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Evidence for a causal relationship between

low vitamin D, high BMI, and

pediatric-onset MS

ABSTRACT

Objective: To utilize Mendelian randomization to estimate the causal association between low
serum vitamin D concentrations, increased body mass index (BMI), and pediatric-onset multiple
sclerosis (MS) using genetic risk scores (GRS).

Methods: We constructed an instrumental variable for vitamin D (vitD GRS) by computing a GRS
for 3 genetic variants associated with levels of 25(0H)D in serum using the estimated effect of
each risk variant. A BMI GRS was also created that incorporates the cumulative effect of 97 var-
jants associated with BMI. Participants included non-Hispanic white individuals recruited from
over 15 sites across the United States (n = 394 cases, 10,875 controls) and Sweden (n =
175 cases, 5,376 controls; total n = 16,820).

Results: Meta-analysis findings demonstrated that a vitD GRS associated with increasing levels
of 25(0H)D in serum decreased the odds of pediatric-onset MS (odds ratio [OR] 0.72, 95%
confidence interval [CI] 0.55, 0.94; p = 0.02) after controlling for sex, genetic ancestry, HLA-
DRB1#*15:01, and over 100 non-human leukocyte antigen MS risk variants. A significant
association between BMI GRS and pediatric disease onset was also demonstrated (OR 1.17,
95% CIl 1.05, 1.30; p = 0.01) after adjusting for covariates. Estimates for each GRS were
unchanged when considered together in a multivariable model.

Conclusions: We provide evidence supporting independent and causal effects of decreased vitamin D
levels and increased BMI on susceptibility to pediatric-onset MS. Neurology® 2017;88:1623-1629

GLOSSARY

BMI = body mass index; chBMI = childhood body mass index; Cl = confidence interval; CIS = clinically isolated syndrome; EIMS =
Epidemiologic Investigation of Risk Factors for MS; GEMS = Genes and Environment in MS; GRS = genetic risk score; HLA =
human leukocyte antigen; GWAS = genome-wide association studies; HGDP = Human Genome Diversity Project; KPNC = Kaiser
Permanente Northern California; MDS = multidimensional scaling; MS = multiple sclerosis; OR = odds ratio; RPGEH = Research
Program on Genes, Environment, and Health; SNP = single nucleotide polymorphism; UCSF = University of California San
Francisco; vitD GRS = genetic instrumental variable for vitamin D; wGRS = weighted genetic risk score.

Disease onset in multiple sclerosis (MS) typically occurs between the ages of 20 and 40
years; however, approximately 5% of patients experience symptoms before the age of
18." The exact mechanisms involved in pediatric-onset MS pathogenesis have yet to be
defined; however, similar to adult MS, infection with Epstein-Barr virus, exposure to
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cigarette smoking, and the genetic risk
HLA-DRBI are associated with
pediatric-onset MS."4-¢

While there is strong research demonstrat-

factor

ing the association between low vitamin D sta-
tus and increased risk of adult-onset MS,””
there is a paucity of studies examining this
relationship in pediatric MS. In addition, an
association between childhood obesity and
risk of pediatric MS has been reported,'
though a causal relationship remains to be
confirmed. Further, it remains unclear
whether the association between increased
obesity and MS risk is mediated by low circu-
lating levels of vitamin D, which can be stored
in adipose tissue.

Mendelian randomization uses genetic
variants strongly associated with an exposure
as an instrumental variable, rather than
a direct measure of the exposure, to estimate
the effect of the exposure on an outcome. In-
herited alleles are not affected by most poten-
tial confounding variables or disease status,
thus reverse causation is unlikely. Our goal
was to estimate the causal association of vita-
min D and body mass index (BMI) on
pediatric-onset MS risk using instrumental
variable analysis based on genetic variants
from established large genome-wide associa-

tion studies (GWAS) in 2 large datasets of
cases and controls.

