general population and provide the first estimate of the incidence of MS
among first-degree family members. We conclude with a discussion of the strengths of
the GEMS study as a platform for investigating risk and prevention of MS as well as our

plans to overcome some of its limitations.

Recruiting First-Degree Relatives

Recruiting a subject population (such as family members) that is not typically
seen in a clinical setting is challenging. For cost-efficient, rapid and large-scale subject
recruitment of a primarily non-patient population, the GEMS study (Figure 1A) deployed
an innovative recruitment approach that strategically leveraged the effective outreach
efforts. of patient advocacy groups such as the National Multiple Sclerosis Society,

social media tools such as Facebook (https://www.facebook.com/pages/Genes-and-

Environment-in-Multiple-Sclerosis-GEMS-Research-Study/200900853288242), and

person-to-person electronic communication to reach eligible first-degree relatives
(Figure 1B). In its first four years, the study has recruited 2,632 subjects from every

state across the United States (Figure 1C).

The inclusion criteria for the family member portion of the GEMS study are: (1)

being 18 to 50 years of age at enrollment, (2) having at least one first-degree relative
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with a diagnosis of MS (i.e., parent, full-sibling, or child) (Figure 1A). We did not include
subjects above 50 years of age because the mean age of MS diagnosis is in the early
thirties! and the age-related appearance of nonspecific white matter lesions in older
individuals could confound neuroimaging outcomes. Subjects with an existing diagnosis

of MS who have a family member with MS are included to provide a crucial comparison

group.

The GEMS project drew its inspiration from the diabetes autoimmunity study in
the young (DAISY), a prospective study of high-risk siblings of type 1 diabetes patients
that has made important contributions to our understanding of the onset of type 1
diabetes®'. While the DAISY study and local studies of MS family members'"* have
established the feasibility of regional studies of high-risk individuals, the GEMS study
has showcased the feasibility of a nationwide approach by leveraging social networks of
patient advocacy organizations and the GEMS study Facebook site. These electronic
interconnections are crucial for a nationwide strategy that rapidly recruits a large
population of subjects who are at risk for a neurologic disease but do not interact

regularly with a neurologist.

Building a Longitudinal Data Repository of Individuals at Risk for Multiple

Sclerosis

Upon enroliment, each GEMS subject completes a detailed web-based

questionnaire that captures demographic information, medical history, family history and
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environmental exposures. Each subject returns by mail a saliva sample for extraction of
DNA (OG-500 DNA Genotek, Ontario, Canada). The majority of the GEMS subjects
have given consent to provide blood and stool samples, undergo neuroimaging, and
participate in additional studies. Every three years, subjects are asked to complete

questionnaire updates with the goal to follow each subject for 20 years (Figure 1A).

Genotyping to Determine the Multiple Sclerosis Genetic Burden

For each GEMS subject, targeted genotyping of validated and replicated single
nucleotide polymorphisms (SNPs) that are significantly associated with MS

susceptibility'®"" (

Supplementary Table 1) is performed at the Broad Institute on the
MassArray iPLEX platform (Sequenom, San Diego, CA) and processed for standard
quality.control (minor allele frequency > 0.01, genotype call rate > 0.89, batch effect).
This list of 64 SNPs, including five within the major histocompatibility complex (MHC)
that contains the human leukocyte antigen (HLA) genes, was the most up-to-date as of
2011 when targeted genotyping of GEMS subjects first began. Independent
susceptibility SNPs were determined using a linkage disequilibrium (LD) threshold of
r?<0.5.between any pair of SNPs: if two SNPs had an r?>0.5, the one with the lower p-
value from previous literature was retained. Genotyping was done over the course of
the reported study in four batches, and two SNPs were removed because they did not
pass the quality control criteria. Because initial targeted genotyping was performed only

on the known genetic variants associated with MS susceptibility (as of 2012), there was

insufficient information to determine the genetic ancestry for each subject. However,
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since the study focuses on the vast majority of subjects who have self-reported
European ancestry (see Table 1), the lack of a precise measure of genetic ancestry will
not significantly affect results. This would be a much bigger problem for admixed
populations or more diverse populations. Ancestry-informative markers will be
genotyped and incorporated into future estimation of an individual’s risk, as such an

approach would increase generalizability of the study results.

Demographics of the GEMS Cohort

As of September 2015, the GEMS study has enrolled 2643 subjects, including
134 with a self-reported MS diagnosis confirmed by a review of medical records.
Thirteen subjects withdrew from the study after their initial enrollment. The rate of
subject.attrition due to loss from follow-up is still being assessed. To maintain
engagement, we send an annual newsletter containing study update to subjects and
provide regular updates through social media. In addition, each subject provides a
secondary contact (e.g., relative, friend) in case we can no longer establish

communication with the subject.

In-our initial review of the family history data in our study, the majority of GEMS
subjects have a single first-degree family member with MS. However, 6% have two, and
an important minority (0.6%) has three or more first-degree relatives with MS. The
observation that rare families have 3 (n=9) and 4 (n=1) first-degree relatives with MS

suggests that further detailed study of these families (e.g., whole genome sequencing,
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analysis of gene-environment interaction) may lead to the identification of novel genetic

or environmental factors of large effect.

