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Association Between Folate Metabolites and the
Development of Food Allergy in Children
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development of food allergy.

What is already known about this topic? Folate exposure has been proposed as a risk factor for the development of
allergic disease. Unmetabolized folic acid (UMFA) is uniquely derived from synthetic folic acid exposure, and
5-methyltetrahydrofolate (5-MTHF) is the principal folate form involved in DNA methylation.

What does this article add to our knowledge? This is the first study to examine the association between UMFA/5-MTHF
and the development of food allergy. We found that higher concentrations of UMFA at birth were associated with the

How does this study impact current management guidelines? Our findings suggest that there may be unintended
consequences from widespread folic acid fortification and supplementation in recent decades. However, whether this is
due to increased exposure to folic acid or underlying genetic differences remains unknown.

BACKGROUND: Studies on the association between folate/folic
acid exposure and the development of allergic disease have
yielded inconsistent results, which may be due, in part, to lack of
data distinguishing folate from folic acid exposure.
OBJECTIVE: To examine the association between total folate,
5-methyltetrahydrofolate (5-MTHF), and unmetabolized folic
acid (UMFA) concentrations at birth and in early childhood and
the development of food sensitization (FS) and food allergy (FA).
METHODS: A nested case control study was performed in the
Boston Birth Cohort (BBC). Total folate, 5-MTHF, and UMFA
were measured at birth and in early childhood. Based on food-
specific IgE (sIgE) levels, diet, and clinical history, children were
classified as FS (sIgE 20.35 kU/L), FA, or non-FS/FA (controls).
Folate concentrations were divided into quartiles, and multiple
logistic regression was used to estimate odds ratios (ORs) and
95% confidence intervals (CIs).

RESULTS: Of a total of 1394 children, 507 children with FS and
78 with FA were identified. Although mean total folate
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concentrations at birth were lower among those who developed
FA (30.2 vs 35.3 nmol/L; P = .02), mean concentrations of the
synthetic folic acid derivative, UMFA, were higher (1.7 vs 1.3
nmol/L, P = .001). Higher quartiles of UMFA at birth were
associated more strongly with FA (OR 8.50; 95% CI 1.7-42.8;
test for trend P = .001). Neither early childhood concentrations
of 5-MTHF nor UMFA were associated with the development of
FS or FA.

CONCLUSION: Among children in the BBC, higher
concentrations of UMFA at birth were associated with the
development of FA, which may be due to increased exposure to
synthetic folic acid in utero or underlying genetic differences in
synthetic folic acid metabolism. © 2019 American Academy of
Allergy, Asthma & Immunology (J Allergy Clin Immunol Pract
2019;m:m-m)
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Abbreviations used
5-MTHF- 5-Methyitetrahydrofolate
BBC- Boston Birth Cohort
CHS- Children’s Health Study
CI- Confidence interval
DHFR- Dihydrofolate reductase
DNAm- DNA methylation
FA- Food allergy
FS- Food sensitization
ICD- International Classification of Diseases
IQR- Interquartile range
OR- Odds ratio
SE- Standard error
UMFA- Unmetabolized folic acid

Food allergy (FA) is a common childhood condition that is
associated with a significant impairment in quality of life." The
prevalence of FA has rapidly increased over the past few
decades,”” and understanding the etiology of this “food allergy
epidemic” will likely shed light on modifiable risk factors that
may be addressed to prevent the development of this condition.
Among the many hypotheses for this recent increase in FA
prevalence, those involving changes in our diet and nutrition are
of particular interest.

One potential nutritional risk factor for the development of
FA is folic acid exposure. Folate is a water-soluble B vitamin
involved in homocysteine regulation, DNA synthesis, and DNA
methylation (DNAm). DNAm is of particular interest, as it leads
to heritable changes in gene expression and may be involved in
the development of allergic disease.”” In 1991, folate supple-
mentation in early pregnancy was shown to prevent the devel-
opment of neural tube defects in newborns.”” This, along with
subsequent evidence, prompted the United States and other
industrialized countries to mandate fortification of cereals and
grains with folic acid in 1998, leading to population-wide in-
creases in folate concentrations,”” and temporally coinciding
with the recent rise in FA prevalence.””

Given the biologic plausibility that folate exposure may be a
risk factor for the development of allergic disease, and the tem-
poral association described above, many studies in recent years
have examined the association between folate exposure and
allergic outcomes, with conflicting results. These studies,
however, vary widely in terms of the timing of exposure, study
design, and folate exposure classification.'’ Furthermore, previ-
ous studies have only examined total folate and did not differ-
entiate between specific forms of folate. Interestingly, when
examining synthetic folic acid exposure, the majority of studies
report that supplemental folic acid use during pregnancy is a risk
factor for the subsequent development of childhood allergic
disease,''"'® but to date, the underlying mechanism for this
association remains unclear.

