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        The emerging fi eld of epigenetics provides a new 
frontier for understanding mechanisms under-

lying well-recognized gene-environment interactions. 
Epigenetics refers to the study of heritable changes 
in gene expression, caused by chemical modifi cations 
in a chromosome, which are so termed because they 
alter the likelihood of gene transcription but do not 
change the underlying sequence. This particular 
mechanism of gene regulation is fundamental to all 
aspects of growth and development, determining the 
fl ow of genomic information in a temporal and tissue-
specifi c manner. The epigenetic program is encoded 
by specifi c histone modifi cations (methylation and 
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 Uterine life is arguably the most critical time in developmental programming, when environmen-
tal exposures may have the greatest potential to infl uence evolving fetal structure and function. 
There has been substantial progress in understanding the epigenetic mechanisms through which 
environmental exposures can permanently alter the expression of fetal genes and contribute to 
the increasing propensity for many complex diseases. These concepts of “developmental ori-
gins” of disease are being applied across virtually all fi elds of medicine, and emerging epigenetic 
paradigms are the likely mechanism behind the environment-driven epidemic of asthma and 
allergic disease. Here, we examine the epigenetic regulation of immune development and the 
early immune profi les that contribute to allergic risk. In particular we review new evidence that 
key environmental exposures, such as microbial exposure, dietary changes, tobacco smoke, and 
pollutants, can induce epigenetic changes in gene expression and alter disease risk. Although 
most of these factors have already been clearly implicated in epidemiologic studies of asthma 
and allergic disease, new studies investigating the mechanisms of these effects may provide new 
avenues for using these pathways for disease prevention.     CHEST 2011; 139( 3 ): 640 – 647  

  Abbreviations  :     IFN- g    5    interferon- g     ;    NF- k B   5    nuclear factor  k B    ;    Th   5    T helper    ;    Treg   5    T regulatory cell     

acetylation) and DNA methylation patterns, which 
determine the degree of DNA compaction and thus 
the accessibility of genes for transcription ( Fig 1 ). In 
addition to histone modifi cations and DNA methyla-
tion, there are also other gene regulatory networks, 
including microRNAs, small interfering RNAs, and 
long noncoding RNAs, all of which serve to control 
gene expression.  1   However, these are distinct from 
epigenetic traits as it is unclear whether these pro-
cesses are transmittable across generations. During 
cellular differentiation, these networks selectively 
alter the patterns of gene expression to allow consid-
erable cellular diversity while the DNA code remains 
unchanged. In a general sense the epigenetic code 
provides plasticity of gene expression in response to 
environmental changes, allowing more rapid pheno-
typic adaptations across generations. As develop-
mental changes are most profound during embry-
onic and fetal life, this is also arguably when the 
epigenetic program is most vulnerable to environ-
mental changes. Given that these modifi cations are 
reversible and sensitive to environmental factors, 
they provide a mechanistic link between environmen-
tal exposures, developmental programming, and risk 
for disease.     
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 In the context of asthma and allergic disease, a sub-
stantial body of work suggests a link between epige-
netic gene regulation, immunity, and physiologic 
development. Around the turn of this century, cel-
lular immune studies described a role for histone and 
DNA methylation changes in the control of cellular 
immune development.  2 , 3   The increasing rates of early 
childhood allergy led to the novel hypothesis that 
environmental changes can promote allergic predis-
position through epigenetic effects on gene expres-
sion, and that this begins in fetal life.  4   Since then, 
epigenetics has become the cornerstone in the quest 

to understand the “developmental origins” of complex 
modern diseases, such as asthma and allergy.  5 , 6   

 It has already been established that maternal expo-
sures, such as cigarette smoke, can modify both fetal 
lung development  7   and fetal immune function,  8   con-
tributing to an increased risk of subsequent asthma 
and respiratory disease.  9   Other important intrauter-
ine exposures, including the maternal diet  10 , 11   and 
microbial exposures,  12   are also known to modify the 
risk of allergic disease in the offspring. Recent studies 
now show that these prenatal exposures (diet, micro-
bial infections, tobacco smoke, and other pollutants) 

  
 Figure 1.      A, Transcriptionally active chromatin contains a subset of modifi cations listed in B and 
is accessible to DNA polymerase. C, Condensed chromatin contains a different subset of these 
modifi cations, and the DNA is transcriptionally silent. A combination of modifi cations to histone tail 
domains together with DNA methylation will determine the conformation, and these are not mutually 
exclusive.    
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can epigenetically activate or silence immune-related 
genes with substantial effects on immune program-
ming.  7 , 13 - 16   These new studies provide a novel frame-
work to understand the mechanisms by which the 
environment infl uences developmental and immune 
programming and determines the risk for subsequent 
disease. The new hope is that these pathways may 
also provide a foundation for targeted early interven-
tions to prevent disease.  

