Original Paper

International Archives of

ergy...
Immunology

Int Arch Allergy Immunol 2013;161:37-43
DOI: 10.1159/000343004

Received: February 9, 2012
Accepted after revision: August 27, 2012
Published online: December 14, 2012

Allergen Sensitization Is Associated with
Increased DNA Methylation in Older Men

Joanne E. Sordillo®* ¢ Nancy E. Lange® ¢

d

Antonella Zanobetti® David Sparrow

Andrea Baccarelli®f Dawn DeMeo? ¢

Letizia Tarantini

f Valentina Bollatif

Pantel Vokonas? Joel Schwartz®
Augusto A. Litonjua®©

2Channing Laboratory, P Division of Pulmonary and Critical Care Medicine, Department of Medicine, Brigham

and Women'’s Hospital, “Harvard Medical School, Veterans Affairs Boston Healthcare System and Department of
Medicine, Boston University School of Medicine, and ¢Department of Environmental Health, Harvard School of
Public Health, Boston, Mass., USA; fCenter of Molecular and Genetic Epidemiology, Department of Environmental
and Occupational Health, Universita degli Studi di Milano and IRCCS Maggiore Policlinico Hospital, Mangiagalli and

Regina Elena Foundation, Milan, Italy

Key Words
Allergen sensitization - DNA methylation - Alu - Long
interspersed nuclear element-1

Abstract

Background: Variation in epigenetic modifications, arising
from either environmental exposures or internal physiologi-
cal changes, can influence gene expression and may ulti-
mately contribute to complex diseases such as asthma and
allergies. We examined the association of asthma and aller-
gic phenotypes with DNA methylation levels of retrotrans-
poson-derived elements. Methods: We used data from 704
men (mean age 73 years) in the longitudinal Normative Ag-
ing Study to assess the relationship between asthma, allergic
phenotypes and DNA methylation levels of the retrotrans-
poson-derived elements Alu and long interspersed nuclear
element (LINE)-1. Retrotransposons represent a large frac-
tion of the genome (>30%) and are heavily methylated to
prevent expression. Percent methylation of Alu and LINE-1
elements in peripheral white blood cells was quantified us-
ing PCR pyrosequencing. Data on sensitization to common
allergens from skin prick testing, asthma and methacholine
responsiveness were gathered approximately 8 years prior

to DNA methylation analysis. Results: Prior allergen sensiti-
zation was associated with increased methylation of Alu
(B = 0.32 for sensitized vs. nonsensitized patients; p = 0.003)
in models adjusted for pack-years of smoking, body mass
index, current smoking, air pollutants, percentage of eosino-
phils, white blood cell count and age. Of the men inter-
viewed, 5% of subjects reported a diagnosis of asthma. Nei-
ther Alu nor LINE-1 methylation was associated with asthma.
Conclusions: These data suggest that increased DNA meth-
ylation of repetitive elements may be associated with aller-
gen sensitization but does not appear to be associated with
asthma. Future work is needed to identify potential underly-
ing mechanisms for these relationships.

Copyright © 2012 S. Karger AG, Basel

Introduction

Allergic diseases are known to arise from both genetic
and environmental causes. Epigenetics, or the study of
changes to the genome peripheral to the DNA sequence
itself (i.e. histone modifications, RNA interference and
DNA methylation), is key to understanding how the en-
vironment alters the function of genes. DNA methyla-
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tion, which occurs through the addition of methyl groups
to cytosines located within CpG dinucleotides, is a re-
versible modification that can alter chromosome stability
and suppress gene transcription. Epigenetic pathways,
mediated by environmental exposures, may change gene
expression profiles, ultimately resulting in a particular
phenotype [1]. A number of environmental exposures, in-
cludingair pollution and dietary factors, have been shown
to influence the epigenome [2].