Folic acid is the stable, synthetic form of naturally occurring
folate, and in addition to fortified grains, it is added to infant
formula, supplements, and vitamins. Folic acid, unlike folate,
requires reduction to tetrahydrofolate by the enzyme
dihydrofolate reductase (DHFR) in order to be further metabolized
to 5-methyltetrahydrofolate (5-MTHE), the folate form involved
in DNAm. This reduction step has limited capacity in humans
and is overwhelmed when folic acid consumption exceeds
approximately 250 mcg/day,'” resulting in circulating
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unmetabolized folic acid (UMFA). UMFA, which was only
observed in 55% of nonsupplement users before folic acid
fortification in 1998,%° is now seen in more than 95% of
Americans regardless of folic acid supplementation history.”’
To date, no studies have examined the association between the
forms of folate (metabolites 5-MTHF and UMFA) and allergic
disease. The objective of this study was thus to use clinical and
plasma-specific IgE data from children enrolled in a longitudinal
birth cohort, the Boston Birth Cohort (BBC), to examine the
association between plasma total folate (which includes UMFA,
5-MTHEF, and other folate metabolites), UMFA, and 5-MTHF
and the development of food sensitization (FS) and FA. As it is
currently unknown whether the risk of developing FS and FA is
determined in utero or in early life, we measured these concen-
trations at the time of birth and in early childhood. Given the
previous literature suggesting that synthetic folic acid exposure
during pregnancy is a risk factor for the development of allergic
disease, we hypothesized that higher UMFA concentrations at
birth would be associated with the development of FS and FA.

METHODS
Study design

The BBC is a prospective, observational, predominantly urban
minority birth cohort designed to study pregnancy and child health
outcomes. Details regarding the design, methods, and study popu-

22,23
and are sum-

lation have been previously described elsewhere
marized in this article’s Online Repository at www.jaci-inpractice.
org. Starting in 2004, infants who enrolled at birth and continued
to receive primary care at Boston Medical Center were invited to
participate in a follow-up study, the Children’s Health Study (CHS,
n = 3163 as of July 2018). At follow-up visits in alignment with
pediatric primary care visits, information on demographics, medical
history, symptoms of FA, dietary intake, and lifestyle was collected
through standardized questionnaires. Relevant health information,
laboratory results, medications, and International Classification of
Diseases [ICD]-9/ICD-10 codes were extracted from the medical
record, and blood samples were collected.

Odur study included mother-infant pairs who were enrolled in the
CHS who met the following criteria: (1) had available maternal
plasma or cord blood samples at the time of delivery for folate
measurement; (2) had available postnatal food-specific IgE mea-
surements; and (3) completed the follow-up questionnaire assessing
the child’s clinical symptoms when exposed to each of the 8 most
common food allergens (cow’s milk, egg white, peanut, soy, shrimp,
walnut, wheat, and cod) at one of the follow-up visits. Early child-
hood measurements were only included in these analyses if folate
measurements were made before specific IgE (sIgE) measurements
and FA assessments. The study protocol was approved by the
Institutional Review Boards of Boston University Medical Center,
the Ann & Robert H. Lurie Children’s Hospital of Chicago
(formerly Children’s Memorial Hospital), The University of Vir-
ginia, and the Johns Hopkins Bloomberg School of Public Health.

Folate measurements

Total folate was measured in stored maternal plasma collected at
enrollment (n = 1384) and in stored offspring plasma collected
between 1 and 9 years of age (n = 863) via a chemiluminescent
immunoassay using a MAGLUMI 2000 Analyzer (Snibe Co Ltd,
Shenzhen, China), as previously described.”* UMFA and 5-MTHF
were measured in cord blood plasma from a subset of children (n =
502)  using  isotope-dilution  high-performance  liquid
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chromatography coupled to tandem mass spectrometry, as previously
described.”” The same methodology was used to measure UMFA
and 5-MTHF in stored offspring plasma collected between 6
months and 3 years of age (n = 181). This method is highly
correlated with total plasma folate measures from the more
frequently used microbial assay (** = 0.97),° and total folate
measurements have been shown to be stable to repeated freeze/thaw
cycles.”’
Food-specific IgE measurements

Food-specific IgE was measured for the 8 most common food
allergens (egg white, cow’s milk, peanut, soy, shrimp, walnut, wheat,
and cod) in early childhood (n = 1390; mean age: 2.35 + 2.22
years; range: 0-12 years) using ImmunoCAP (Thermo-Fisher/
Phadia, Kalamazoo, Mich) at Quest Diagnostics. These assays were
performed according to the manufacturer’s prescribed protocol,*®
and the detection limit was 0.35 to 100 kU,/L, which was the
lower sIgE cutoff at the time the assays were run.

Food sensitization and food allergy definitions

FS was defined as food-specific IgE >0.35 kU/L to any of the
food allergens tested. As oral food challenges were only performed as
clinically indicated outside of this study, children were divided into 5
FA groups at each time point based on their food-specific IgE levels,
clinical histories, medical records, and dietary intake, as previously
described.” Further information is included in the Methods section
and defined in Table E1 of this article’s Online Repository at www.
jaci-inpractice.org. For the purpose of analysis, each child was placed
in the highest FA category he or she attained over the period of
postnatal follow-up. FA was defined as those who were in the highest
category (“Confirmed/Convincing Food Allergy”), and they were
compared with the combination of those who were either “Sensitized
but Tolerant” or “Not Sensitized and Not Allergic.”

Covariates

Information on demographics, 7 utero, and postnatal exposures,
such as race/ethnicity, infant feeding, maternal smoking, prenatal
folic acid intake, and maternal history of atopy, was collected from
the mothers via questionnaire and is further defined in this article’s
Online Repository at www.jaci-inpractice.org. Information was
further collected from the medical record regarding mode of delivery,
gestational age, maternal education, prepregnancy maternal body
mass index, and maternal age at delivery.