METHODS US participants. Pediatric-onset MS cases were
enrolled through pediatric MS centers established at University
of California San Francisco (UCSF), Stony Brook, Children’s
Hospital of Philadelphia, Texas Children’s Hospital, University
of Colorado School of Medicine, University of Texas Southwest-
ern, State University of New York Buffalo, Loma Linda Univer-
sity, Mayo Clinic, University of Alabama at Birmingham, Ann
and Robert Lurie Children’s Hospital of Chicago, University of
Utah, Boston Children’s Hospital, Massachusetts General Hos-
pital, Washington University St. Louis, and Children’s National
Medical Center between January 2006 and December 2014.
These centers are tertiary referral centers, but also serve local
patients from all socioeconomic groups. Consecutive patients
with onset of MS or clinically isolated syndrome (CIS) suggestive
of early MS before age 18 years seen at some of these pediatric MS
clinics were offered participation as previously described.'" In
addition, we utilized adult cases from Kaiser Permanente North-
ern California (KPNC) with reported age at onset <18 years. A
separate cohort of distinct cases were enrolled in an NIH-
supported case-control study (NS071463, PI Waubant) with
MS or CIS onset before the age of 18, seen within 4 years of
disease onset, with at least 2 silent T2-bright foci on brain and
cord MRI, and ascertained by a panel of at least 2 pediatric MS

experts.'? Additional cases were provided from another MS
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genetic study and only patients with a disease onset prior to
age 18 based on medical records were included through
UCSF. Established diagnostic criteria were used for all cases
(total n = 738).>13

Control individuals were derived from multiple sources to
increase statistical power. These included (1) adult controls recruited
from the KPNC membership without a diagnosis of MS or related
condition (optic neuritis, transverse myelitis, or demyelination dis-
ease) confirmed through electronic medical records (n = 1,182)'%
(2) adult controls from the Genetic Epidemiology Research on
Adult Health and Aging cohort who participated in the KPNC
Research Program on Genes, Environment, and Health (RPGEH)
without evidence of MS in electronic medical records (dbGaP
phs000674.v2.p2; N = 10,819); (3) pediatric controls (RO1
NS071463, PI Waubant; n = 70); and (4) pediatric controls re-
cruited as part of the Northern California Childhood Leukemia
Study (n = 229)."

Whole blood was collected, processed, and extracted for
DNA using Gentra Puregene protocol or received as Guthrie
Card blood samples and extracted for DNA using the QIAamp
DNA micro kit for dried blood spots (Qiagen, Venlo,
Netherlands). Saliva was collected for DNA extraction using
Oragene (Genotek, Murrieta, CA) kits. Genome-wide profiling
was performed for all pediatric-onset MS cases and a subset of
controls using the Illumina (San Diego, CA) Infinium platform.
The Infinium 660K BeadChip or HumanOmniExpressExom
BeadChip was used to genotype each study participant. RP.GEH
was genotyped using custom-designed Affymetrix (Santa Clara,
CA) Axiom arrays. Genotype imputation was performed using
IMPUTE2 and the 1,000 Genomes phase 3 reference haplotypes.
Only single nucleotide polymorphisms (SNPs) with a high impu-
tation quality score (info score =0.3) were retained for analysis.
We eliminated SNPs that were associated with being genotyped
on a particular array, were imputed in fewer than 99% of
individuals, and deviated from Hardy-Weinberg equilibrium in
controls (p < 0.000001).

Classical multidimensional scaling (MDS) was performed to
visualize population substructure and provide quantitative meas-
ures of population genetic variation. MDS was completed for all
genotyped data, which was merged with the Human Genome
Diversity Project (HGDP) reference. Analysis of genome-wide
average proportion of alleles shared identical by state was per-
formed, and related/identical individuals were removed. Study
samples were aligned with HGDP references, and the first 3 di-
mensions from MDS of the HGDP European population were
used. We restricted our sample to white non-Hispanic partici-
pants (European ancestry), the largest group in our dataset, to
ensure a genetically homogenous sample and avoid the possibility
of confounding by genetic ancestry. After restriction and exclud-
ing population outliers (identified using MDS), the final dataset
comprised 394 pediatric-onset MS cases and 10,875 controls.