In"2014, we performed a cross-sectional analysis of the first 1,696 GEMS
subjects with genotype data and completed questionnaires containing exposure history
(see Table 1 for demographics), including 1,583 asymptomatic subjects and 113
subjects with an existing diagnosis of MS at the time of enrollment (Table 2). All
subjects, both MS and asymptomatic, have at least one first-degree relative with MS.
The proportion of GEMS subjects that have a diagnosis of MS at enrollment (6.7%) is
greater than the prevalence rate of MS among first-degree family members in prior
reports (2-4%)". This likely reflects the fact that first-degree relatives who already have
an MS diagnosis are more inclined to participate in our study than the average family

member.

Overall, we observed an excess of women in the study (79% of the cohort),
consistent with gender differences in human study participation that may be heightened
in our study by public understanding of the increased risk of MS for women. Because of
this high frequency of women in the study, the larger proportion of women among
GEMS subjects who have MS (85%) is not significantly different from the proportion

seen in_asymptomatic subjects (79%).

Assessing the Role of Selected Environmental Multiple Sclerosis Risk Factors

Among First-Degree Relatives
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In a cross-sectional analysis of the first 1,696 GEMS subjects, we compared the
prevalence of exposure to environmental risk factors between asymptomatic first-
degree relatives and those with MS diagnosis at enroliment. We used x? tests for
categorical variables and independent sample t-tests for continuous variables.
Covariate-adjusted analyses were performed using logistic regression. These analyses
have already returned intriguing observations. We established the role of smoking in MS
susceptibility in first-degree family members (p=0.01) (Table 2), but the current analysis
is underpowered to confirm the role of body mass index at age 18 (Table 2 and Table
3):Interestingly, a history of infectious mononucleosis was not associated with MS in
our sample because of its high prevalence in asymptomatic family members (25%),
which'is similar to that of the family members with MS (27%) and that of published
reports of sporadic MS patients from the general population (23-28%)>**%. This
prevalence is higher than that seen in healthy subjects from the Boston-based
PhenoGenetic Project (18%) and in reports of the general population (10-15%)**%. The
higher prevalence of mononucleosis in asymptomatic GEMS subijects is not attributable
to known MS susceptibility variants: an individual's aggregate burden of MS risk alleles
(the'weighted MS genetic risk score, GRS) is not associated with a history of
mononucleosis in GEMS subjects with MS (p=0.35) or in those without MS (p=0.10).
Overall, these findings suggest that the high rate of infectious mononucleosis in
asymptomatic family members may reflect a shared environmental history (e.g., co-
infection) and/or a shared genetic component not captured by the known MS variants.

This result needs validation but raises the possibility that the association of infectious
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mononucleosis with MS susceptibility may be an epiphenomenon and not a causal

element in the cascade of events leading to MS.

Determining the Genetic and Environmental Architecture of Multiple Sclerosis

Risk Among First-Degree Relatives

For each subject, we calculated a weighted environmental risk score (ERS) and
a weighted GRS. The ERS contains three validated non-genetic risk factors that are
obtained from questionnaire data. Specifically, we counted the presence or absence of
these factors, each weighted by the natural log of the published odds or risk ratio: sex

(odds ratio, OR=3.54 for female versus male subjects)®*

, infectious mononucleosis
(OR=2.3 for a history of infectious mononucleosis versus none)*®, and smoking status
(OR=1.4 for current smoker versus past or never smoker)**®. While it is genetically
determined, we include sex with the environmental factors given its vast effects on
human.biology during the life course. While we collected information on other MS risk
factors, they were not included in our pre-planned analysis either because they were
less robustly validated at the start of the study in 2011 (e.g., body mass index at age 18)
or because they are less precisely ascertained from questionnaire data (e.g. history of

Vitamin D intake and sunlight exposure). However, these and other factors will be

considered in future versions of the individualized risk scores.

The GRS contains 64 SNPs that are significantly associated with the risk of

developing MS based on published genome-wide association studies of MS
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susceptibility’®'”. The weights of SNPs are based on published odds ratio from the
replication phase of the genetic studies. Each SNP was coded additively by the
established risk allele and weighted by the natural log of the odds ratio for MS
susceptibility. A complete list of SNPs and their weights are included in Supplementary
Table 1. As expected, the five SNPs tagging HLA alleles have a large weight in the final
GRS given their reported effect sizes. Occasionally, a SNP would fail in only one or two
of the genotyping batches (Supplementary Table 1). In these cases, since none of the
failed SNPs were in the HLA region, we substituted the mean score for the SNP from

the other genotyping batches of GEMS subjects.

The weighted Genetic and Environment Risk Score (GERS) that integrates
genetic burden and environmental exposures is created for each subject (i) as shown in

the equation below:

64
GERS: :i‘ZSNP_/ X w;J+ L-[F emale}x In(3.54)+ L-[Mono} xIn(2.30)+ Ii[CMI’TSI’I’lk] xIn(1.40)

J=1

where w; is the natural log of the odds ratio for SNP;, and SNP; is coded as 0, 1 or 2
copies of the reported risk allele, and each of the environmental risk factors is

incorporated separately.