Statistical analysis

The distributions of maternal, cord blood, and postnatal folate
were examined by FS and FA outcomes, and as folate concentrations
were found to be non-normally distributed, they were divided into
quartiles. Maternal and early-life characteristics were compared
among those with and without FS or FA using Xz, Student’s #tests,
and Mann-Whitney U tests, as appropriate. Pearson’s correlations
were performed on log-transformed total folate, UMFA, and
5-MTHEF values. Multivariable logistic regression models were used
to investigate the associations of folate forms (total folate, UMFA,
and 5-MTHF) with either FS or FA, adjusting for maternal age,
maternal race, maternal education, maternal history of atopy,
smoking, child’s gender, mode of delivery, breastfeeding history,
child’s age when specific food IgE was measured, and child’s age
when clinical symptoms on food ingestion was assessed (for FA).
Multivariable logistic regression models were similarly used to
examine the associations between prenatal folic acid intake at each
trimester and FS and FA outcomes, adjusting for the confounders
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TABLE I. Number of children with FS and FA in the BBC subcohort

Cord blood Total folate
subcohort cohort
(n = 502) (n = 1394)
Food sensitization (FS) outcomes
Sensitized 193 (38.5) 507 (36.4)
Not sensitized 309 (61.6) 887 (63.6)
Food allergy (FA) outcomes
Not sensitized and not allergic 293 (58.4) 845 (60.6)
Sensitized but tolerant 84 (16.7) 229 (16.4)
Possible food allergy 63 (12.6) 190 (13.6)
Probable food allergy 27 (5.4) 45 (3.2)
Confirmed/convincing 33 (6.6) 78 (5.6)
Unclassified 2 (0.4) 7 (0.5)

BBC, Boston Birth Cohort.
Values expressed as n (%) unless otherwise noted.

mentioned above. To examine the independent effect of UMFA and
5-MTHF on allergic outcomes, cord blood UMFA models were
additionally adjusted for 5-MTHE. Finally, sensitivity analyses for
UMFA were performed in which (1) children categorized as
“Probable” and “Possible” food allergic were included as food
allergic; (2) FS was assessed using thresholds of 0.7 and 3.5 kU/L,
and (3) the population was limited to children who had sIgE levels
and clinical symptoms of FA assessed at or before age 5. P values
<.05 were considered statistically significant, except for analyses
comparing quartiles, in which a Bonferroni-corrected P value <.017
was considered significant. As longitudinal data were not included in
the same model, adjustments were not made for correlations among
repeated measurements. All analyses were performed in Stata SE

14.1 (College Station, Tex).

RESULTS
Study population

A total of 1394 children were included in this study, of whom
1384 (99%) had total folate measured in maternal plasma
(Figure E1, available in this article’s Online Repository at www.
jaci-inpractice.org). Compared with the entire CHS population,
the subcohort had a lower proportion of preterm children (24.1%
vs 28.1%, P = .007), but otherwise had similar demographic
characteristics (Table E2, available in this article’s Online Re-
pository at www.jaci-inpractice.org). After birth, children under-
went an average of 2.99 follow-up visits (range, 1-11). The first
follow-up visit occurred at a median of 1.00 (range, 0.47-12.6;
interquartile range [IQR], 0.7-2.6) year, and the last follow-up
visit occurred at a median of 4.65 (range, 0.5-17; IQR 2.4-7.8)
years. The average ages for FS and FA assessment were 2.4 (range,
0-12.6; IQR, 0.82-3.11) and 4.9 (range, 0.5-17.0; IQR, 2.1-7.0)
years, respectively. Five hundred and seven children (36.4%) had
ES, 78 children (5.6%) were classified as “Confirmed/Convincing
Food Allergy,” 45 (3.2%) as “Probable Food Allergy,” and 190
(13.6%) as “Possible Food Allergy” (Table I). Children with FS
were more likely to be male, of black race/ethnicity, have mothers
who were nonsmokers during pregnancy, and were assessed for FA
at an older age than those without FS. Children with “Confirmed/
Convincing Food Allergy” were more likely to be male and have
mothers who were atopic (Table II).

Within this subcohort, 502 children had UMFA and 5-MTHF
concentrations measured in cord blood, 181 children had UMFA


http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org

4 MCGOWAN ETAL

J ALLERGY CLIN IMMUNOL PRACT

MONTH 2019
TABLE Il. Characteristics of the overall BBC subcohort by FS and FA outcomes
Food sensitization Food allergy

Characteristic Yes (n = 507) No (n = 887) P value Yes (n = 78) No (n = 1074) P value
Male 290 (57.3) 423 (47.7) .001 51 (65.4) 527 (49.1) .006
Age (y)*7 5.0+ 0.14 49 £ 0.11 .61 4.8 + 0.37 5.0 + 0.10 .67
Race/ethnicity .001 .07

Black 336 (66.9) 516 (58.4) 56 (71.8) 638 (59.7)

Hispanic 98 (19.5) 201 (22.8) 16 (20.5) 242 (22.6)

Caribbean 23 (4.6) 51 (5.8) 1(1.3) 62 (5.8)

White 10 (2.0) 64 (7.3) 1(1.3) 64 (6.0)

Asian 9 (1.8) 10 (1.1) 2 (2.6) 10 (0.9)

Other 26 (5.2) 41 (4.6) 2 (2.6) 53 (5.0)
Maternal education 1.0 31

Elementary school 24 (4.8) 42 (4.8) 3(3.9) 56 (5.3)

Secondary school 120 (23.9) 210 (24.0) 15 (19.5) 252 (23.7)

High school/GED 182 (36.3) 315 (36.0) 37 (48.1) 380 (35.8)

Some college 112 (22.3) 199 (22.7) 15 (19.5) 238 (22.4)