Swedish participants. Data were collected from 2 population-
based case-control studies of incident (Epidemiologic Investiga-
tion of Risk Factors for MS [EIMS]) and prevalent (Genes and
Environment in MS [GEMS]) MS. The EIMS study (2005—
2014) inclusion criteria were age 16-70 years, diagnosed MS

1316 within 2 years, and

according to the to the McDonald criteria
ability to understand the Swedish language. GEMS study par-
ticipants were identified from the Swedish National MS registry,
fulfilled the McDonald criteria, and were recruited during 2009—
2011. We included cases with a reported age at onset <18 years.
For both studies, controls were randomly chosen from the pop-
ulation register and matched to cases by sex, age at inclusion in

the study, and region of residence. Two controls were matched to
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cach case in the EIMS study and one control per case in the
GEMS study. All participants in the EIMS study were distinct
from those in the GEMS study. Details of the study design have
been described elsewhere.'” The participation rate in the EIMS
study was 92% for cases and 67% for controls, and in the GEMS
study 82% for cases and 66% for controls. Genotyping data were
available for 75% of EIMS and 91% of GEMS participants. Data
for 175 cases and 5,376 controls were available for the current
study.

All participants were asked to give blood samples, which were
genotyped on an Illumina custom array and on OmniExpress-24.
HLA-DRBI information was imputed with HLA*IMPO02 using
genotypes in the major histocompatibility complex region from
the custom array. SNPs with <2% minor allele frequency, gen-
otyped in <98% of individuals, or not in Hardy-Weinberg equi-
librium among controls (p < 0.0001) were removed from
analysis. Individuals with >2% failed genotype calls, related in-
dividuals, or population outliers identified using the SmartPCA
program were removed. Ninety of the 110 MS risk SNPs were
present on the custom array. Proxy SNPs for an additional 18 MS
risk SNPs were selected from the custom array (R* > 0.8, except
128723576, which had &2 > 0.71). All vitamin D SNPs were
present on the custom array. Twelve BMI SNPs were taken from
the custom array, and the remaining from the OmniExpress chip.
Forty-three BMI SNPs were not present on the array and were
imputed using MaCH 1.0 with standard settings and the North-
ern European 1,000 Genomes reference panel. Seventeen
markers utilized the August 2009 reference panel, 25 markers
the August 2010 panel, and 1 marker the July 2011 panel. The
variant 152245368 could not be imputed with high quality and
was therefore omitted from the BMI GRS.

Standard protocol approvals, registrations, and patient
consents. Study protocols were approved by the institutional
review boards for human subjects at UCSF, Stony Brook, Child-
ren’s Hospital of Philadelphia, Texas Children’s Hospital, Uni-
versity of Colorado School of Medicine, University of Texas
Southwestern, State University of New York Buffalo, Loma Linda
University, Mayo Clinic, University of Alabama at Birmingham,
Ann and Robert Lurie Children’s Hospital of Chicago, University
of Utah, Boston Children’s Hospital, Massachusetts General
Hospital, Washington University St. Louis, Children’s National
Medical Center, Kaiser Permanente Division of Research, Uni-
versity of California Berkeley, Regional Ethical Review Board in
North Stockholm, and Karolinska Institutet. Informed consent
or assent (children) was obtained for all study participants and

their parents when appropriate.

Exposure assessment. A previous GWAS identified 3 SNPs
strongly associated with serum vitamin D level: 152282679,
152060793, and rs3829251, which together explain approxi-
mately 2.8% of the variance in circulating vitamin D levels.'® A
genetic instrumental variable for vitamin D (vitD GRS) was con-
structed using the 3 risk variants, weighting each allele by the
effect size reported in the GWAS and summing across the var-
iants. The BMI instrumental variable was derived using 3 coef-
ficients as weights for 97 variants associated with BMI (R* =
2.7%) identified through the largest and most recent GWAS."
The sum of risk alleles multiplied by the estimated effect reported
of each risk allele on the phenotype was calculated as each
individual’s BMI genetic risk score (GRS).