Epigenetic changes are important in immune system
development and may also have relevance for asthma and
allergic disease etiology. The differentiation of T cells, a
process necessary for normal immune function, is guided
by changes in DNA/histone methylation and/or histone
acetylation [3]. During differentiation of naive T cells into
type 1 T helper (Thl) cells, the promoter region in the
interferon (IFN)-y gene is progressively demethylated
(thereby increasing the expression of this Thl cytokine
that enhances the Thl response) [4-5, 7-8]. Epigenetic
mechanisms are also known to influence type 2 T helper
(Th2) differentiation and may impact the expression of
forkhead box P3 and T regulatory cell function [9-11].
While the opportunity for epigenetic-driven changes in
gene expression provides plasticity in immune function,
italso makes the system susceptible to aberrant modifica-
tions that could ultimately give rise to an allergic disease
phenotype. In fact, studies on epigenetic regulation of T
cells have led to the hypothesis that environmental expo-
sures influencing DNA methylation may increase allergic
disease risk by suppressing pathways (Thl and T regula-
tory cell differentiation) that inhibit differentiation of al-
lergy-promoting Th2 cells [12, 13]. Consistent with this
hypothesis, some [6, 14] but not all [15] human and ani-
mal studies show an association between dietary supple-
mentation with folate (a methyl donor) during pregnancy
and increased risk of asthma in offspring.

While DNA methylation has been investigated in rela-
tion to a variety of diseases, little is known about its rela-
tionship to asthma and allergic disease. A large portion
of DNA methylation sites are located within retrotrans-
posons, repetitive sequences which are generally not ex-
pressed. Demethylation of these sequences could poten-
tially interfere with proper expression of other genes [16].
Long interspersed nuclear elements (LINEs) and short in-
terspersed nuclear elements are retrotransposon-derived
repetitive elements present in mammalian genomes. Ret-
rotransposons utilize an RNA intermediary to create
cDNA copies of themselves for reinsertion into the ge-
nome [17]. LINE-1 elements, which are 6,000 base pairs
in their full form, comprise at least 17% of the human ge-
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nome. More than one million copies of Alu sequences, a
type of short interspersed nuclear element, are also inter-
spersed throughout the genome [17]. In addition to serv-
ing as markers of DNA methylation in a large portion
(approx. 30%) of the genome, LINE-1 and Alu repetitive
elements may also directly influence asthma and allergic
disease pathogenesis. Unmethylated CpG sequences in
Alu repeats may mimic bacterial DNA CpG motifs [18],
with the potential to stimulate the innate immune system
and possibly mediate an allergic disease response. Tran-
scriptionally active LINE-1 elements are potential activa-
tors of IFN-y and other proinflammatory mediators
through toll-like receptor pathways [19], with possible
implications for allergies and asthma.

In this study, we determined whether methylation of
Alu and LINE-1 (two common categories of retrotrans-
poson-derived elements) was associated with allergen
sensitization, airway hyperresponsiveness or asthma. To
our knowledge, this is the first epidemiological study to
examine DNA methylation of Alu and LINE-1 and aller-
gic disease.

Materials and Methods

Normative Aging Study

This study included 704 elderly men who, as of March 1999,
were active participants in the Normative Aging Study. The Nor-
mative Aging Study cohort was established by the Veterans™ Ad-
ministration in 1961, which enrolled men 21-80 years of age from
the greater Boston area (Mass., USA) who were free of known
chronic medical conditions [20]. Since the time of enrollment,
participants have had comprehensive clinical examinations at 3-
to 5-year intervals. In examinations that took place between
March 1999 and November 2007, participants agreed to donate at
least one blood sample for DNA. A physician elicited a complete
medical history and smoking history using the American Tho-
racic Society questionnaire [21]. The questionnaire (ATS-DLD-78)
[21] was administered to each participant to obtain information
on smoking habits, respiratory symptoms and illness, an average
of 8 years prior to blood collection for DNA methylation (range
5-17.5 years). Of the 704 men with blood samples for DNA meth-
ylation data, 669 had questionnaire data for asthma. Men who
reported a doctor’s diagnosis of asthma were classified as asth-
matic. All participants gave written informed consent. This study
was reviewed and approved by the institutional review boards of
all participating institutions.