College degree 64 (12.8) 110 (12.6) 79.1) 136 (12.8)
Mode of delivery .54 .06

Vaginal 326 (64.4) 570 (64.3) 41 (52.6) 706 (65.8)

C-section 177 (35.0) 314 (35.4) 37 (47.4) 366 (34.1)
Premature birth (<37 wk) 107 (21.2) 228 (25.8) .06 15 (19.2) 259 (24.2) .32
Infant feeding 25 93

Bottle 112 (22.8) 235 (26.7) 20 (26.3) 275 (25.9)

Breast 38 (7.7) 59 (6.7) 6 (7.9) 72 (6.8)

Both 342 (69.5) 586 (66.6) 50 (65.8) 714 (67.3)
Maternal smoking

During pregnancy 43 (8.6) 99 (11.3) .02 10 (12.8) 112 (10.5) 24

After pregnancy 74 (14.7) 165 (18.7) .16 19 (24.4) 187 (17.5) .30
Maternal age (y)*f 28.8 £+ 6.6 28.2 £ 6.3 .07 29.1 £ 6.8 283 £ 6.3 .30
Maternal atopy 143 (32.2) 225 (28.6) .19 28 (41.8) 274 (28.8) .02

BBC, Boston Birth Cohort; FA, food allergy; FS, food sensitization; GED, General Education Development.

Values expressed as n (%) unless otherwise noted.
P values determined by the Pearson 7 test or r-test.
Significant (P < .05) values are in bold.

*Mean + standard error.

FTAge when food allergy assessment was made.
TAge at delivery.

and 5-MTHEF concentrations measured at 6 months to 3 years of
age, and 863 children had total folate measured at 1 to 9 years of
age. Compared with the overall subcohort and with the entire
CHS population, the subcohort of children with cord blood
measurements (n = 502) had a lower proportion of preterm births
(P < .001) and fewer children of black race/ethnicity (P < .001), as
demonstrated in Table E2 (available in this article’s Online Re-
pository at www.jaci-inpractice.org). There was no difference in
the proportion of FS or FA outcome classifications (Table ).

Overview of folate measurements

At the time of birth, maternal total folate concentrations
ranged from 6.6 to 185.5 (geometric mean, 29.5; IQR,
19.7-44.8) nmol/L, as shown in Table E3 (available in this
article’s Online Repository at www.jaci-inpractice.org). Previ-
ously reported reference values for serum folate in the third
trimester of pregnancy range from 3 to 47 nmol/L.”’ Cord blood
5-MTHEF concentrations ranged from 1.77 to 314.7 (geometric
mean, 46.2; IQR, 31.6-70.6) nmol/L, and UMFA concentra-
tions ranged from 0 to 21.3 (geometric mean, 0.83; IQR,
0.45-1.57) nmol/L. UMFA was detected in 98.8% of children

with cord blood measurements. Maternal total folate concen-
trations were minimally correlated with cord blood UMFA and
5-MTHEF concentrations (» = 0.11 and r = 0.12, respectively),
whereas UMFA and 5-MTHF concentrations were more
strongly correlated (r = 0.32).

In early childhood, total folate concentrations ranged from 9.9
o 91.2 (geometric mean, 37.8; IQR, 31.0-49.8) nmol/L.
Previously reported plasma folate reference ranges for children
are 11.3 to 47.6 nmol/L.”" Peripheral blood 5-MTHF concen-
trations ranged from 8.7 to 101.9 (geometric mean, 41.1; IQR,
30.9-61.8) nmol/L, and UMFA concentrations ranged from 0 to
22.2 (geometric mean, 0.56; IQR, 0.23-1.39) nmol/L. Similar to
cord blood, UMFA was detected in 98.9% of early childhood
samples. Early childhood total folate, UMFA, 5-MTHF
concentrations were strongly correlated (Table E3, available in
this article’s Online Repository at www.jaci-inpractice.org).

Associations between maternal total folate and the
development of FS and FA

Maternal total folate concentrations at the time of delivery
were similar among those children who did and did not develop


http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org

J ALLERGY CLIN IMMUNOL PRACT
VOLUME M, NUMBER B

100 B Food Sensitization

® Food Allergy

* p=0.001
—_

Odds Ratios (95% ClI)
"
i
e
»
—e—i

RPN N N R
A ®
S L SR RS S Al
@ A e @ A e
o K RS o W RS

Folate Quartiles (nmol/L)

FIGURE 1. Associations between maternal total folate and FS/FA.
Odds ratios (ORs) of food sensitization (blue) and food allergy
(red) for increasing quartiles of maternal total folate measured in
plasma at the time of birth. Bars and whiskers represent 95%
confidence intervals (Cls), and the dotted line depicts the null
hypothesis (OR = 1). Multivariable models adjusted for maternal
age, race, maternal education, maternal BMI, maternal history of
atopy, prenatal and postnatal maternal smoking, child’s gender,
mode of delivery, breastfeeding history, child’s age when specific
food IgE was measured, and child’s age when clinical symptoms
on food ingestion was assessed (for FA). BM/, Body mass index;
FA, food allergy; FS, food sensitization.

FS (mean, 35.3; standard error [SE], 1.1 vs mean, 35.6; SE, 0.8
nmol/L; P = .32). Furthermore, when total folate concentrations
were divided into quartiles, there was no association between
increasing quartiles of maternal total folate and FS in adjusted
multiple logistic regression models (Figure 1).

