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Abstract

Background: Studies of the effect of vitamin B12 and folate on risk of asthma and hay fever
have shown inconsistent results that may be biased by reverse causation and confounding.
We used a Mendelian randomization approach to examine a potential causal effect of vitamin
B12 and folate on hay fever, asthma, and selected biomarkers of allergy by using eleven
vitamin B12-associated single nucleotide polymorphisms (SNPs) and two folate-associated
SNPs as un-confounded markers.

Methods: We included 162,736 participants from nine population-based studies including
the UK Biobank. Results were combined in instrumental variable and meta-analyses and
effects expressed as odds ratios (ORS) or estimates with 95% confidence interval (Cl).
Findings: Using genetic proxies for B12 and folate, instrumental variable analyses did not
show evidence for associations between serum B12 and hay fever: OR=1.02 (95% CI: 0.98,
1.05), asthma: OR=0.99 (95% CI: 0.95, 1.04), allergic sensitization: OR=1.02 (95% CI: 0.74,
1.40), or change in serum IgE: 10.0% (95% CI: -9.6%, 29.6%) per 100 pg/ml B12. Similarly
there was no evidence for association between serum folate and hay fever: OR=0.74 (95%
Cl: 0.45, 1.21), asthma: OR=0.80 (95% CI: 0.43, 1.49), allergic sensitization: OR=1.92 (95%
Cl: 0.11, 33.45), but there was a statistically significant association with change in serum
IgE: 2.0% (95% CI: 0.43%, 3.58%) per 0.1 ng/ml serum folate.

Conclusions: Our results did not support the hypothesis that levels of vitamin B12 and folate
are causally related to hay fever, asthma, or biomarkers of allergy, but we found evidence of

a positive association between serum folate and serum total IgE.

Keywords: allergic disease, serum specific IgE, hay fever, rhinitis, asthma, allergic

sensitization.
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Introduction

Changes in dietary intake of micronutrients such as vitamin B12 and folate have been
suggested to play a role in the increase in allergic respiratory diseases (1-4). Low intake and
low serum levels of folate are common, particularly in countries without food fortification
with folic acid (5). Folate deficiency changes the cell-mediated immune response (6) and
increases the susceptibility to infections (7), and folate deficiency might also directly
contribute to the development of atopy by inhibiting the re-methylation cycle in humans (4).
On the other hand, in mice, a diet enriched with folate was shown to increase allergic
responses, likely through epigenetic changes (8).

Inferring causal relationships in observational studies may be hampered by
reverse causation and confounding. Mendelian randomization is a method to examine
possible causal relationships where genetic variants with known effects on an exposure are
used as proxies for that exposure (9). It is based on an assumption that alleles are randomly
allocated from parent to child, thus mimicking a randomized controlled trial potentially free
from confounding and reverse causation (10,11).

There are different designs for Mendelian randomization studies (12). Some
provide evidence on whether a causal association exists. Others allow the magnitude of the
causal effect to be estimated; for example, in the two-sample approach the SNP-exposure
associations are estimated in non-overlapping samples (12). In this study we used available
serum B12- and folate-associated single nucleotide polymorphisms (SNPs), e.g., a SNP in the
methylene-tetrahydrofolate reductase (MTHFR) that affects serum levels of folate (13,14). If
the assumptions of Mendelian randomization analysis are met, these genetic proxies for B12
and folate levels unlike serum B12 and folate levels should not be associated with the

confounders that may distort the associations. Our primary aim was to test the causal nature
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of the association of vitamin B12 and folate with hay fever, asthma, allergic sensitization, and
serum total IgE, by performing a Mendelian randomization analysis of the effect of eleven
vitamin B12-associated SNPs and two folate-associated SNPs. We also aimed to quantify any

such effects in a two-sample instrumental variable analysis.

Materials and Methods

Study populations

We used data on 162,736 participants of European ancestry from the following nine
population-based studies: the Allergy98 Cohort (15), the Danish Monitoring of trends and
determinants in Cardiovascular Diseases study (the Monical0 study) (16), Health2006 (17),
Health2008 (15), Inter99 (18), the 1936 Cohort (19), the Study of Health in Pomerania
(SHIP) (20), and SHIP-TREND (21), and the UK Biobank (22) (see Supplementary
Material). The studies were approved by local Ethics Committees, and participants gave their
informed consent. Prior to the study, we performed a number of power calculations. For
example, for the B12-associated SNP-score, a sample of approximately 142,600 persons of
which approximately 1 in 7 have hay fever would allow us to detect a causal effect odds ratio
of 0.93 for hay fever per standard deviation higher B12 with a power of 0.80 and a
significance level of 0.05. This corresponds to an odds ratio of 0.94 per 100 pmol/l higher

vitamin B12.