Deriving an Individualized Multiple Sclerosis Risk Profile
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Following our pre-planned study strategy, we calculated the ERS, GRS, and
GERS in subjects from the GEMS cohort with completed genotype and questionnaire
data, including subjects with diagnosis of MS at the time of enroliment. We additionally
calculated the GRS in MS patients from the Partners MS Center and healthy control
subjects from the PhenoGenetic project, but ERS and GERS for these subjects could
not be calculated due to incomplete information on smoking status and infectious

mononucleosis.

Given the small number of environmental risk factors included in the ERS and
the currently modest number of MS subjects in the GEMS cohort, we see a trend toward
a greater ERS in GEMS MS subjects relative to the asymptomatic subjects, but this

difference is not significant (p=0.096 after adjusting for age; Figure 2A; Table 4).

As anticipated, asymptomatic GEMS subjects have a greater burden of MS risk
alleles than random individuals from the general population. Using a GRS derived from
the 63 (out of the 64) MS SNPs that are available in both GEMS subjects and the
healthy subjects of the PhenoGenetic project, we found a greater mean GRS among
asymptomatic GEMS subjects [mean GRS + SD: 9.28+0.88] when compared to healthy
control stibjects [mean GRS + SD: 8.89+0.83] (p=1.8x10""%) (Supplementary Table
2%). However, the mean GRS of asymptomatic GEMS subjects remains smaller than
that'of MS cases from the Partners MS Center, a large MS clinic in Boston (p=3.0x107®)
(Supplementary Table 2*°*") and that of the GEMS MS subjects (p=1.5x107°) (Figure
2B; Table 4), consistent with the expectation that the majority of asymptomatic family

members will not develop MS. MS subjects from the GEMS cohort are all cases from
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multiplex families (i.e., they have a diagnosis of MS in addition to having at least one
first-degree relative with MS), whereas MS subjects from the MS clinic are
predominantly sporadic cases. Consistent with a prior study of multiplex MS cases®, we
observed that MS GEMS subjects have a greater mean GRS (p=0.01) when compared
to the clinic-based population (Supplementary Table 2). This GRS difference appears
to be primarily driven by a greater burden of HLA alleles in the MS subjects from the

GEMS cohort (p=0.006) rather than differences in the 59 non-HLA alleles (p=0.57).

When we evaluate the GERS, the summary estimate of all risk factors, we note
that MS subjects from the GEMS cohort have a higher mean GERS than asymptomatic
subjects (p=4.8x10°) (Figure 2C; Table 4). In Figure 2D, we illustrate the distribution of
risk among all GEMS subjects along both the GRS and ERS dimensions. In this
smoothed two-dimensional histogram, each family member is found somewhere along

the surface of risk.

Evaluating the Utility of the Genetic and Environmental Risk Score (GERS) for

Risk Stratification

The GEMS study is designed to capture a subject population that would be
similar.to the one that may seek medical attention to evaluate their risk of MS given their
family history. Three years after its launch, we can already use a cross-sectional
approach to assess the utility of the GERS in stratifying the risk of MS in a high-risk

population that all share a family history of MS. Using the subset of GEMS subjects with
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MS at study enrollment for comparison, we evaluated whether the GERS can identify a

stratum of family members who have the highest risk of developing MS.

The GERS was analyzed as both a continuous and a categorical variable. First,
we partitioned the continuous measure into seven groups of risk determined by the
distribution in the asymptomatic subjects (control group). Using the mean and standard
deviation (SD) of these control subjects, we defined the seven subject groups as 0.25,
0.75and 1.25 SD from the mean, with the extreme groups either less than or greater
than 1.25 SDs from the mean of the controls. Our detailed methods were previously
reported*?. For the analyses of the categorical GERS (or GRS), we used the median
group (i.e., group 4) as the reference since it represents the average risk in the study
population of first-degree family members. This approach avoids exaggerating the
difference in risk that comes from comparing the extreme subsets (e.g., group 1 versus
group. 7). To calculate the p-value for a linear trend, we treated the groups (1 to 7) as
continuous. All GEMS subjects were divided into seven strata using their individual
GERS (Supplementary Table 3), and we plot the proportion of subjects with an MS
diagnosis that is present in each stratum (Figure 3). Then, in relation to the median
stratumrof risk (the reference group 4), we calculated the odds ratio for developing MS

in each.group.

Overall, in the GEMS cohort of first-degree family members, an increasing GERS
is associated with a greater likelihood of a diagnosis of MS (p-trend=1.4x10"°), with the
proportion of MS subjects rising from 4% in the first stratum to 20% in the seventh

stratum. For subjects belonging to the two highest strata, there is a significantly
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increased odds of developing MS when compared to subjects in the median (4™)
stratum: OR [95% Cl] of 2.12 [1.70 — 4.18] for the 6" stratum and 2.63 [1.35 — 5.12] for
the 7th stratum (Supplementary Table 3, Figure 3). Thus, having a GERS in either of

these two top strata places a MS family member in the highest risk category.