In contrast, maternal total folate concentrations were lower
among those whose children later developed FA (mean, 30.2; SE,
2.2 vs mean, 35.3; SE, 0.7 nmol/L; P = .02). When folate
concentrations were divided into quartiles, a nonlinear relation-
ship was seen. Children whose mothers had total folate con-
centrations in the third quartile (30.4-44.8 nmol/L) had a lower
odds of developing FA than those in the first quartile (6.64-19.7
nmol/L) (P = .001), as shown in Figure 1. This relationship
persisted in the sensitivity analyses including only children who
had sIgE and clinical FA assessments before age 5 (odds ratio
[OR], 0.10; 95% confidence interval [CI], 0.02-0.50; P < .01).
However, it did not persist when including those with “Prob-
able” and “Possible” FA outcomes in the analysis (OR, 0.75;
95% ClI, 0.49-1.14; P = .18).

Higher cord blood UMFA concentrations are a risk
factor for the development of FA

Mean cord blood UMFA concentrations were similar among
children with and without FS (mean, 1.45 nmol/L; SE, 0.14 vs
mean, 1.35; SE, 0.11; P = .42), and there was no association
seen between increasing quartiles of UMFA concentrations and
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ES in multiple logistic regression models (Figure 2). However, in
sensitivity analyses examining a higher threshold for sIgE (0.7
kU/L), increasing quartiles of UMFA were associated with FS
(OR, 2.41; 95% CI, 1.19-4.88; P = .01). This trend persisted
when examining the highest threshold for sIgE (0.35 kU/L),
though this did not meet the Bonferroni-corrected level of sig-
nificance (OR, 3.55; 95% CI, 1.13-11.1; P = .03, Figure E2,
available in this article’s Online Repository at www.jaci-
inpractice.org).

Similarly, cord blood UMFA concentrations were higher
among those who developed FA (1.72 nmol/L; SE, 0.22 vs 1.30;
SE, 0.10; P = .001), and increasing quartiles of cord blood
UMEFA concentrations were associated with an increased odds of
developing FA in a dose-response manner (test for trend
P value = .001, Figure 2). This relationship persisted when
adjusting for cord blood 5-MTHEF concentrations, suggesting an
independent effect of high cord blood UMFA concentrations on
the development of FA (Table III). Furthermore, this relation-
ship persisted when including those with “Probable and
“Possible” FA outcomes in the analysis (Figure E2, available in
this article’s Online Repository at www.jaci-inpractice.org). A
similar relationship was seen when only including those with
sIgE and FA assessments before age 5 (Figure E2), but this was
not statistically significant. No association was seen between cord
blood 5-MTHF concentrations and the development of FS or
FA (Figure 2).

Total Folate, UMFA, and 5-MTHF concentrations in
early childhood are not associated with the
development of either FS or FA

In multiple logistic regression models, no association was seen
between total folate, 5-MTHF, or UMFA concentrations

measured in the child’s serum in early childhood and the
development of FS or FA (Figures 3 and 4).

Associations with prenatal folic acid intake

The number of women taking prenatal folic acid supplements
in the BBC subcohort increased from 6.8% before pregnancy to
90.6% in the first trimester, 95.3% in the second trimester, and
93.8% in the third trimester. Cord blood UMFA and 5-MTHF
concentrations were higher among women who took folic acid
supplements in the second and third trimesters (P < .01 for all).
In multiple logistic regression models, however, prenatal folic
acid supplement use was not associated with the development of
ES or FA in any trimester (data not shown).

DISCUSSION

In this case-control study nested within the prospective,
observational, predominantly urban minority BBC, we found
that although mean total folate concentrations at birth were
lower among those who developed FA, higher concentrations of
UMFA in cord blood were associated with an increased risk for
the subsequent development of this condition. We further found
that neither 5-MTHF nor UMFA in early or later childhood was
associated with an increased risk for the development of FA.
Although other studies have examined the association between
folate and atopic conditions, this is the first study to explore the
association with the specific forms of folate, 5-MTHF and
UMFA. In addition, this is the first study, to our knowledge, to
examine the longitudinal risk of UMFA exposure on the devel-
opment of FA in the United States, where mandatory folic acid
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FIGURE 2. Associations between cord blood folate metabolites and FS/FA. Odds ratios (ORs) of food sensitization (blue) and food allergy
(red) for increasing quartiles of 5-MTHF (A) and UMFA (B) measured in cord blood at the time of birth, generated from multivariable
logistic regression models. Bars and whiskers represent 95% confidence intervals (Cls), and the dotted line depicts the null hypothesis
(OR = 1). Test for trend P =.001. 5-MTHF, 5-Methyltetrahydrofolate; FA, food allergy; FS, food sensitization; UMFA, unmetabolized folic

acid.

TABLE lll. Independent association between cord blood UMFA and food allergy

Adjusting for cord blood

Unadjusted* 5-MTHF{
FA Non-FA OR (95% ClI) P value OR (95% CI) P value
UMFA
Quartile 1 4 99 REF REF REF REF
Quartile 2 4 101 0.97 (0.13-7.38) 98 1.04 (0.13-8.26) 97
Quartile 3 11 90 4.64 (0.88-24.5) .07 6.22 (1.13-34.36) .04
Quartile 4 14 87 8.51 (1.69-42.8) .009 14.9 (2.70-82.5) .002

5-MTHF, 5-Methyltetrahydrofolate; FA, food allergy; UMFA, unmetabolized folic acid.

Values expressed as odds ratios (ORs) and 95% confidence intervals (CIs).