Genotype
We included the B12- and folate-associated SNPs listed in Table 2 (23) (more information in

Supplementary Material). The selection was based on a previous study that found eight novel



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

loci associating with levels of B12 and folate and confirmed another seven loci for these traits

(23). The SNPs were classified according to the number of B12/folate increasing alleles.

Exposure

Serum vitamin B12 and folate were measured in the SHIP-TREND, Health2006, and
Health2008 Study by chemiluminescent immunoassay (Dimension Vista platform, Siemens
Healthcare Diagnostics GmbH, Eschborn in Germany), in the Inter99 by competitive
chemiluminescent enzyme immunoassays (IMMULITE 2000 System, Siemens Healthcare

Diagnostics, Deerfield, IL, USA).

Outcome

Information on asthma and hay fever was based on self-report (Table S4). Allergic
sensitization was defined as specific IgE positivity (specific IgE >0.35 kU/I) to at least one of
a number of relevant inhalant allergens (Table S4). Serum total IgE was measured with
IMMULITE 2000 Allergy Immunoassay System in the Allergy98 and Inter99 Study, and by
the Latex IgE test on the BN 1l Nephelometer (Dade Behring Marburg GmbH, Marburg,

Germany) in the SHIP Study (24) (Supplementary Material).

Statistical analyses

Statistical analyses were performed with SAS, version 9.4 (SAS Institute Inc., Cary, NC,
USA), and STATA, version 12 and 13 (StataCorp, College Station, TX, USA), and R version
3.3.3 (RStudio). Code can be made available on request. The reported P-values are two-
tailed, and statistical significance was defined as P<0.05. The included SNPs were

preselected. We combined the 13 included single-SNP estimates in meta-analyses across
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study populations and across SNPs in the main analyses rather than using a SNP-score. To
comply with requirements of normality, serum total IgE was log-transformed in the
regression analyses.

All reported regression analyses were adjusted for sex and age. Observational
analyses of the associations of vitamin B12 and folate and hay fever, asthma, allergic
sensitization, and serum total IgE were assessed by logistic and linear regression analyses.
The associations of each of the 13 SNPs with vitamin B12 and folate and with hay fever,
asthma, allergic sensitization, and serum total IgE were assessed using linear and logistic
regression. For each SNP, the single SNP estimates from each study were meta-analyzed
using the “metan’ command in Stata. The meta-analyzed single SNP estimates were then
combined in instrumental variable and fixed-effects meta-analyses. Heterogeneity was
examined by the I2.

In the two-sample 1V analysis, the SNP-exposure estimates were calculated in
the four studies that had data on B12 and folate. SNP-outcome estimates were performed in
the five studies with no data on B12 and folate. We used the inverse-variance weighted (ivw)
estimator for the B12- and folate-analyses with the “mregger” command in Stata, and the
“mr_ivw” package in R (25), respectively. To make the IV analyses of the binary outcomes
comparable with the observational analyses, the estimates and Cls were expressed per 100
pg/ml change in B12 and per 10 ng/ml change in folate. For the binary B12-analyses, we also
performed MR Egger regression analyses to test for pleiotropy (12).

In sensitivity analyses, we investigated the associations of the B12- and folate-
associated SNPs excluding SNPs with low SNP-exposure F-value which is an indicator of
power in MR studies (data not shown) (26). In further analyses, we assessed unweighted,

weighted, and standardized SNP-scores (Table 2). The individual weights were derived from



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

a study population different from our own (23). Associations of B12-associated SNP-scores
and log2 transformed serum vitamin B12 and folate in both simple and weighted B12 and
folate SNP-scores were tested including only studies with data on >12 SNPs (SHIP, Inter99,
Health2006, Monical0, and UK Biobank. In addition, we examined the association between
SNP-scores and hay fever and asthma in different samples of the UK Biobank, i.e. genetically
vs. self-reported European ancestry, and in the Bileve sample vs. the rest, when further
adjusted for income, body mass index, alcohol intake, and smoking habits (Table S5-S6 and

figure S1-S6).