DNA Methylation of Repetitive Elements

DNA was extracted from stored frozen buffy coat of 7 ml of
whole blood, using QiAmp DNA blood kits (Qiagen). DNA meth-
ylation was quantitated using bisulfite PCR and pyrosequencing,
as described previously [22, 23]. PCR primers were designed to-
wards consensus LINE-1 and Alu sequences and allowed for the
amplification of a representative pool of repetitive elements to
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Table 1. Characteristics of the Normative Aging Study population
at the time of DNA methylation analysis

Age, years! (n = 704) 72.7 (6.7)
Body mass index! (n = 702) 28.5 (4.1)
Smoking, n
Never 210 (30%)
Quit 463 (66%)
Occasional 2(0.3%)
Regular 25 (4%)
Missing data 4(0.6%)

Smoking, pack-years? (n = 683) 14.0 (0-145.5)
DNA methylation, %5 mC!
Alu (n = 689)

LINE-1 (n = 681)

26.4 (1.1)
76.8 (1.8)

%5 mC = Percentage of methylated cytosines.
! Mean (SD). 2 Median (range).

serve as a surrogate for diffuse genomic DNA methylation chang-
es. The degree of methylation was expressed as the percentage of
methylated cytosines of the sum of methylated and unmethylated
cytosines. This method quantitatively assessed the proportion of
methylated sites in LINE-1 and Alu repetitive elements dispersed
throughout the genome. Non-CpG cytosine residues were used as
built-in controls to verify bisulfite conversion. For both Alu and
LINE-1, we measured the percentage of methylated cytosines at
each of three CpG dinucleotide positions that are repeated over
the human genome with the sequence of interest. Each marker
was tested in triplicate, and their average was used in the statisti-
cal analysis.

Skin Testing and IgE

Skin prick testing was conducted an average of 8 years prior to
blood sample collection. Skin testing was performed as previous-
ly described [24] by the prick method of Pepys [25]. Subjects were
tested in a double-blind fashion with 4 common aeroallergen
preparations preserved in glycerin (ragweed, 1:20; mixed trees,
1:20; mixed grasses, 1:20; house dust, 1:10) along with a glycerin
control. Wheal reactions were measured at 20 min as the sum of
the largest wheal diameter plus the perpendicular diameter di-
vided by 2. A positive skin test was defined as subjects having a
wheal diameter of =5 mm in response to any of the above aller-
gens, after subtraction of the glycerin control. Of the 704 men
with DNA methylation data, 591 (84%) had prior assessment for
allergen sensitization. Serum total IgE was determined by a paper
radioimmunosorbent test (Pharmacia Diagnostics, Piscataway,
N.J., USA) an average of 8 years prior to blood sample collection
for DNA methylation (range 6-17.5 years). The mean of 2 deter-
minations on each serum specimen was used for analysis.

Methacholine Challenge Protocol

Methacholine challenge testing was performed on the same
day as skin prick testing. Sixty percent of men with DNA meth-
ylation assessment (423/704) also had methacholine challenge
testing [24]. Protocols for methacholine challenge testing were
performed as previously reported [26]. A positive methacholine
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challenge test (airway hyperresponsiveness) was defined as a
=20% decline in forced expiratory volume in 1 s (FEV,) from the
postsaline value at or before one inhalation of 25 mg/ml metha-
choline. Men with a =20% decline in FEV; from the postsaline
value at or before four inhalations of 5 mg/ml methacholine
(equivalent to a cumulative dose of 8.58 pwmol of methacholine)
were classified as responders.