We also explored whether variants specifically associated with
childhood BMI (chBMI) were associated with pediatric-onset MS
susceptibility. A chBMI GRS was constructed using 28 indepen-
dent variants associated with pediatric/childhood BMI in the

literature.?*~2* The score was unweighted, and calculated by sum-
ming the number of risk alleles across each locus. Of the 28
variants in the chBMI GRS, 11 overlapped or were highly corre-
lated with (R? > 0.6) variants in the BMI GRS.

A weighted GRS (WGRS) that combines the weighted odds
ratio (OR) from each of 110 non-MHC MS susceptibility loci
identified through recent GWAS* was calculated for each
pediatric-onset case and control by multiplying the number of
risk alleles for each locus by the weight for that variant and then

taking the sum across the 110 loci.”® The weight for each locus is

the natural log of the OR for each allele. Three SNPs were
missing in the US study (rs201202118, rs201847125, and
imm_5_141486748), and 1 SNP failed Hardy-Weinberg equi-
librium, rs2744148. Five SNPs were missing from the Swedish
data and adequate proxies were not found (rs4772201,
152028597, rs4679081, imm_5_141486748, and rs533646).
Characterization of HLA-DRBI*15:01 (0, 1, or 2 allele copies)
for US participants was based on the rs3135388 tag SNP, which
is highly correlated with DRBI*15:01 alleles (»* = 0.97).”

Statistical analyses. Logistic regression was used to estimate the
effect of BMI and vitD GRS on pediatric-onset MS case/control
status, controlling for sex, wGRS, presence of any HLA-
DRBI*15:01 alleles, and genetic ancestry. Ninety-five percent
confidence intervals (Cls), OR, and p values were reported.
Interaction was assessed on the multiplicative scale. Meta-analysis
assuming fixed effects was performed if x* tests of heterogeneity
demonstrated p > 0.05. All analyses were conducted in PLINK,
STATA, or R.

RESULTS Clinical and genetic characteristics of
cases and controls are shown in table 1. Mean age
at onset for pediatric cases was 14.05 years (+3.30) in
the US study and 14.91 (+2.67) in the Swedish
study. There was a significant difference in wGRS
and HLA-DRBI*15:01 status between cases and con-
trols in both studies (p < 0.001). Average GRS for
each instrumental variable in cases and controls are
also reported in table 1. There was no association
between age at onset and any of the instrumental
variables in either study population (data not shown).

In the meta-analysis of both US and Swedish stud-
ies, vitD GRS was significantly associated with
a decreased risk of MS (p = 0.02) after adjusting
for sex, HLA-DRBI*15:01, wGRS, and genetic
ancestry (table 2). The instrumental variable analysis
for the BMI GRS also demonstrated a causal associ-
ation between BMI and pediatric-onset MS as repre-
sented by the BMI GRS after adjusting for covariates
(p = 0.01). There was no significant association
between chBMI GRS and pediatric-onset MS. These
results were consistent with results from analyses that
also included pediatric-onset cases with age at onset
415 US cases and n = 262
Swedish cases; table e-1 at Neurology.org), with

18 years (total n =

meta-analysis estimates demonstrating a significant
association between MS and BMI GRS (OR 1.15,
95% CI 1.04, 1.27; p = 0.01), vitD GRS (OR 0.75,
95% CI 0.59, 0.97; p = 0.03), but not chBMI GRS
(OR 1.01, 95% CI 0.99, 1.04; p = 0.31).
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[ Table 1

Age at onset, y
Female:male
wGRS
HLA-DRB1+15:01
0
1-2
vitD GRS
BMI GRS

Clinical and genetic characteristics of patients with pediatric-onset multiple sclerosis and controls ]