Results
Observational analyses
Descriptive statistics for the study populations are shown in Table 1. In total, we had data on
162,736 participants. Serum vitamin B12 was not associated with higher risk of hay fever:
odds ratio (OR) =1.01 (95% confidence interval [CI]: 0.96, 1.07), asthma: OR=1.01 (95% CI:
0.95, 1.07), or allergic sensitization: OR=1.02 (95% CI: 0.98, 1.03) per 100 pg/ml higher
serum vitamin B12 (Figure 1). Increasing folate was associated with a higher odds of allergic
sensitization: OR=1.09 (95% ClI: 1.02, 1.16), but not with risk of hay fever: OR=1.05 (95%
Cl1: 0.97, 1.13) and asthma: OR=0.99 (95% CI: 0.90, 1.09) per 10 ng/ml higher folate (Figure
2).

Vitamin B12 was positively and significantly associated with serum total IgE
with a 4.0% (95% CI: 0.2%, 8.0%, p=0.041) change in total IgE per 100 pg/ml higher serum
vitamin B12 (Figure 3). There was no clear evidence for an association between serum folate

and serum total IgE with a 0.04% (95% CI: -0.05%, 0.14%) change in serum total IgE per
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0.10 ng/ml higher serum folate. In general, the heterogeneity between studies was low and
ranged from 0.0-14.6% according to I2.

Genetic analyses

All SNPs were independent and did not deviate from Hardy-Weinberg equilibrium
(Bonferroni-adjusted significance level 0.0005). Our results confirmed that the vitamin B12
and folate-associated alleles were associated with an increase in serum levels of vitamin B12
and folate (except for rs652197). We kept this SNP, since the SNP was preselected because it
was confirmed as an instrument for folate in a previous study (23).

F-values for the associations between each serum B12- or folate-associated SNP
and serum vitamin B12 and folate, respectively, are shown in Supplementary Table S3. The
F-values were reasonably strong and well above ten for the most part. However, for the
rs778805, rs1047891, and rs652197 SNPs, the F-values were quite low, and they were
excluded in sensitivity analyses (explained below). In UK Biobank, the associations between
the genetic B12 and folate scores and hay fever and asthma were largely similar when they
were adjusted for age, sex, BMI, household income, alcohol intake, and smoking status as
opposed to just age and sex.

Fixed effects meta-analyses of the age- and sex-adjusted associations between
serum vitamin B12 or folate associated SNPs and the outcomes showed no evidence of a
causal effect of B12 on hay fever: OR=1.01 (95% ClI: 1.00, 1.01), asthma: OR=1.00 (95% CI:
0.99, 1.00), allergic sensitization: OR=0.99 (95% CI: 0.96, 1.01), and a 1.0% (95% CI: -
1.0%, 2.0%) change in serum total IgE per B12-increasing allele. Results of corresponding
analyses for serum folate were for hay fever: OR=0.99 (95% CI: 0.97, 1.01), asthma:
OR=0.99 (95% CI: 0.97, 1.01), allergic sensitization: OR=1.02 (95% CI: 0.97, 1.08), and a

4.0% (95% CI: 0.4%, 7.0%) change in serum total IgE per folate-increasing allele.
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Mendelian randomization analyses of the associations of scores of the B12- or
folate associated SNPs excluding SNPs with low F-values left the estimates almost
unchanged. Simple and weighted B12 and folate SNP-scores were similar when including
only studies with data on >12 SNPs. Genetic analyses in different UK Biobank samples

showed no substantial differences.

Instrumental variable analyses

Instrumental variable analyses showed no evidence for associations between B12 and hay
fever: OR=1.02 (95% CI: 0.98, 1.05), asthma: OR=0.99 (95% CI: 0.95, 1.04), allergic
sensitization: OR=1.02 (95% ClI: 0.74, 1.40), and a 10.0% (95% CI: -9.6%, 29.6%) change in
serum IgE per 100 pg/ml B12. Similarly there was no evidence for association between folate
and hay fever: OR=0.74 (95% CI: 0.45, 1.21), asthma: OR=0.80 (95% CI: 0.43, 1.49),
allergic sensitization: OR=1.92 (95% CI: 0.11, 33.45). There was evidence of a positive
association between folate and serum IgE with a 2.00% (95% CI: 0.43%, 3.58%) change in
serum IgE per 0.1 ng/ml serum folate. We found no evidence of pleiotropy for B12 and
binary outcomes, as indicated by the MR Egger intercept test. However, the MR Egger
analyses were underpowered which was reflected by the large confidence intervals for the

odds ratios (27).