*Multiple logistic regression models not adjusted for cord blood 5-MTHF levels (n = 288).
TMultiple logistic regression models adjusted for log-transformed cord blood 5S-MTHF levels (n = 288).

fortification has been in place for 2 decades. As UMFA is
uniquely derived from synthetic folic acid, our findings suggest
that there may be unintended consequences from widespread
folic acid fortification and prenatal supplementation in recent
years.””

The question of whether folate is a risk factor for the devel-
opment of allergic disease has been assessed in multiple obser-
vational studies, which have yielded conflicting results. Although
some studies have found that higher folate intake in late preg-
nancy is a risk factor for the subsequent development of asthma
and eczema,'>?>** other studies have not seen such an associa-
tion.""”> These studies differ widely in terms of exposure clas-
sification, allergic outcomes assessed, timing of folate assessment,
and national guidelines for folic acid fortification, which may
contribute to the conflicting results.

When specifically examining folic acid supplementation dur-
ing pregnancy, Whitrow et al'” first demonstrated that supple-
mental folic acid use in late pregnancy was associated with an

increased risk of asthma in the offspring in 2009. Similar asso-
ciations have since been seen with wheezing in the first year of
life,"® asthma medication use,'® eczema,”’ and cow’s milk al-
lergy."” Interestingly, such an association was not seen when
examining folic acid use in the first trimester of pregnancy,””*
when folate is essential to prevent the development of neural
tube defects. To date, no randomized, controlled trials have
assessed the risk of folic acid supplementation in late pregnancy
on the development of allergic disease.

UMFA appears in the circulation when the enzyme that
converts folic acid to tetrahydrofolate (DHFR) is saturated. This
has been shown to occur at a folic acid intake of approximately
250 pg in most individuals,'” though this threshold may be
influenced by a functional 19 base-pair deletion in the gene
DHFR that has a prevalence of approximately 20% in the
general population and is more prevalent in African Americans.”®
In the United States, the Centers for Disease Control and Pre-
vention (CDC), American College of Obstetricians and
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allergy (red) for increasing quartiles of total folate measured in
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when clinical symptoms on food ingestion was assessed (for FA).
Bars and whiskers represent 95% confidence intervals (Cls), and
the dotted line depicts the null hypothesis (OR = 1). BM/, Body
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Gynecologists (ACOG), and American Academy of Pediatrics
(AAP) recommend that all women of reproductive age take 400
lg of folic acid a day before conception and throughout preg-
nancy to reduce their risk of having a child with a neural tube
defect, and women at high risk are instructed to take up to 4000
ug daily through the first trimester.””*' In addition, mandatory
fortification of flour, breads, cereals, and rice with folic acid was
implemented in the United States in 1998, and as a result, a
recent cross-sectional survey demonstrated that greater than 95%
of Americans have detectable UMFA in peripheral blood,”'
which is consistent with our findings. Studies conducted in
other countries with mandatory or voluntary folic acid fortifi-
cation have similarly demonstrated detectable UMFA in the cord
blood and peripheral blood of newborns,*** peripheral blood of
adults and pregnant women,>*>*>%® and the breast milk of
lactating women.”” To date, studies examining the association
between UMFA and adverse health outcomes are limited,”>” and
this is the first study to examine this relationship with the
development of FA.

Although the exact biologic mechanism of action, if any, for
UMEFA is unknown, it has been shown that 2 of the 3 folate
transport systems have a high affinity for UMFA.*® A recent
study further demonstrated that the presence of UMFA may
impair update of 5-MTHF in umbilical endothelial cells.”” As
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circulating 5-MTHEF is the principal source of cellular folate
involved in DNA synthesis and methylation, selective transport
of UMFA instead of 5>-MTHF may decrease intracellular folate
stores, leading to disruptions in these processes. Regulatory T
cells have been shown to express a high-affinity folate receptor
(FR4),°*°! which is essential for their survival,’* so this imbal-
ance may be particularly important for the development of
allergic diseases. Interestingly, a recent cross-sectional study
found an inverse correlation between FoxP3 expression in pe-
ripheral T regulatory cells and serum folate concentrations that
was more pronounced among allergic children.” Alternatively,
higher  UMFA concentrations have been associated with
decreased natural killer cell cytotoxicity,;z*’;s and a recent ran-
domized controlled trial of high-dose folic acid supplementation
additionally demonstrated elevated IL-8 and TNE-a, expression
after high-dose folic acid supplementation.’® Although this may
not be consistent with immunologic alterations typically seen in
allergic disease, alterations in Th2 cytokines have, to our
knowledge, not yet been examined.

In this study, we also found a nonlinear relationship between
total folate concentrations measured in maternal plasma at the
time of birth and the subsequent development of FA, where the
lowest risk was seen with maternal folate concentrations in the
third quartile (30.4-44.8 nmol/L). These results are similar to
previous findings by Dunstan et al,”* in which a “U-shaped”
relationship was seen between cord blood total folate and the
development of allergic sensitization in an Australian birth
cohort, with the lowest risk being among those with folate
concentrations of 50 to 75 nmol/L. Although these protective
folate ranges are not exactly comparable between the 2 studies,
this may be due to the fact that folate concentrations are typically
higher in fetal than maternal blood.”**> A protective effect for
folate exposure in mid-to-late pregnancy and the development of
allergic disease has similarly been reported in 3 additional
studies.”””” Although our findings for maternal total folate and
cord blood UMFA are seemingly contradictory, UMFA only
represents a small percentage of circulating total folate and is
uniquely derived from synthetic folic acid intake. Recent studies
suggest that a strong association between UMFA and serum total
folate levels only occurs when total folate levels are high (>78.5
nmol/L),*” and thus further research regarding the determinants
of each of these folate measurements is clearly needed.