The method by which we generate an aggregate measure of risk for MS is based
on_robust predictive tools**. An important feature of these algorithms is the weighing of
each risk factor’s contribution to account for the large difference in effect size between
geneticand environmental risk factors. The weight of each risk factor is derived from

published replication studies'®"”

, minimizing the over-estimation of effect size that is
common in discovery studies. However, these replication studies did not use MS family
members, and we therefore made the practical assumption that effect sizes will be

similar in family members and the general population. Over time, we will be able to

establish these weights in our own cohort of subjects.

Estimating an Initial Incidence Rate of Multiple Sclerosis Among First-Degree

Relatives

While the prevalence of MS in first-degree family members has been
documented in different populations**“, the incidence of MS in family members has not
been estimated. This information is critical to the design of prospective studies of
individuals at risk of MS, and the GEMS study provides the opportunity to assess the

incidence rate of MS among first-degree family members.
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A subject who is asymptomatic at enroliment to the GEMS study but is
subsequently diagnosed with MS after enroliment is defined as an MS converter.
Because enrollment occurs on a rolling basis, the follow-up duration for subjects is
variable (Table 1). We calculated the incidence of MS among the asymptomatic
subjects within GEMS cohort by assessing the number of MS converters over person-

years of follow-up.

Leveraging responses to a follow-up questionnaire deployed to all GEMS
subjectsiin 2014, we identified four subjects who were diagnosed with MS by their local
neurologists after enrolling in the GEMS study out of the initial 1,583 GEMS subjects
who were asymptomatic at study enrollment. In all four cases, an MS specialist was
able to document a true conversion event that meets a diagnosis of MS by McDonald
critefia®’. Thus, given 3,258 person-years of observation among the 1,583
asymptomatic GEMS subjects considered in our analyses to date, we estimate an
incidence rate of 123 cases per 100,000 first-degree family members annually, which is
over 30 times greater than the reported incidence of sporadic MS in the United States*®
or worldwide*®. With only four converters, we cannot yet provide meaningful statistics in
regardsto risk factors. Notably, one of these four converters has the highest GERS

among.all of the 1,583 asymptomatic GEMS subjects.

Given this incidence rate and the calculated odds ratio of MS for different strata
among first-degree family members, we can now design a properly powered
prospective study of MS onset. Without stratification, we would require 10,000 first-

degree family members to capture 62 clinical conversions to an MS diagnosis over 5
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years. Limiting an analysis to the two highest GERS strata could double this number.
Focusing on a younger population (e.g., <30 years of age) may further increase the
incidence in the cohort. Finally, additional subjects are likely to develop asymptomatic
lesions that are detectable by neuroimaging over this period of time, permitting well-
powered studies of intermediate phenotypes. We estimate that such a study would have
>99% power to detect a novel MS risk factor with an effect size similar to that of

infectious mononucleosis.

Lessons in designing a Platform to Investigate Risk Factors and Prevention in

Multiple Sclerosis

Here, we report the successful launch of a large prospective natural history study
of first-degree family members at risk for MS. With its recruitment target of 5000
subjects, GEMS is well powered to investigate the sequence of events leading to MS,
and its nationwide scope will allow the evaluation of environmental risk factors.
However, it is clear that a larger study would accelerate progress of discovery, improve
estimate of the incidence rate, and provide critical information regarding the
generalizability of our results if conducted internationally. A large-scale study would also
enable us to support clinical trials for primary prevention strategies more effectively.
Engagement of the MS research community that includes collaborative efforts in
bringing together expertise and resources is critical to the impact of such a larger study
both to test the most compelling candidate early interventions and to analyze the vast

amount of phenotypic and molecular data that will be generated. Within ethical
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guidelines, rapid data sharing prior to publication is becoming standard and should soon

show its utility in accelerating the generation of insights into human disease.

As with any prospective study, a major challenge going forward will be subject
retention.. The GEMS subjects are motivated to participate in this study due to their
familial connection, but ongoing engagement through social media and potentially a
virtual environment where subjects that choose to do so can interact with one another
will be crucial, especially in a study focusing on younger individuals. Efforts to collect
blood and stool samples as well as neuroimaging data are ongoing and collection of
novel phenotypes using biometric devices and other self-reported instruments are about
to begin. These efforts will also benefit from active subject engagement. It is clear that
genetics, even when coupled with a rich environmental risk factor history, will probably
not be sufficient to support clinical decision-making. Thus, additional information such
as.neuroimaging and blood measures as well as new forms of outcome measures from
self report and wearable devices will contribute to the development of clinical algorithms
for quantifying and mitigating the risks of MS. Further, because certain preventive
strategies will only be effective at specific stages of the prodromal phase of MS, a clear
delineation of each subject’s state at a given time will be essential for future study

designs.

The GEMS project is therefore the first iteration of a research platform and
collaborative resource with which to investigate the onset of MS in high-risk individuals
in the future. We have gained important experience, insights and results in this first

phase of the study, which is guiding further improvement in the study operations and
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prioritization of pilot study designs in the GEMS subject population. This grand rounds
forum is a wonderful opportunity for us to share this experience and provide important
details of this new resource for the MS community. We encourage investigators to
contact us with ideas for collaboration. Overall, we seek to engage colleagues and
family members to advance the understanding of MS susceptibility as rapidly as
possible and to establish a platform that effectively carry out primary prevention trials.