Discussion

In a Mendelian randomization meta-analysis of nine population-based studies, we found that
genetically determined higher serum vitamin B12 and folate levels were not associated with
hay fever, asthma, or allergic sensitization. In contrast, a genetically determined higher folate

level was positively associated with changes in total serum total IgE. Thus, beside a possible
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causal role of folate level on serum total IgE, our results do not support the conclusion that
high or low vitamin B12 and folate status are causally related to the examined allergy and
asthma phenotypes. MR-studies in general need large sample sized. Of note in the current
study, the analyses of allergic sensitization and serum total IgE included substantially fewer
participants than the other outcomes and may have been underpowered.

Previous studies have mainly focused on a possible detrimental effect of high
folate levels and folate supplementation in pregnancy on offspring risk of allergy and asthma
(28-35). In a systematic review of prospective cohort studies, Brown et al. concluded that the
investigations of the association between maternal folate levels and risk of childhood asthma
and allergic disease reported conflicting results (36). Some of the studies found that higher
maternal levels of serum folate levels associated with a slightly increased risk of allergic
disease, while most of the included studies found no association (36). Another systematic
review that also included a meta-analysis, Crider et al. found no association between maternal
folic acid supplementation before and in the first trimester of pregnancy and risk of asthma in
the offspring (32).

In a birth cohort of 2001 children, VVan der Valk et al. found that folate and
vitamin B12 levels at birth did not affect asthma- and eczema-associated outcomes up to the
age of 6 years (33). Matsui et al. found that serum folate levels were inversely associated with
atopy, wheeze and high total IgE levels in a cross-sectional study of 8,083 children two years
of age and older (37). In a high-risk birth cohort, Okupa et al. found that higher serum folate
levels in the early childhood were significantly associated with higher incidence of both food
and aeroallergen sensitization (38). Blatter et al. found that folate deficiency was associated
with higher risk of atopy and severe asthma exacerbations in 582 Puerto Rican children aged

6-14 years (39). In comparison, in a population-based study of 6,784 adults aged 30-60 years,

11



240  Thuesen et al. found that folate deficiency was associated with self-reported asthma and

241  attacks of shortness of breath but not allergic sensitization. Folate deficiency at baseline was
242  not associated with changes in these outcomes over a five-year follow-up period (24).

243 The validity of an 1V is dependent on three assumptions referred to as

244  ‘relevance’, ‘independence’, and ‘exclusion’ where the first can be verified but the two latter
245  can only be falsified (12). The assumptions behind the approach of estimating the magnitude
246  of the causal effect are even more stringent compared to methods to investigate whether a
247  causal association exists (12). Regarding relevance, the 1Vs were constructed by SNPs with
248  previously published associations (in populations different from those included here) with
249  B12 or folate. In general, the strengths of the instruments in our samples were acceptable, and
250 in additional analyses, the exclusion of the few SNPs with less favourable F-values led to
251 similar results. The risk of violation of this assumption is also reduced when using

252 biologically plausible SNPs (23).

253 Testing the independence assumption, we performed MR Egger tests on B12
254  and binary outcomes to remove the bias due to pleiotropy where the genetic marker has

255  diverse biological functions (40). In addition, Grarup et al. have evaluated possible

256  pleiotropic effects of the included B12 and folate associated SNPs by screening their

257  phenotype database that holds data on most of the common diseases and risk factors (23).
258  The FUT2 SNP was strongly associated with serum levels of alkaline phosphatase and

259  psoriasis as previously reported (23). Also, they found an association between

260 the FUTG6 variant and abdominal aortic aneurysm and between the folate-associated variant
261 in MTHFR and thoracic aortic aneurysm (23). However, these associations are not likely to
262  affect the risk of allergic disease. Grarup et al. also tested that the SNPs were not in linkage

263 disequilibrium.
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The minimal impact on the results of adjusting for potential confounders
suggests that the exclusion assumption was not violated. Further substantiating the results in
general, a number of supplementary analyses in different samples (e.g., in UK Biobank sub-
samples), adjusting for other possible confounders, using different scores and weighting, and
in studies with >12 SNPs or with F-values >10, left the results largely unchanged.

The proportion of participants with hay fever, asthma, and allergic sensitization
varied across studies, and this is likely to reflect true differences in disease prevalence for
different age groups, period of examination, and methodology. The techniques and assays
used for B12, folate and IgE measurements varied across the studies and may have influence
the associations described. Serum levels of vitamin B12 and folate were only measured in
four out of the nine studies included which is why we could only verify the SNP/biomarker
associations in these studies. In addition, due to the smaller study sample with data on B12
and folate, the I\V-estimates had less precision resulting in wider 95% Cls for the estimated
effects sizes. Similarly we had much less data on allergic sensitization compared to hay fever
and asthma resulting in lower precision for effects on allergic sensitization. Of note, the use
of the two-sample MR approach in the instrumental variable analyses caused a substantial
loss of power because we needed two samples with no overlap, thereby reducing the sample
sizes in the SNP-exposure and SNP outcome analyses (12).