Our study is limited by the fact that this is an observational
study, and thus there is the possibility of unmeasured con-
founders that may influence the association seen between folate
forms and FA. It is possible, for example, that differences in the
gut microbiome, pet exposure, or behaviors associated with
higher socioeconomic status may ultimately explain our findings.
Our study is additionally limited by the fact that FA is only
reliably diagnosed through oral food challenges, and because
these were only performed as clinically indicated outside of this
study, there is the potential for outcome misclassification. Our
study is further limited by the fact that we were only able to
measure folate metabolites at the end of pregnancy rather than in
the first and second trimesters. Thus, we are unable to determine
the exact timing of risk during pregnancy. Although this would
be helpful information for designing future intervention studies,
adequate folate in the first trimester is essential for the prevention
of neural tube defects in the offspring, and thus it would be
unethical to propose a future study limiting folic acid exposure
during this time in pregnancy. In addition, our study is limited
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unmetabolized folic acid.

by inadequate information on dietary and supplement intake of
folate during pregnancy. Although this does not negate the as-
sociation seen between cord blood UMFA and FA, it may be an
additional confounder in the relationship between folate expo-
sure and FA. Furthermore, although total folate concentrations
were strongly associated with UMFA and 5-MTHF concentra-
tions in early childhood, we surprisingly did not see this at birth,
and thus these findings should be replicated in further studies.
Finally, the BBC is predominantly composed of individuals of
non-Hispanic black race/ethnicity (a population with the higher
prevalence of DHFR deletion), and thus our findings may not be
generalizable to other populations.

In conclusion, in this case-control study nested within the
BBC, we found that higher concentrations of UMFA in cord
blood, but not in childhood, were associated with an increased
risk for the development of FA. This novel finding raises the
question of whether there are unintended consequences from
widespread folic acid fortification and prenatal supplementation
in recent decades. Further studies are needed to validate these
findings in other populations, investigate the role of genetic
polymorphisms in this relationship, and examine the mechanism
of action of UMFA on developing immune cells.
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ONLINE REPOSITORY

METHOD
Boston Birth Cohort (BBC)

Briefly, the BBC was initiated in 1998, and eligible women
were those who delivered singleton live birth at Boston Medical
Center. They were recruited 24 to 72 hours after delivery, using a
rolling enrollment. Exclusion criteria included pregnancies that
resulted from in vitro fertilization, those involving multiple ges-
tations, fetuses with chromosomal abnormalities or major birth
defects, and preterm deliveries due to maternal trauma. After
obtaining informed consent, each mother was interviewed using
a standardized questionnaire, and both maternal and cord blood
samples were collected.

Food allergy definitions

At each of the follow-up visits, parents were asked about
whether the child experienced any clinical symptoms on inges-
tion of egg white, cow’s milk, peanut, soy, shrimp, walnut,
wheat, and cod (mean age of assessment: 2.0 & 2.14 years; range,
0-12 years). Parents were specifically asked, “Is your child allergic
to any foods at present?” and “Has your child ever been allergic
to any foods in the past that they have since outgrown?” If
parents answered yes to either of these questions, they were then
asked about the age when symptoms were first noticed, specific
symptoms that occurred on ingestion of each food, the timing
and treatment of these reactions, and whether the child ever
experienced anaphylaxis. In addition, a dietary history was taken
at these visits, in which parents were asked if, and how often, the
child consumed these allergenic foods. Dietary avoidance was
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defined as an individual not subsequently consuming a food that
was previously introduced.

Covariates

Race/ethnicity was based on self-report and was categorized as
“Non-Hispanic Black,” “Non-Hispanic White,” “Hispanic,”
“Asian,” and “Caribbean.” Individuals of Haitian race/ethnicity
were combined with “Non-Hispanic Black.” Infant feeding was
assessed at the first visit at 0.5 to 2 years of age and was defined as
“Bottle only,” “Breast only,” or “Both.” Maternal smoking was
assessed for the periods of preconception and during pregnancy
and was dichotomized as “Yes” or “No.” Maternal history of
atopy was defined as self-reported physician-diagnosed food
allergy, eczema, allergic rhinitis, and/or asthma.

Prenatal folic acid intake was assessed by maternal question-
naires collected at the time of delivery. At enrollment, mothers
were asked, “Did you take prenatal vitamins prescribed by your
physician?” If they answered affirmatively, they were then asked
about the frequency with which they took these vitamins before
conception and during the first, second, and third trimesters of
their pregnancy. Results were categorized as “none,” “<1 time a
week,” “1-2 times a week,” “3-5 times a week,” and “almost
daily” prenatally and for each trimester of pregnancy. Mothers
were further asked whether they took any over the counter
supplements, and if so, the name and frequency of this supple-
ment. If the mother responded that they had used over the
counter folic acid supplements or a prenatal multivicamin, this
was again categorized as “none,” “<1 time a week,” “1-2 times a
week,” “3-5 times a week,” and “almost daily” for each time
point during pregnancy.
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Boston Birth Cohort
(n ~ 8,500)

Children’s Health Study

(n=3,163)

1.