Realizing these goals is essential to allow us to bring individualized prevention to MS.

Limitations and Future Directions

In the design of the GEMS study, we operated under a number of different
constraints that lead to limitations. First, issues of privacy limited our ability to
systematically contact additional family members and the probands. Thus, some GEMS
subjects may not have a first-degree relative with a validated diagnosis of MS, a
possibility that approximates the clinical situation in which individuals will seek medical
attention due to a concern for MS risk based on family history. However, this number is
likely'to-be very small given that the distribution of genetic risk factors in the
asymptomatic GEMS subjects (Figure 2B) is very different from that of the general
population. There are a number of different reasons that make it difficult to obtain
documentation of the family history from every subject, such as the affected family
member being deceased, unwilling to participate, or unwilling to communicate with the
subject. Having such a requirement would not only limit subject recruitment, sample

size, and the utility of the resource, but may also raise ethical considerations with regard
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to confidentiality. (Currently, we ask each subject whether “there is at least one first-
degree relative with MS”, their total family size, the number of first-degree relatives with
known MS diagnosis and their relationships to the subject.) In the future, we plan to
expand the study to allow review of medical records of the probands and assess their
MS diagnosis. We also plan to factor genetic ancestry information into future version of
the risk estimate. Inclusion of as many MS probands as possible would be useful to
understand the proportion of GEMS subjects that do not truly have a family member
with' MS. As noted above, our current genetic data suggests that this number is likely to
be small. As we move toward testing primary prevention strategies, understanding (1)
the proportion of GEMS subjects that do not have a family member with a validated
diagnosis of MS will be important and (2) whether the efforts to obtain such information
have a meaningful impact on the study given the availability of genetic and other

information.

A second limitation is that the calculation of MS incidence is preliminary, based
as it is.on the small number of converters identified during a relatively short subject
follow-up period. Further, the small number of converters prevents us from adequately

adjusting for age or sex.

Third, this comparison between MS and asymptomatic first-degree family
members is a cross-sectional analysis using baseline questionnaire data and a
moderate number of MS cases. Nonetheless, the number of MS subjects is sufficient to

yield statistically significant results in our pre-planned analysis, and the longitudinal
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component of the study is ongoing and will more accurately evaluate risk factors as the

GEMS study progresses and more MS converters emerge.

Fourth, the GEMS cohort of first-degree family members is not population-based
and may:thus be subject to selection bias. Overall, a traditional population-based study
of high-risk individuals is not feasible in a country such as the United States given the
low prevalence of the disease. We appreciate that our sampling method contains some
biases inherent in other similar studies. For example, the GEMS cohort has more
females than the overall population of first-degree relatives. However, the equal
distribution of males to females between MS and asymptomatic GEMS subjects helps

control for influence of selection biases.

Finally, in the first phase of the GEMS study, we did not include subjects below
18 years of age. In the future, we plan to include children, as many events critical to MS

risk appear to be active in adolescence.

Although the current version of the risk score is not yet clinically deployable, it
enables the design of an adequately powered, prospective study of the higher-risk
subset of MS family members. This risk algorithm can be updated as additional risk
factors.are identified and can include interaction terms should well-validated evidence of
interaction between two risk factors emerge. Our long-term goal is to leverage the
GEMS platform for conducting investigations that map the sequence of events leading
from health to disease and for trials of primary prevention of MS in high-risk individuals.
Such an ambitious program cannot be accomplished in isolation. It will require

contributions from many different groups of investigators that bring different expertise.
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Further, the accumulated data may not be sequestered in a closed environment, as
limited data access would hamper the role of GEMS as a vehicle to realize
individualized disease prevention. Using appropriate safeguards for subject
confidentiality, the data will be made available to the community of MS researchers,
ensuring that all reasonable ideas can be explored. Such an open concept for human
investigations is rapidly evolving in translational research, and the GEMS study

represents an exciting opportunity to test this approach in the context of MS.
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Figure Legends

Figure 1. The Genes and Environment in Multiple Sclerosis (GEMS) Study:
illustrating the nationwide scope of this new resource of subjects and samples.
(A) The diagram summarizes the overall design of the GEMS study. MS, multiple
sclerosis. (B) The pie chart displays the relative contribution of different subject
recruitment strategies and highlights the importance of electronic communications in
subject recruitment. NMSS, National Multiple Sclerosis Society. (C) The maps show
the location of enrolled subjects as of August 2015. Maps were generated with

tTM

permission using Map Data @2015 Google, INEGI, via Mapalist'™. Subjects have been

recruited from each of the 50 states in the United States.