In conclusion, we found that known genetic markers of serum vitamin B12 and
folate concentrations were not associated with hay fever, asthma, and allergic sensitization
(specific IgE to inhalant allergens). Genetic markers of serum folate level were positively
associated with levels of serum total IgE. However, serum total IgE is a less specific
biomarker of allergic respiratory disease than serum specific IgE. Hence, results of this

Mendelian randomization meta-analysis do not support that high or low serum vitamin B12
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and folate concentrations are causally related to the risk of hay fever, asthma, or allergic

sensitization in adults.

Acknowledgements

Tea Skaaby was supported by the Lundbeck Foundation (Grant number R219-2016-471 and
R165-2013-15410), the A.P. Mgller Foundation for the Advancement of Medical Science
(Grant number 15-363), the Harboe Foundation (Grant number 16152), Aase and Einar
Danielsen’s Foundation (Grant number 10-001490), and the Weimann’s grant. The research
has been conducted using the UK Biobank Resource. The Novo Nordisk Foundation Center
for Basic Metabolic Research is an independent Research Center at the University of
Copenhagen that was partially funded by an unrestricted donation from the Novo Nordisk

Foundation (www.metabol.ku.dk).

Declaration of interests

None

Supplementary Information accompanies the paper on the EJCN website

(http://www.nature.com/ejcn)

14


http://www.nature.com/ejcn

References

1)

@)

3)

4)

()

(6)

(7)

(8)

©)

(10)

(11)

(12)

(13)

Linneberg A, Gislum M, Johansen N, Husemoen LL, Jorgensen T. Temporal trends of
aeroallergen sensitization over twenty-five years. Clin Exp Allergy 2007 Aug;37(8):1137-
42,

Linneberg A. Are we getting enough allergens? Int Arch Allergy Immunol 2008;147(2):93-
100.

Ring J, Kramer U, Schafer T, Behrendt H. Why are allergies increasing? Curr Opin
Immunol 2001 Dec;13(6):701-8.

Husemoen LL, Toft U, Fenger M, Jorgensen T, Johansen N, Linneberg A. The association
between atopy and factors influencing folate metabolism: is low folate status causally
related to the development of atopy? Int J Epidemiol 2006 Aug;35(4):954-61.

Dhonukshe-Rutten RA, de Vries JH, de BA, van der Put N, van Staveren WA, de Groot
LC. Dietary intake and status of folate and vitamin B12 and their association with
homocysteine and cardiovascular disease in European populations. Eur J Clin Nutr 2009
Jan;63(1):18-30.

Wintergerst ES, Maggini S, Hornig DH. Contribution of selected vitamins and trace
elements to immune function. Ann Nutr Metab 2007;51(4):301-23.

Dhur A, Galan P, Hercberg S. Folate status and the immune system. Prog Food Nutr Sci
1991;15(1-2):43-60.

Hollingsworth JW, Maruoka S, Boon K, Garantziotis S, Li Z, Tomfohr J, et al. In utero
supplementation with methyl donors enhances allergic airway disease in mice. J Clin
Invest 2008 Oct;118(10):3462-9.

Davey Smith G., Timpson N, Ebrahim S. Strengthening causal inference in cardiovascular
epidemiology through Mendelian randomization. Ann Med 2008;40(7):524-41.

Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey SG. Mendelian randomization:
using genes as instruments for making causal inferences in epidemiology. Stat Med 2008
Apr 15;27(8):1133-63.

Smith GD, Ebrahim S. Mendelian randomization: prospects, potentials, and limitations. Int
J Epidemiol 2004 Feb;33(1):30-42.

Haycock PC, Burgess S, Wade KH, Bowden J, Relton C, Davey SG. Best (but oft-
forgotten) practices: the design, analysis, and interpretation of Mendelian randomization
studies. Am J Clin Nutr 2016 Apr;103(4):965-78.

Guinotte CL, Burns MG, Axume JA, Hata H, Urrutia TF, Alamilla A, et al.
Methylenetetrahydrofolate reductase 677C-->T variant modulates folate status response to
controlled folate intakes in young women. J Nutr 2003 May;133(5):1272-80.