 Developmental Programming, Epigenetics, 
and Immune Function 

 There is now substantial evidence that early immune 
development is altered in children affected by asthma 
and allergic diseases. These alterations lead to dys-
regulated immunity characterized by a defi ciency 
of interferon  g  (IFN- g ) production,  17 , 18   altered 
innate immunity,  19   and deficient T regulatory cell 
(Treg) networks,  20   which culminate in a propensity 
for uncontrolled T helper (Th) 2 immune responses. 
These dif ferences are evident at birth,  21 , 22   suggest-
ing that prenatal factors may be particularly impor-
tant in alternatively programming neonatal immu-
nity. There is now conclusive evidence that immune 
development is epigenetically regulated. These 
mechanisms are known to control both Th1 and 
Th2 cell differentiation  2 , 3   and are also a prerequi-
site for FoxP3 expression and Treg differentiation.  23   
There is, therefore, growing interest in exposures 
during pregnancy that can activate or silence these 
genes and alter the balance of neonatal immune 
responses. 

 During pregnancy, complex immunologic mecha-
nisms have evolved to allow the fetal and maternal 
immune systems to coexist. The maternal cellular 
immune system adapts subtly during pregnancy to a 
“Th2 state” to down-regulate Th1 IFN- g  cell-mediated 
immune responses to fetal antigens.  24 , 25   This is achieved 
by the suppression of fetal IFN- g  production via 
hypermethylation (gene silencing) of the  IFNG  gene 
promoter in CD4 1  T cells at the maternofetal inter-
face.  3   FOXP3 1  cells are also attracted to the mater-
nofetal interface  26   by human chorionic gonadotro-
phin, and recent studies now provide preliminary 
evidence that the  FOXP3  gene is expressed at lower 
levels in the placentas of allergic women (and allergic 
infants) (S. L. Prescott, MD, PhD; A. Osei-Kumah, PhD; 
T. Richman, BSc; D. Martino, BSc; J. A. Dunstan, PhD; 
M. K. Tulic, PhD; et al, unpublished data, February 
2010). 

 Neonatal immunity refl ects these maternal events, 
with reduced Th1 function and relative dominance of 
Th2 activity, with underlying epigenetic changes 
driving these patterns of gene expression.  27   This has 
fueled speculation that factors that increase gene 

methylation may increase the risk of disease by silenc-
ing pathways (Th1 and Treg differentiation) that nor-
mally inhibit Th2 allergic differentiation and pro-
pensity for allergic airways disease.  28     

 Early Events and Epigenetic Regulation of 
Airway Development 

 Asthma and allergic respiratory disease are the cul-
mination of both local epithelial dysfunction and gen-
eralized Th2 atopic propensity. Although systemic 
proclivity for allergy is a major contributor to allergic 
airways disease, there is accumulating evidence that 
local mucosal expression of disease occurs through 
independent processes in Th2-predisposed individ-
uals. Local epithelial-mesenchymal interactions are 
now believed to play a critical role in asthma patho-
genesis,  29   and a number of early life infl uences are 
believed to contribute to abnormal local tissue func-
tion in response to infl ammation ( Fig 2 ).     

 In the antenatal period, maternal environmental 
exposures have the capacity to infl uence lung devel-
opment. There is very strong evidence that maternal 
smoking in pregnancy has adverse effects on fetal 
lung development and asthma risk.  9 , 30   This includes 
increased responsiveness to methacholine, smooth 
muscle layer thickness, and collagen deposition. Altered 
DNA methylation patterns have been observed in 
several genes in buccal cells from children exposed in 
utero to tobacco smoke, which may be a likely mech-
anism for increased risk for disease.  9   Similarly, mater-
nal infections and the use of antibiotics have been 
associated with an increased risk for allergic airways 
disease,  31   as have specifi c aspects of maternal diet,  11 , 14   
maternal stress levels,  32   and exposure to pollutants,  15   
all of which have been associated with epigenetic 
changes (as discussed in the “Specifi c Environmental 
Exposures Can Modify Epigenetic Programming and 
Susceptibility to Allergic Airways Disease” section). 

 After birth, environmental exposures also infl uence 
local events in the developing airways. Viral infection, 
particularly with respiratory syncytial virus, is one of 
the strongest postnatal associations with asthma.  33   
Wheezing lower respiratory infection in the fi rst year 
of life is a strong risk factor for asthma at 6 years of 
age in both nonatopic (OR, 4.1;  P   ,  .0005) and atopic 
(OR, 9.0;  P   ,  .0005) children.  34   This strongly suggests 
that viral-induced lower airway infl ammation during 
the early period of postnatal development can have 
profound long-term effects that are more marked 
than effects of infl ammation at later ages. 