Figure 2. Density distribution of risk scores for the GEMS subjects (first-degree
family members with or without multiple sclerosis at the time of study
enrollment). (A) Environmental Risk Score (ERS), (B) Genetic Risk Score (GRS), and
(C) the combined Genetic and Environmental Risk Score (GERS). The environmental
risk score contains three factors. The genetic risk score contains 64 validated genetic
variants.associated with MS susceptibility. Please refer to the section entitled
“‘Determining the Genetic and Environmental Architecture of MS Risk Among First-
Degree Relatives” for details. (D) Two dimensional histogram combining the data from A
and B to present the distribution of risk among all GEMS subjects along both the genetic
and environmental dimensions simultaneously. Each subject is located somewhere

along this surface of risk profile.
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Figure 3. Quantile plot presenting the risk of multiple sclerosis in each of the
seven strata of GEMS subjects defined by their risk scores. Groups are stratified
using.the.GRS (A) and the GERS (B). Please refer to the section entitled “Evaluating
the Ultility of the Genetic and Environmental Risk Score (GERS) for Risk Stratification”
for details. The bars show the relative frequency distribution of the asymptomatic
subjects in the strata. Group 1 is the lowest risk category and Group 7 the highest. The
odds ratio (red triangle) for MS susceptibility in each risk group is superimposed in red
with the 95% confidence interval (Cl) for that estimate (red line). The p-value is
calculated as a linear trend across the groups. Odds ratio are determined as the odds of
MS iin each group divided by the odds of MS in the reference group (Group 4, the

median group).
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Table 1. Demographic information of the initial GEMS cohort of first-degree family

members (n=1696).

Parameter Percentage of the Study Population
Female 79.2%
Race (Self-reported)
European descent, non-Hispanic 95.5%
African American 1.7%
Multi-racial 1.8%
Others 1.0%
Born in continental US 96.8%
Existing MS diagnosis at enrollment 6.7%
Smoking status
Smoking, current 8.1%
Smoking, ever 26.9%
History of infectious mononucleosis 25.0%
Mean (SD)
Follow-up Duration (years) * 21+0.77

* As.of June 2014
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Table 2. Comparison of the demographic parameters between asymptomatic first-

degree family members and those first-degree family members with an existing

diagnosis of multiple sclerosis at GEMS study enrollment.

Demographic MS Asymptomatic p-value p-value
Parameter

n=113 n=1583 Adjusted *
Age at enrollment: | 39.2 (7.5) 33.8 (8.5) <0.0001 N/A
year, Mean (SD) '
European descent, | 103 (95%) 1458 (96%) 0.86 N/A
non-Hispanic: n
(%)
Female: n (%) 96 (85%) ° 1248 (79%) 0.12 0.14
Smoking, current: | 16 (14%) 122 (8%) 0.015 0.01
n (%)
IM: n (%) 31 (27%) 394 (25%) 0.55 0.39
% first-degree 23% (12%) 26% (12%) 0.25 N/A
relatives with MS:
Mean (SD)
BMI at.age 18: 23.1 (5.3) 22.7 (4.2) 0.39 N/A
Mean (SD)

Abbreviation: IM, history of infectious mononucleosis; % first-degree relatives with MS:

percentage of a subject’s total number of first-degree relatives with MS; BMI, body mass

index; N/A: not applicable.
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* Adjusted for age since MS subijects in the GEMS study have a higher mean age at

enrollment than asymptomatic subjects.
Note 1: Age at GEMS study enroliment is not the same as the age at MS diagnosis.

Note 2: Among the GEMS subjects with MS, the female to male ratio is 5.6 to 1.
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Table 3. Detailed comparison of the body mass index (BMI) at 18 years of age (based

on recall) between asymptomatic first-degree family members and those first-degree

family members with an existing diagnosis of MS at GEMS study enroliment.

BMI at age 18 MS Asymptomatic Odds Ratio | Odds Ratio
(95% ClI) (95%Cl)

Categories: N (%) | n=113 n=1583
Adjusted *
<18.5 |9 (8%) 167 (11%) 0.67 0.62
(0.32-1.42) | (0.29-1.32)
18.5t0 <21 | 34 (31%) 413 (27%) 1.0 1.0
21 to <23 | 27 (25%) 356 (24%) 0.92 0.99
(0.55-1.54) | (0.59 - 1.67)
23to <25 |15 (14%) 260 (17%) 0.72 0.83
(0.39-1.33) | (0.44 —1.55)
25to <27 | 10 (5%) 141 (9%) 0.88 1.04
(0.43-1.82) | (0.50-2.17)
27t0 <30 | 5 (5%) 92 (6%) 0.68 0.89
(0.26 —1.77) | (0.34 —2.37)
=30 |9 (8%) 85 (6%) 1.32 1.74
(0.62-2.83) | (0.80-3.81)
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* Adjusted for age

Accepted Article

John Wi]%?/ & Sons
This article is protected by copyright. All rights reserved.



Annals of Neurology

Page 40 of 50

Table 4. Comparison of the risk scores between asymptomatic first-degree family

members and those first-degree family members with an existing diagnosis of multiple

sclerosis at GEMS study enrollment.

Risk Score | MS Asymptomatic p-value p-value
n=113 n=1583 Adjusted *
Mean (SD) Mean (SD)

ERS 1.3 (0.6) 1.2 (0.6) 0.12 0.096

GRS 10.2 (0.8) 9.9 (0.9) 8.3x10° 1.5x10°

GERS 11.6 (1.1) 11.1 (1.1) 3.8x10° 48x10°

Abbreviation: ERS, environmental risk score; GRS, genetic risk score; GERS, genetic

and environmental risk score

* Adjusted for age
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Supplementary Table 1. List of single nucleotide polymorphisms and their weights

used for calculating the genetic risk score.