(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Thuesen BH, Husemoen LL, Ovesen L, Jorgensen T, Fenger M, Linneberg A. Lifestyle
and genetic determinants of folate and vitamin B12 levels in a general adult population. Br
J Nutr 2010 Apr;103(8):1195-204.

Skaaby T, Husemoen LL, Thuesen BH, Jorgensen T, Linneberg A. Lifestyle-Related
Factors and Atopy in Seven Danish Population-Based Studies from Different Time
Periods. PL0oS One 2015;10(9):e0137406.

Skaaby T, Jorgensen T, Linneberg A. Effects of invitation to participate in health surveys
on the incidence of cardiovascular disease: a randomized general population study. Int J
Epidemiol 2016 Dec 28.

Skaaby T, Husemoen LL, Thuesen BH, Jeppesen J, Linneberg A. The association of atopy
with incidence of ischemic heart disease, stroke, and diabetes. Endocrine 2014 Jun 12.

Skaaby T, Husemoen LL, Thuesen BH, Pisinger C, Hannemann A, Jorgensen T, et al.
Longitudinal associations between lifestyle and vitamin D: A general population study
with repeated vitamin D measurements. Endocrine 2015 May 30.

Osler M, Linneberg A, Glumer C, Jorgensen T. The cohorts at the Research Centre for
Prevention and Health, formerly "The Glostrup Population Studies'. Int J Epidemiol 2011
Jun;40(3):602-10.

John U, Greiner B, Hensel E, Ludemann J, Piek M, Sauer S, et al. Study of Health In
Pomerania (SHIP): a health examination survey in an east German region: objectives and
design. Soz Praventivmed 2001;46(3):186-94.

Volzke H, Alte D, Schmidt CO, Radke D, Lorbeer R, Friedrich N, et al. Cohort profile: the
study of health in Pomerania. Int J Epidemiol 2011 Apr;40(2):294-307.

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open
access resource for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med 2015 Mar;12(3):e1001779.

Grarup N, Sulem P, Sandholt CH, Thorleifsson G, Ahluwalia TS, Steinthorsdottir V, et al.
Genetic architecture of vitamin B12 and folate levels uncovered applying deeply
sequenced large datasets. PLoS Genet 2013 Jun;9(6):e1003530.

Thuesen BH, Husemoen LL, Ovesen L, Jorgensen T, Fenger M, Gilderson G, et al. Atopy,
asthma, and lung function in relation to folate and vitamin B(12) in adults. Allergy 2010
Nov;65(11):1446-54.

Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis with multiple
genetic variants using summarized data. Genet Epidemiol 2013 Nov;37(7):658-65.

Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength requirements for
Mendelian randomization studies using multiple genetic variants. Int J Epidemiol 2011
Jun;40(3):740-52.

16



(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Haycock PC, Burgess S, Nounu A, Zheng J, Okoli GN, Bowden J, et al. Association
Between Telomere Length and Risk of Cancer and Non-Neoplastic Diseases: A Mendelian
Randomization Study. JAMA Oncol 2017 Feb 23.

Parr CL, Magnus MC, Karlstad O, Haugen M, Refsum H, Ueland PM, et al. Maternal
Folate Intake During Pregnancy and Childhood Asthma in a Population Based Cohort. Am
J Respir Crit Care Med 2016 Aug 12.

Veeranki SP, Gebretsadik T, Mitchel EF, Tylavsky FA, Hartert TV, Cooper WO, et al.
Maternal Folic Acid Supplementation During Pregnancy and Early Childhood Asthma.
Epidemiology 2015 Nov;26(6):934-41.

Yang L, Jiang L, Bi M, Jia X, Wang Y, He C, et al. High dose of maternal folic acid
supplementation is associated to infant asthma. Food Chem Toxicol 2015 Jan;75:88-93.
doi: 10.1016/j.fct.2014.11.006. Epub;%2014 Nov 13.:88-93.

Zetstra-van der Woude PA, De Walle HE, Hoek A, Bos HJ, Boezen HM, Koppelman GH,
et al. Maternal high-dose folic acid during pregnancy and asthma medication in the
offspring. Pharmacoepidemiol Drug Saf 2014 Oct;23(10):1059-65.