United States Sweden

Pediatric-onset MS Controls Pediatric-onset MS Controls

(n = 394) (n = 10,875) p Value (h =175) (n = 5,376) p Value

14.05 + 3.30 = = 1491 = 2.67 = =

3.0:1 1.6:1 0.02 251 321 0.15

12.78 + 0.67 12.31 + 0.69 <0.001 12.41 + 0.66 11.91 + 0.69 <0.001
<0.001 <0.001

193 (49) 7,973 (72) 57 (33) 3,806 (71)

201 (51) 2,902 (28) 118 (67) 1,570 (29)

1.02 + 0.28 1.04 = 0.31 0.11 1.01 + 0.32 1.06 = 0.32 0.07

11.51 + 0.85 11.38 + 0.81 0.002 11.54 = 0.79 11.50 = 0.82 0.49

25.45 + 315 25.32 + 3.26 0.44 26.06 = 3.50 26.09 = 3.32 0.93

chBMI GRS

Abbreviations: BMI = body mass index; chBMI GRS = childhood body mass index genetic risk score; vitD GRS = genetic instrumental variable for vitamin D;
WGRS = weighted genetic risk score.
Table values are mean + SD for continuous variables and n (column %) for categorical variables; p value is for t test or x? test between cases and controls.
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When modeled together, both the vitD and BMI
GRS independently contributed to pediatric-onset
MS susceptibility. Joint estimates were consistent
with those found when each GRS was modeled
alone in both populations. For example, in the US
study, estimates from the multivariate analysis re-
flected OR 1.21 (95% CI 1.06, 1.37) for the
BMI GRS and OR 0.74 (95% CI 0.53, 1.03) for
the vitD GRS.

There was no evidence of interaction between
vitD GRS or chBMI GRS and HLA-DRBI*15:01
(data not shown); however, a significant interaction
was present between BMI GRS and HLA-
DRBI*15:01 in the US study (p interaction 0.04).
Individuals carrying 1-2 DRBI*15:01 risk alleles
demonstrated a stronger association (OR 1.39) com-
pared to noncarriers (OR 1.05). However, this inter-
action was not detected in the Swedish dataset
(p interaction 0.66).

Table 2 Meta-analysis results support a causal
association between both low vitamin D
and high body mass index (BMI) and
pediatric-onset multiple sclerosis

Instrumental variable®  Odds ratio® (95% CI)  p Value
Vitamin D GRS 0.72 (0.55-0.94) 0.02
BMI GRS 1.17 (1.05-1.30) 0.01

Childhood BMI GRS 1.02 (0.79-1.33) 0.88

Abbreviation: GRS = genetic risk score.

Analyses adjusted for sex, HLA-DRB1*15:01, weighted
GRS, and genetic ancestry derived from principal
components.

2GRS used as instrumental variables to capture low vitamin
D and high BMI (see Methods).

bFixed effects meta-analysis; all x2 tests of heterogene-
ity p > 0.05.
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DISCUSSION We report strong evidence for a causal
and independent association between low serum con-
centrations of vitamin D and increased BMI and risk
of pediatric-onset MS after adjusting for sex, ancestry,
HLA-DRBI*15:01, and over 100 non—human leu-
kocyte antigen (HLA) MS risk variants. While pre-
vious studies have attributed an increased risk of MS
associated with BMI to lower vitamin D levels seen in
obese individuals, our findings support a role for
independent contributions to disease susceptibility.
Several studies have shown a protective effect of
vitamin D levels on MS risk. Two prospective studies
showed a significantly reduced risk of MS in those
with higher 25(OH)D.?*?° Maternal vitamin D defi-
ciency (25[OH]D levels <12.02 ng/mL) during early
pregnancy may be associated with a 2-fold risk of MS
in offspring.*® Further, recent MR studies suggest
a causal effect for low 25(OH)D on adult MS risk.??
Findings from our meta-analysis reveal that vitamin
D represented as a GRS is significantly associated
with pediatric-onset MS, with a stronger effect than
in comparable adult-onset populations (OR 0.85).” A
larger sample size or instrumental variable con-
structed to include additional variants may help to
demonstrate an even larger magnitude of effect, as
each SNP used in the vitD GRS explained =1.2%
of the variance in serum 25(OH)D concentrations.
Our findings also suggest that increased BMI is
indeed a causal risk factor for pediatric-onset MS,
similar to adults.”’** Analogous to vitD GRS results,
the BMI GRS demonstrates a stronger effect than
that seen in adults (OR 1.10).%* Interestingly, previ-
ous studies have shown that specific HLA genotypes
interact with self-reported BMI during adolescence to
increase the risk of MS,?? an interaction that was also
present in our study based on a BMI GRS; however,