Risk Alt. Risk Allele % Total
SNP CHR Gene Allele Allele Frequency Weight GRS REF
rs10201872 2 SP140 T C 0.187  0.1391 0.0150 16
rs10466829 12 CLECL1 A G 0.450  0.0982 0.0106 16
rs1077667 19 TNFSF14 C T 0.832 0.1519 0.0164 16
rs11129295 3 EOMES T C 0.392  0.1078 0.0117 16
rs11154801 6 AHI1 A C 0.368  0.1197 0.0129 16
rs1132200 3 TMEM39A C T 0.872  0.1330 0.0144 17
rs11581062 1 SLC30A7 G A 0.317  0.1075 0.0116 16
rs12048904 1 EXTL2 T C 0.354  0.1056 0.0114 16
rs12122721 1 KIF21B G A 0.737  0.1081 0.0117 17
rs12212193 6 BACH?2 G A 0.461 0.0889 0.0096 16
rs12368653 12 AGAP2 A G 0.526  0.0970 0.0105 16
rs12466022 2 NA C A 0.739  0.1210 0.0131 16
rs1250550 10 ZMIz1 A C 0.329  0.1143 0.0124 16
rs12722489 10 IL2RA C T 0.878 0.2184 0.0236 17
rs13192841 6 NA A G 0.298  0.1217 0.0132 16
rs13333054 16 IRF8 T C 0.233  0.1019 0.0110 16
rs1393122 5 Intergenic A G 0.857  0.0619 0.0067 17
rs17066096 6 IL22RA2 G A 0.258  0.1355 0.0146 16
rs170934 3 EOMES T C 0.501 0.1360 0.0147 17
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rs498422 6 HLA-DRB1*14:01 T G 0958 0.1847  0.0200 PC
rs6074022 20 CD40  C T 0275 0.1329  0.0144 17
rs650258 11 cb5 C T 0671 01228  0.0133 16
rs6718520 2 Intergenic A G 0.459  0.0852  0.0092 17
rs6897932 5 IL7TR  C T 0770 01119  0.0121 17
rs703842 12 METTL1 A G 0.714  0.1154  0.0125 17
rs7089861 10 IL2RA C G 0.882 0.1806  0.0195 17
rs7090512 10 IL2RA C T 0.360  0.0843  0.0091 16
rs7200786 16 CLEC16A A G 0.487 01654  0.0179 16
rs7238078 18 MALT1 T G 0.789 0.1085  0.0117 16
rs744166 17 STAT3 G A 0.441 01147  0.0124 17
rs763361 18 CD226 T C 0.494  0.0439  0.0047 17
rs771767 3 NFKBIZ A G 0.255 0.0963  0.0104 16
rs802734 6 PTPRK A G 0.734 0.1126  0.0122 16
rs8112449 19 TYK2,CDC37 G A 0.687 0.0894  0.0097 16, PC
rs874628 19 MPV17L2 A G 0.739 0.1343  0.0145 16
rs9846534 3 cBLB T C 0.825 0.0765  0.0083 17

Abbreviation: SNP, single nucleotide polymorphism; CHR, chromosome; Risk Allele,
reported risk allele; Alt. Allele, alternative allele; Risk Allele Frequency, risk allele
frequency from all batches of genotyping of GEMS subjects (not including Partners
Multiple Sclerosis Center or healthy subjects); Weight, weight used in genetic risk score
calculation (natural log of the published odds ratio); % total GRS, percentage of total
genetic risk score; REF, reference (see main text); PC, personal communication from

International Multiple Sclerosis Genetics Consortium.
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Note: The list is based on significant and validated association with multiple sclerosis

16,17 and

susceptibility from published meta-analysis of genome-wide association studies
is up-to-date as of 2011 when targeted genotyping of GEMS subjects first began. Of
note, rs9282641 failed in more than two genotyping batches and rs12708716 has high

LD with rs7200786.
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Supplementary Table 2. Comparing the genetic risk score of GEMS subjects (first-
degree family members with and without MS diagnosis) with MS patients from the

Partners Multiple Sclerosis Center and healthy subjects from the PhenoGenetic Project.

N GRS64, Mean (SD) | GRS63, Mean (SD)
GEMS, asymptomatic | 1583 | 9.89 (0.91) 9.28 (0.88)

GEMS, MS 113 | 10.28 (0.84) 9.62 (0.83)

MS Center, MS * 1114 | 10.05 (0.91) 9.49 (0.89) ©
Healthy Control ® 344 | N/A 8.89(0.83)°

Abbreviation: GRS64, genetic risk score containing 64 MS susceptibility risk variants;

GRS63, same as GRS64 except for the absence of rs2844821 (see Note B).