Crider KS, Cordero AM, Qi YP, Mulinare J, Dowling NF, Berry RJ. Prenatal folic acid
and risk of asthma in children: a systematic review and meta-analysis. Am J Clin Nutr
2013 Nov;98(5):1272-81.

van der Valk RJ, Kiefte-de Jong JC, Sonnenschein-van der Voort AM, Duijts L, Hafkamp-
de GE, Moll HA, et al. Neonatal folate, homocysteine, vitamin B12 levels and
methylenetetrahydrofolate reductase variants in childhood asthma and eczema. Allergy
2013 Jun;68(6):788-95.

Magdelijns FJ, Mommers M, Penders J, Smits L, Thijs C. Folic acid use in pregnancy and
the development of atopy, asthma, and lung function in childhood. Pediatrics 2011
Jul;128(1):e135-e144.

Ownby DR. Has mandatory folic acid supplementation of foods increased the risk of
asthma and allergic disease? J Allergy Clin Immunol 2009 Jun;123(6):1260-1.

Brown SB, Reeves KW, Bertone-Johnson ER. Maternal folate exposure in pregnancy and
childhood asthma and allergy: a systematic review. Nutr Rev 2014 Jan;72(1):55-64.

Matsui EC, Matsui W. Higher serum folate levels are associated with a lower risk of atopy
and wheeze. J Allergy Clin Immunol 2009 Jun;123(6):1253-9.

Okupa AY, Lemanske RF, Jr., Jackson DJ, Evans MD, Wood RA, Matsui EC. Early-life
folate levels are associated with incident allergic sensitization. J Allergy Clin Immunol
2013 Jan;131(1):226-8.

Blatter J, Brehm JM, Sordillo J, Forno E, Boutaoui N, Acosta-Perez E, et al. Folate

Deficiency, Atopy, and Severe Asthma Exacerbations in Puerto Rican Children. Ann Am
Thorac Soc 2016 Feb;13(2):223-30.

17



(40) Bowden J, Davey SG, Burgess S. Mendelian randomization with invalid instruments:
effect estimation and bias detection through Egger regression. Int J Epidemiol 2015
Apr;44(2):512-25.

18



Figure Legends

Figure 1. Meta-analyses of age- and sex-adjusted associations between measured and genetically determined
higher levels of vitamin B12 and hay fever, asthma and allergic sensitization according to ordinary least square
(OLS), instrumental variable and Egger regression analysis.

N is the total number participants in each analysis. The studies providing data for each analysis were for OLS: hay fever
(Health2006, Health2008, and SHIP TREND), asthma (Health2006, Health2008, Inter99, and SHIP TREND), and
allergic sensitization (Health2006, Health2008, and Inter99), and for IV and Egger regression: hay fever (all nine),
asthma (all nine) and allergic sensitization (all but SHIP and UK Biobank).

Figure 2. Meta-analyses of age- and sex-adjusted associations between measured and genetically determined
higher serum level of folate and hay fever, asthma and allergic sensitization according to ordinary least square
and instrumental variable analysis.

N is the total number participants in each analysis. The studies providing data for each analysis were for the
observational analyses: hay fever (Health2006, Health2008, and SHIP TREND), asthma (Health2006, Health2008,
Inter99, and SHIP TREND), and allergic sensitization (Health2006, Health2008, and Inter99), and for instrumental
variable analyses: hay fever (all nine), asthma (all nine) and allergic sensitization (all but SHIP and UK Biobank).

Figure 3. Meta-analyses of age- and sex-adjusted associations between measured and genetically determined
higher serum levels of B12 and folate, and changes in serum total IgE level in % according to ordinary least
square and instrumental variable analysis.

N is the total number participants in each analysis. The studies providing data for each analysis were for both B12 and
folate: OLS (Inter99) and IV (all but MonicalO and UK Biobank).
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Table 1. Descriptive statistics of the study populations.

N % (N) Median (IQR)