Statistical Analysis

We used multiple linear regression models to determine the
association between prior allergen sensitization and markers of
DNA methylation of Alu and LINE-1. Distributions of Alu and
LINE-1 were approximately normal, so these outcome variables
were untransformed in the analyses. For models of allergen sen-
sitization and DNA methylation, we used atopy (sensitization to
any allergen) and specific allergen sensitization as predictors.
Both univariate and multiple regression models for specific aller-
gen sensitization were constructed. We also considered asthma
and methacholine responsiveness as predictors of DNA methyla-
tion. Models were adjusted for body mass index, age at blood sam-
pling for DNA methylation analysis, pack-years of smoking, cur-
rent smoking, air pollutants (7-day moving averages of particles
less than 2.5 pm in diameter and black carbon), percentage of eo-
sinophils in the peripheral blood cell count and total white blood
cell count. Air pollutant exposures at the time of blood sample
collection were assessed using a stationary monitoring site 1 km
from the examination site. We also examined dietary folate (esti-
mated from a food frequency questionnaire) as a predictor of
DNA methylation and as a potential confounder in multiple re-
gression models.

Results

The characteristics of the study population are shown
in table 1. The study subjects were older male individuals
between the ages of 55.3 and 100.9 years (mean age 72.7,
SD 6.7). Mean blood DNA methylation levels, expressed
as the percentage of methylated cytosines, were 26.4 (SD
1.1, range 22.8-32.4) for Aluand 76.8 (SD 1.8, range 70.1-
84.6) for LINE-1 methylation.

Prior Allergen Sensitization and DNA Methylation of

Repetitive Elements

Twenty percent of the men tested for allergen sensiti-
zation were sensitized to at least one allergen (table 2). In
men sensitized to at least one allergen, mean DNA meth-
ylation levels were 26.6 (SD 1.2, range 23.6-30.7) for Alu
and 76.9 (SD 1.8, range 71.1-81.0) for LINE-1; for unsen-
sitized men, mean levels were 26.2 (SD 0.96, range 22.8-
30.1) for Aluand 76.8 (SD 1.8, range 70.1-84.6) for LINE-
1 methylation. In multiple regression models, prior sen-
sitization to at least one allergen was associated with a 0.32
increase in the methylation of Alu (p = 0.003) but showed
no association (p = 0.63) with LINE-1 methylation
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Fig. 1. Percent Alu methylation with increasing number of posi-
tive skin prick tests (SPT). p = 0.005 for trend in the adjusted
model, for SPT = 0 (n = 470), SPT =1 (n = 83) and SPT =2 (n =
38). Whiskers represent the range, boxes represent quartiles and
triangles represent the mean.

Table 2. Respiratory and allergic disease outcomes in the Norma-
tive Aging Study cohort

IgE, TU/ml! (n = 469) 31.6+4.2
Atopy, n
No 470 (80%)
Yes 121 (20%)
Methacholine response, n
No 323 (76%)
Yes 100 (24%)
Asthma, n
No 634 (95%)
Yes 35 (5%)

Atopy was defined as any positive skin prick test with a wheal
diameter of =5 mm. Methacholine response was defined asa20%
decline in FEV;.

! Geometric mean * SD.

(table 3). Adjustment for potential confounders did not
alter this effect. Dietary folate consumption was not
associated with methylation of Alu or LINE-1 and did not
confound the relationship between allergen sensitization
and DNA methylation (data not shown). Adjustment for
air pollutants (levels of particles less than 2.5 pm in di-
ameter and black carbon) did not change the association
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between allergen sensitization and DNA methylation. Alu
methylation increased with each additional positive skin
prick test (B = 0.21, p < 0.05 in adjusted models; fig. 1).
Total IgE levels were not associated with methylation of
either Alu or LINE-1 elements (p > 0.25). The percentage
of blood eosinophils was elevated in sensitized versus
nonsensitized individuals (4.0 vs. 3.4%, respectively; p
value for t test = 0.03) but was not associated with DNA
methylation. Of the men who tested positive for allergen
sensitization, 6% were sensitized to tree allergens, 12% to
grass, 9% to ragweed and 2.5% to house dust extract. In
univariate models, specific allergies to tree (p = 0.007) and
grass (p = 0.07) were associated with increased methyla-
tion of Alu but not LINE-1 (table 4). However, in multiple
regression models including a panel of specific allergies,
only sensitization to tree allergens was significantly asso-
ciated with increased methylation of Alu. Specific allergen
sensitization was not associated with LINE-1 methylation
in multiple regression models (p = 0.63). The percentage
of methacholine responders was also similar in sensitized
versus nonsensitized subjects (22 vs. 25%; p = 0.5).