Note A: MS patients from the Partners Multiple Sclerosis Center (Boston) are sporadic
cases'whereas MS subjects from the GEMS study are multiplex cases (based on study
inclusion,criterion of having at least one first-degree relative with MS). Demographics of
the MS subjects from a clinic-based prospective natural history study at the Partners
Multiple'Sclerosis Center have been previously reported (75% European descent,

median age 40 years, 73% female)*>*’

. For MS subjects from the Partners MS Center,
genotyping data are obtained from previously published genome-wide association
studies'®'’. Environmental factors are not available from all subjects to calculate

GERS.
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Note B: Healthy subjects from the PhenoGenetic Project (Brigham and Women'’s
Hospital, Boston) are drawn from the general population of the Greater Boston
metropolitan area and are self-reported to be free of chronic infectious, inflammatory,
and metabolic diseases. Only subjects of non-Hispanic European ancestry were used
for comparison in this report. Genotypes were extracted from genome-wide data

t*°. A previous report describes these subjects in

generated as part of the ImmVar projec
detail (median age 26 years, 58% female)*. Because one SNP (rs2844821) from
GRS64 is missing from the existing genotype data for healthy subjects, GRS63 is used

forcomparison involving healthy subjects.

Note C: Comparing to MS patients from the Partners Multiple Sclerosis Center,
asymptomatic GEMS subjects have a smaller mean GRS64 (p=3.0x10°), whereas MS

subjects from the GEMS study have a higher mean GRS64 (p=0.01).

Note D: Comparing to healthy subjects from the PhenoGenetic Project, both
asymptomatic GEMS subjects (p=1.8x10"%) and MS subjects from the GEMS study

(p=6.3x107"°) have a higher mean GRS63.
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Supplementary Table 3. Stratifying first-degree family members of the GEMS cohort

according to their GRS or GERS and the odds ratio of MS in each stratum when

compared to the median group (group 4).

Group GRS GERS
* MS Asymptomatic | OR MS Asymptomatic | OR

n (%) n (%) n (%) n (%)
1 2 (2%) 157 (10%) 0.21 (0.05-0.93) | 5 (4%) 171 (11%) 0.57 (0.21-1.59)
2 10 (9%) | 212 (13%) 0.79 (0.35-1.76) | 8 (7%) 176 (11%) 0.89 (0.37-2.12)
3 19.(16%) | 306 (19%) 1.04 (0.53-2.04) | 16 (14%) | 295 (19%) 1.06 (0.20-2.16)
4 17 (15%) | 284 (18%) 1.00 16 (14%) | 313 (20%) 1.00
5 26 (23%) | 262 (17%) 1.66 (0.88-3.13) | 25 (22%) | 272 (17%) 1.80 (0.94-3.44)
6 21(19%) | 197 (12%) 1.78 (0.92-3.46) | 20 (18%) | 185 (12%) 2.12 (1.07-4.18)
7 18(16%) | 165 (10%) 1.82(0.91-3.63) | 23 (20%) | 171 (11%) 2.63 (1.35-5.12)
7 vs:1 8.56 (1.96-37.48) 4.60 (1.71-12.37)
p for 5.6 x 10° 1.4x10°
trend

Abbreviation: GRS, genetic risk score; GERS, genetic and environmental risk score.

* GRS and GERS are partitioned into seven groups of risk determined by the

distribution of the controls (i.e., asymptomatic subjects at enroliment).
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Figure 1. The Genes and Environment in Multiple Sclerosis (GEMS) Study: illustrating the nationwide scope
of this new resource of subjects and samples. (A) The diagram summarizes the overall design of the GEMS
study. MS, multiple sclerosis. (B) The pie chart displays the relative contribution of different subject
recruitment strategies and highlights the importance of electronic communications in subject
recruitment. NMSS, National Multiple Sclerosis Society. (C) The maps show the location of enrolled
subjects as of August 2015. Maps were generated with permission using Map Data @2015 Google, INEGI,
via MapalistTM. Subjects have been recruited from each of the 50 states in the United States.
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Figure 2. Density distribution of risk scores for the GEMS subjects (first-degree family members with or
without multiple sclerosis at the time of study enrollment). (A) Environmental Risk Score (ERS), (B) Genetic
Risk Score (GRS), and (C) the combined Genetic and Environmental Risk Score (GERS). The environmental

risk score contains three factors. The genetic risk score contains 64 validated genetic variants associated

with MS susceptibility. Please refer to the section entitled “Determining the Genetic and Environmental
Architecture of MS Risk Among First-Degree Relatives” for details. (D) Two dimensional histogram combining
the data from A and B to present the distribution of risk among all GEMS subjects along both the genetic
and environmental dimensions simultaneously. Each subject is located somewhere along this surface of risk
profile.
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Figure 3. Quantile plot presenting the risk of multiple sclerosis in each of the seven strata of GEMS subjects
defined by their risk scores. Groups are stratified using the GRS (A) and the GERS (B). Please refer to the
section entitled “Evaluating the Utility of the Genetic and Environmental Risk Score (GERS) for Risk
Stratification” for details. The bars show the relative frequency distribution of the asymptomatic subjects in
the strata. Group 1 is the lowest risk category and Group 7 the highest. The odds ratio (red triangle) for MS
susceptibility in each risk group is superimposed in red with the 95% confidence interval (CI) for that
estimate (red line). The p-value is calculated as a linear trend across the groups. Odds ratio are determined
as the odds of MS in each group divided by the odds of MS in the reference group (Group 4, the median
group).
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