Total Males Hay fever Asthma sAeIrIwiirt%Iz(;tion Age, years Xg;tfnrlnm B12, Folate, ng/ml ISgeEl’Jran?r)T:?l
Allergy98 1,169 45.8 (536) 26.5 (310) 11.0 (128) 37.9 (443) 38 (29, 51) - - 37.2 (12.2, 106)
Monical0 2,079 49.6 (1,031) 11.1(231) 6.7 (139) 18.3 (381) 52 (42, 62) - - -
Health2006 2,362 46.1 (1,088) 17.8 (420) 10.2 (242) 23.6 (558) 50 (40, 60) 382 (309, 467) | 15.4 (10.7,26.1) | -
Health2008 622 44.7 (278) 21.2 (132) 12.2 (76) 27.6 (172) 47 (40, 54) 544 (447, 663) | 4.1 (3, 6) -
Inter99 4,565 48.4 (2,209) - 8.4 (383) 33.6 (1,535) | 45 (40, 50) 291 (239, 359) | 7.3 (5.9, 10.0) 28.2 (10.6, 76.8)
The 1936 Cohort | 593 47.4 (281) 9.8 (58) 6.8 (40) 14.3 (85) 60 (60, 61) - - -
UK Biobank 146,072 | 47.0 (68,662) | 22.4(32,752) | 12.3(18,010) | - 58 (51, 63) - - -
SHIP 4,291 49.1 (2,107) 7.9 (341) 0.9 (38) - 50 (36, 63) - - 36.4 (16.7, 103)"
SHIP TREND 983 43.7 (430) 14.3 (141) 4.2 (41) - 50 (40,61) 435 (332,551) | 9.4 (6.5, 13.2) -

Abbreviations: Inter99, Intervention 1999; IgE, immunoglobulin E; IQR, interquartile range; Monica, Monitoring of trends and determinants in Cardiovascular
Diseases; SHIP, Study of Health in Pomerania; UK Biobank, United Kingdom Biobank.
* Only measured in 3,450 persons.




Table 2. Individual SNPs associated with serum levels of vitamin B12 or folate (14)

SNP Alleles”(effect/other) Effect allele Weights™ Location/nearest
frequency gene
B12-associated
rs3742801 T/IC 0.294 0.045 ABCD4
rs602662 A/G 0.596 0.16 FUT2
rs2336573 T/IC 0.031 0.32 CD320
rs1131603 CIT 0.055 0.19 TCN2
rs1801222 G/A 0.593 0.11 CUBN
rs34324219 CIA 0.881 0.21 TCN1
rs41281112 CIT 0.948 0.17 CLYBL
rs2270655 G/C 0.941 0.066 MMAA
rs1141321"" CIT 0.627 0.061 MUT
rs778805 A/G 0.254 0.046 FUT6
rs1047891 C/IA 0.038 0.038 CPS1
Folate-associated
rs1801133 G/A 0.668 0.096 MTHFR
rs652197 CIT 0.179 0.069 FOLR3

"The effect allele is the allele associated with increased serum B12 or fo

ate levels, respectively. The
numbers are from previously published data. “"From an Icelandic sample (14). ™*rs4267943 is proxy.




Observational analysis N Odds ratio (95% CI) P-value
Hay fever 3967 -T- 1.01 (0.96, 1.07) 0.639
Asthma 85632 == 1.01 (0.95, 1.07) 0.672
Allergic sensitization 8532 b 1.02 (0.98, 1.06) 0.429
Instrumental variable analysis

Hay fever 157934 ™ 1.02 (0.98, 1.05) 0.399
Asthma 162499 -+ 0.99 (0.95, 1.04) 0.704
Allergic sensitization 11390 N E— 1.02 (0.74, 1.40) 0.921
MR Egger regression analysis

Hay fever 157934 = 0.99 (0.92, 1.07) 0.859
Asthma 162499 —t— 1.00 (0.91, 1.10) 0.953
Allergic sensitization 11390 0.90 (0.44, 1.83) 0.763

0.50 075 1.0 12515175
Odds ratio per 100 pg/ml vitamin B12



Observational analysis N Odds ratio (95% CI) P-value
Hay fever 3967 - 1.05 (0.97, 1.13) 0.244
Asthma 8532 T 0.99 (0.90, 1.09) 0.891
Allergic sensitization 8532 o 1.09 (1.02, 1.16) 0.014
Instrumental variable analysis

Hay fever 157304 — 0.74 (0.45, 1.21) 0.228
Asthma 161869 S 0.80 (0.43, 1.49) 0.485
Allergic sensitization 11390 1.92 (0.11, 33.45) 0.657

T T
0.10 1.0 11.0

Odds ratio per 10 ng/ml folate



Change in IgE per 100 pg/mi B12 N % change (95% CIl) P-value

Ordinary least square analysis 4565 4.0 (0.2, 8.0) 0.041

Instrumental variable analysis 7839 10.0 (-9.6, 29.6) 0.157

Change in IgE per 0.1 ng/ml folate

Ordinary least square analysis 4565 0.04 (-0.05, 0.14) 0.40

Instrumental variable analysis 8507 —— 2.00 (0.43, 3.58) 0.012
I I I I

-10 0 10 20 30
Change in IgE in % per change in B12 and folate
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