Inclusion Criteria

Available maternal plasma or cord blood samples at the
time of delivery

Available post-natal food-specific IgE measurements
Completed the follow-up questionnaire on food allergy

2.
3.
symptoms
v
Our Study
(n=1,394)

Maternal Total Folate
(n=1,384)

Early Life Total Folate
(n=863)

Cord Blood 5-MTHF/UMFA
(n=502)

v

Early Life S-MTHF/UMFA
(n=181)

FIGURE E1. Schematic of children included in the folic acid and food allergy study. 5-MTHF, 5-Methyltetrahydrofolate; UMFA, unme-

tabolized folic acid.
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FIGURE E2. Sensitivity analyses for the association between UMFA and FA. Odds ratios (ORs) of FS and FA for increasing quartiles of
UMFA measured in cord blood at the time of birth, generated from multivariable logistic regression models. A, Food Sensitization is
defined as >0.35 kU/L (blue), >0.7 kU/L (green), or >3.5 kU/L (purple). B, Food allergy is defined as (1) the strict definition of Confirmed
FA (red), (2) the combination of Possible, Probable, and Convincing/Confirmed food allergy (black, test for trend P =.001), and (3) only
children who had slgE and clinical symptoms of food allergy assessed at or before age 5 (orange, test for trend P =.06). Bars and whiskers
represent 95% confidence intervals (Cls) and the dotted line depicts the null hypothesis (OR = 1). FA, Food allergy; FS, food sensiti-
zation; UMFA, unmetabolized folic acid.
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TABLE E1. Food sensitization and food allergy outcome definitions

Outcome

Definition

Food sensitization
Food allergy
Confirmed/convincing

Probable food allergy

Possible food allergy

Sensitized but tolerant
Not sensitized and not allergic

sIgE >0.35 kUA/L based on plasma measurements (n = 1390) or medical record review (n = 4)

1. Food sensitization AND

2. Parental report of clinical symptoms on ingestion of that food AND

3. Avoidance of the food based on dietary questionnaire

Food sensitization AND parental report of clinical symptoms on ingestion of that food without information on
dietary consumption

OR

sIgE >95% positive predictive values to a specific food that had not yet been introduced or was currently being
avoided

Food sensitization and food avoidance without a clinical history of symptoms on food ingestion

OR

Those with parental-reported clinical symptoms or physician-diagnosed food allergy without food sensitization
Food sensitization but reported consumption of the culprit food without clinical symptoms

1. All sIgEs <0.35 kU/L AND

2. No reported clinical symptoms on food ingestion AND

3. No parental-reported physician diagnosed food allergy

sIgE, Specific IgE.

TABLE E2. Characteristics of the study subcohorts vs the entire CHS cohort

Characteristic Cord blood cohort (n = 502) Our study (n = 1394) Entire CHS cohort (n = 3163)
Male 258 (51.4) 713 (51.2) 1589 (50.4)
Race/ethnicity *
Black 255 (51.1) 852 (61.5) 1850 (58.7)
Hispanic 128 (25.7) 299 (21.6) 702 (22.3)
Caribbean 27 (5.4) 74 (5.3) 161 (5.1)
White 35 (7.0) 74 (5.3) 228 (7.2)
Asian 14 (2.8) 19 (1.4) 46 (1.5)
Other 40 (8.0) 67 (4.8) 166 (5.3)
Maternal education
Elementary school 20 (4.0) 66 (4.8) 132 (4.2)
Secondary school 115 (23.2) 330 (24.0) 741 (23.7)
High school/GED 185 (37.4) 497 (36.1) 1141 (36.4)
Some college 101 (20.4) 311 (22.6) 685 (21.9)
College degree 74 (15.0) 174 (12.6) 432 (13.8)
Mode of delivery
Vaginal 333 (66.3) 896 (64.4) 2014 (64.1)
C-section 168 (33.5) 491 (35.3) 1126 (35.9)
Premature birth* 62 (12.4) 335 (24.1) 902 (28.6)
Infant feeding
Bottle 124 (25.3) 347 (25.3) 762 (25.7)
Breast 39 (7.9) 97 (7.1) 224 (7.5)
Both 328 (66.8) 928 (67.6) 1956 (65.8)
Maternal smoking
During pregnancy 52 (10.4) 142 (10.3) 338 (10.8)
Maternal age (y)*'f 28.6 + 6.50 284 £ 6.5 285+ 6.5
Maternal atopy 125 (28.0) 368 (29.9) 653 (27.9)%

CHS, Children’s Health Study, GED, General Education Development.
Values expressed as n (%) unless otherwise noted.
P values determined by the Pearson xz test or t-test.

*P < .05 among all 3 subgroups.

fAge at delivery (mean £ standard deviation).

iMissing data in n = 823.
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TABLE E3. Exploratory data analysis of folate forms in the BBC
subcohort

Birth Early life
Mean levels (nmol/L)*
Total folate 35.5 £ 235 40.7 + 14.9
UMFA 14 £ 1.8 14 £26
5-MTHF 56.5 £+ 39.0 46.2 +£21.3

Correlations
Total folatet vs child UMFA 0.11 (P = .01) 0.50 (P < .001)
Total folatef vs child 5-MTHF  0.12 (P < .01) 0.66 (P < .001)
Child UMFA vs child 5-MTHF  0.32 (P < .001) 0.50 (P < .001)

5-MTHF, 5-Methyltetrahydrofolate; BBC, Boston Birth Cohort; UMFA, unmetabo-
lized folic acid.

*Values expressed as mean + standard deviation.

TMeasured in maternal plasma at the time of birth and in the child’s plasma in early
life.
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