Methacholine Responsiveness and DNA Methylation

of Repetitive Elements

One quarter of the men tested for bronchial hyperre-
sponsiveness showed a =20% drop in FEV] (table 2).
Methacholine responsiveness was not associated with
methylation of Alu or LINE-1 (table 5). Similarly, metha-
choline responsiveness expressed as a continuous vari-
able (log10 slope of response) showed no significant rela-
tionship with DNA methylation (data not shown).

Asthma and DNA Methylation of Repetitive Elements

Five percent of men with DNA methylation data (n =
35) reported a doctor’s diagnosis of asthma. Thirty-nine
percent of self-reported asthmatics (12 out of 31 with skin
prick testing) tested positive for allergen sensitization.
Asthma was not associated with Alu and LINE-1 meth-
ylation levels in adjusted models (table 5).

Discussion

Our study shows that prior allergen sensitization is as-
sociated with increased DNA methylation of the repeti-
tive element Alu in a cohort of elderly men. No associa-
tions with allergic disease were observed for LINE-1. Hy-
permethylation of DNA from sensitized individuals
suggests a potential underlying epigenetic mechanism for
altered immune response in allergic disease. Although a

Sordillo et al.



Table 3. Allergy as a predictor of global DNA methylation

Alu LINE-1

B p value B p value
Model 1 (n=553) (n=552)
Prior positive allergic sensitization (SPT+) 0.32 0.003 0.09 0.63
Eosinophils (% of total WBC count) 0.007 0.70 0.05 0.12
Model 2 (n=437) (n =435)
log10 IgE (IU/ml) 0.09 0.26 0.09 0.54
Eosinophils (% of total WBC count) 0.006 0.80 0.01 0.72

SPT+ = Positive skin prick test; WBC = white blood cell. Both models were adjusted for body mass index,
age, pack-years of smoking, current smoking, total white blood cell count and air pollutants (7-day moving av-
erage of particles less than 2.5 m in diameter and black carbon levels).

Table 4. Specific allergic sensitization and global DNA methylation

SPT+ Univariate models Multiple regression models
Alu LINE-1 Alu LINE-1
B pvalue f p value B p value B p value
Tree 37 (6%) 0.48 0.007 035 0.26 0.38 0.05 043 0.21
Grass 68 (12%) 0.24 0.07 0.08 0.72 0.19 0.18 0.03 0.89
House dust 15 (2.5%) 044 0.11 0.29 0.54 049 0.09 -0.07 0.88
Ragweed 50 (8.5%) 022 0.15 -0.03 0.92 -0.12  0.49 -0.09 0.76

Multiple regression models were adjusted for age, body mass index, pack-years of smoking, current smoking,
percent eosinophils, total white blood cell count and air pollutants (7-day moving average of particles less than
2.5 pm in diameter and black carbon levels). SPT+ = Positive skin prick test.

Table 5. Respiratory outcomes and methylation of repetitive elements

Alu LINE-1

B p value B p value
Model 1 (n=609) (n =605)
Self-reported asthma diagnosis -0.20 0.36 0.03 0.81
Model 2 (n=395) (n=391)
Methacholine responsiveness 0.07 0.57 0.06 0.37