we were unable to replicate this finding in the
Swedish dataset, likely due to lower power resulting
from a smaller sample size.

There are several hypotheses linking low vitamin
D and high BMI to autoimmune diseases, including
MS. Increased exposure to vitamin D leads to
decreased production of inflammatory cytokines,
a decrease in Th1l and Th17 cell differentiation,
and an increase in T-regulatory cells, suggesting that
low vitamin D is acting on MS risk by shifting the
balance of the immune response toward a more
proinflammartory state.**>¢ Obesity may also induce
a Th17 response via an interleukin-6-dependent pro-
cess leading to exacerbation of inflammatory diseases
such as MS.?” In addition, a Th17/Treg imbalance
may lead to alteration of intestinal microbiome in
obese individuals, altering the intestinal immune
response, which may explain the association between
increased BMI and MS.?%%

Our study had several strengths, including clini-
cally well-characterized pediatric-onset MS cases with
average symptom onset 20 years earlier than most
adult MS cases, rigorous diagnostic criteria, and focus
on a single racial group. Comprehensive methods
were used for quality control of genotypes and to
identify and remove population outliers prior to anal-
ysis. We also analyzed BMI and vitamin D risk scores
together in multivariate modeling, and used 2
study samples to conduct a large, well-powered
meta-analysis. In addition, evaluation of our genetic
risk scores in a subset of participants demonstrated
a significant association with childhood body size
(BMI GRS: Sweden n = 1,359, R* = 1.3%, p <
0.001; USn = 723, R* = 0.7%, p = 0.03) and serum
vitamin D levels adjusted for month of sample draw
(vitD GRS: Sweden n = 881, R* = 2.5%, p < 0.001;
US  results previously demonstrated).”” Further
research involving larger sample sizes is needed to
examine whether serum vitamin D levels and child-
hood obesity independently and directly increase the
risk, severity, and progression of pediatric-onset MS.

Limitations include identification of pediatric-
onset MS cases through tertiary clinics in the United
States, which may not represent all MS cases with
pediatric onset. While many of our cases had con-
firmed physician-based reports of pediatric MS
(n = 130), a fraction self-reported the onset of their
first disease symptoms in childhood. When the 2
patient groups were examined separately, similar
effect sizes for each instrumental variable were
observed (data not shown); therefore, self-report of
pediatric symptoms was not likely to lead to misclas-
sification. It is possible that individuals with a more
benign disease or without access to health care may
have been missed. In addition, instrumental variable

analysis involves certain assumptions that we have

addressed. We met required model assumptions by
utilizing a vitD and BMI GRS constructed from
weights derived from independent populations
through large published GWAS. However, associa-
tions of genetic variants with unmeasured or
unknown confounders cannot be ruled out, and our
models assumed linearity of the relationship between
instrumental variable and outcome. Our study
included non-Hispanic white participants and small
numbers of male patients, which may limit the gen-
eralizability of our findings. Larger studies are needed
to determine whether sex-specific effects contribute
to pediatric-onset MS.

Odur results add to the growing evidence support-
ing an important role of genetic and environmental
factors in pediatric-onset MS. A causal relationship
between low vitamin D and increased BMI has impli-
cations for prevention strategies in children. The
effect of both low vitamin D and obesity may involve
independent predisposing genetic factors and biolog-
ical pathways mediating disease onset that future
studies will unravel.
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