Both models were adjusted for body mass index, age, pack-years of smoking, current smoking, percent eo-
sinophils, total white blood cell count and air pollutants (7-day moving average of particles less than 2.5 pwm in
diameter and black carbon levels).
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considerable amount of epigenetic programming occurs
during fetal development [27], the association between
increased Alu methylation and allergen sensitization in
this older population suggests that epigenetic changes in
later life may also be relevant for allergy. Epigenetic mod-
ifications in adulthood may occur as a result of the aging
process or due to environmental exposures. In this co-
hort, aging [28, 29], lead exposure [30], and air pollution
[31] have all been associated with a decrease in methyla-
tion of repetitive elements in DNA. In contrast, dietary
consumption of methyl donors may increase DNA meth-
ylation levels, potentially leading to an increased risk of
allergic disease. Human and animal studies of prenatal
exposures have shown a link between consumption of
high levels of folate during pregnancy and increased risk
of allergies and asthma in offspring [6, 14]. Folate con-
sumption was not associated with DNA methylation in
this cohort. However, data on folate supplementation and
DNA methylation in humans are mixed [32-34], and the
relationship between methyl donor consumption, aller-
gies and asthma in adults requires further study.

While prior allergen sensitization was associated with
increased Alu methylation in this cohort, we did not find
similar effects for total IgE levels or methacholine re-
sponsiveness. Total IgE as a marker of allergen sensitiza-
tion is much less specific than skin prick testing, which
could explain why we did not observe an effect for this
predictor. Methacholine response showed a minimal
overlap with sensitization, with only 20% of responders
demonstrating sensitization to at least one allergen. This
limited overlap may explain why a concomitant associa-
tion was not detected for methacholine responsiveness
and Alu methylation. An alternative explanation may re-
late to statistical power. Our sample size was larger for
subjects with skin prick test data (n = 591), as compared
to the number of subjects with IgE measurement (n = 469)
or methacholine responsiveness (n = 423).

Since epigenetic patterns may be influenced by cell
populations, we adjusted for the percentage of eosino-
phils, which was elevated in subjects with allergen sensi-
tization. The relationship between prior allergen sensiti-
zation and DNA methylation remained unchanged after
adjustment for the percentage of eosinophils. While sen-
sitization to any allergen was significantly associated
with increased methylation of Alu, multiple regression
models examining individual specific allergies showed
tree sensitization as the strongest predictor.

Methylation of repetitive DNA sequences like Alu and
LINE-1 may serve as a broad indicator of global DNA
methylation (with potential implications for groups of

42 Int Arch Allergy Immunol 2013;161:37-43

specific genes involved in allergy, like those in T cell dif-
ferentiation and adaptive immunity), or the repetitive el-
ements themselves may alter immune function in a way
that influences allergy. While the majority of Alu copies
are hypermethylated and therefore inactive, hypometh-
ylation (as a result of vitamin B deficiency, treatment with
medications such as 5-azacytidine, procainamide and
hydralazine, or toxin exposure) results in transcription of
Alu elements [18]. Transcripts of this transposon-derived
DNA are perceived as ‘foreign’ to the immune system and
may have immune-stimulatory capabilities. Additionally,
the unmethylated CpG-rich Alu DNA fragments could
potentially mimic the effects of bacterial CpG-rich mo-
tifs, which are known to prime the Thl response, sup-
press IgE production and initiate the release of the cyto-
kines interleukin-12 and IFN-y [35].

While this study showed a clear association between
allergen sensitization and increased DNA methylation,
there were some study limitations. The allergen sensitiza-
tion data in the cohort were collected several years prior
to DNA methylation data; therefore, we were not able to
assess the association between current allergen sensitiza-
tion and DNA methylation. While sensitization to tree
allergens seemed to drive the relationship between cur-
rent allergen sensitization and methylation, the number
of subjects within this subgroup was relatively small.
Also, our analysis was limited to older, predominantly
white men. Lastly, although methylation of repetitive ele-
ments may represent epigenetic modifications in a large
portion of the genome, the significance of these epigen-
etic markers can be difficult to interpret.

In summary, this study suggests that increased meth-
ylation of repetitive elements may be associated with al-
lergen sensitization, but not asthma, in this cohort. Fu-
ture work is needed to identify potential underlying
mechanisms for these relationships.
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