 Currently there is very little evidence about whether 
early-life infection with respiratory syncytial virus is 
associated with epigenetic changes that might predis-
pose to the development of a systemic Th2 immuno-
logic profi le. There is some evidence that adenoviral 

Downloaded From: http://publications.chestnet.org/ on 02/02/2014



CHEST / 139 / 3 / MARCH, 2011  643www.chestpubs.org

infections increase the expression of infl ammatory 
genes via surface coat proteins, which are capable 
of interacting with histone modifi ers,  35   and play a 
role in the pathogenesis of COPD.  36   In general, infec-
tion with viral agents has also been associated with 
DNA methylation events in the host.  37   Although 
the development of better animal models will clarify 
the issue, it is likely that early viral infections may 
induce epigenetic changes in infl ammatory pathways, 
which synergize with allergen sensitization, to con-
tribute to the development of a Th2-biased asthmatic 
phenotype.  38     

 Specifi c Environmental Exposures Can 
Modify Epigenetic Programming and 

Susceptibility to Allergic Airways Disease 

 Environmental changes that have been epidemio-
logically linked with the allergy epidemic, including 
microbial burden,  39 , 40   dietary changes,  41 , 42   and envi-
ronmental pollutants,  15 , 43 , 44   have also been shown to 
have effects on fetal gene expression and immune 
function.  8 , 10 , 45 , 46   Moreover, emerging epigenetic effects 
of these exposures  7 , 13 , 14 , 16 , 47   provide a new mechanism 
for the observed effects on gene expression. These 
new fi ndings suggest that these exposures can induce 

stable epigenetic changes in gene expression, which 
can be passed to offspring and subsequent genera-
tions ( Fig 2 ).  

 Maternal Diet in Pregnancy 

 Modern dietary changes appear to be providing 
less tolerogenic conditions during early immune pro-
gramming and may also provide important avenues 
for preventing disease. Modern diets differ in many 
aspects from more traditional diets, with more pro-
cessed and synthetic foods and less fresh fi sh, fruits, 
and vegetables. These changes in nutrients have been 
implicated in the increase in asthma and allergic dis-
ease, including the decline in polyunsaturated fatty 
acids,  10   soluble fi ber,  48   antioxidants,  49   and other vita-
mins,  50   based on recognized immunologic effects as 
well as epidemiologic associations. 

 In one of the fi rst epigenetic models of allergic 
disease, the role of folic acid in the pathogenesis 
of asthmatic airways disease has recently come to 
the forefront. This model was based on the capacity 
of folate to epigenetically modify gene expression 
through its role as a dietary methyl donor for DNA.  51   
Supplementation of pregnant mice with a high-folate 
diet resulted in altered gene methylation patterns 

  

 Figure 2.      Complex gene-environmental interactions modify gene expression and phenotype during 
early development. PUFA  5  polyunsaturated fatty acid.    
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and decreased transcriptional activity in the lung 
tissue of progeny mice with increased airways hyper-
reactivity, airways eosinophilia, and production of 
chemokine and infl ammatory macrophage proteins.  14   
One of the genes implicated was runt-related tran-
scription factor 3, which several independent studies 
have indicated has a protective role in airways disease 
through the induction of FOXP3 1  Tregs.  52   This has 
been followed by reports in humans  53 , 54   linking folic 
acid supplementation during pregnancy with increased 
risk of asthma and respiratory disease in infants. How-
ever, until this is confi rmed and the mechanisms 
more closely studied it is premature to make changes 
in the current practice aimed at using folate to prevent 
neural tube defects. This highlights the urgent call 
for more studies in this area. These studies should be 
considered in the context of other related dietary nutri-
ents, such as vitamins B2, B6, B12, methionine, and 
choline, which may also be implicated through their 
effects on folate-mediated one-carbon metabolism.   

 Microbial Exposure In Utero 

 Although postnatal exposures are recognized as the 
largest source of direct microbial exposure to the 
developing infant, it is becoming clearer that the 
epigenetic infl uences of bacteria begin in utero. In 
humans, exposure to a high microbial burden in rural 
farming environments is protective against asthma 
and allergy.  40   New studies show that nonpathogenic 
microbial strains ( Acinetobacter lwoffi i ) isolated from 
these farming environments can induce epigenetic 
effects when administered to pregnant animals and 
protect the offspring from experimental postnatal 
asthma (H. Renz, MD, personal communication, May 
2010). This effect depends on increased expression of 
IFN- g  mediated by an increase in H4 acetylation of 
the IFN- g  promoter. Notably, these effects were abol-
ished by inhibition of histone acetylation following 
garcinol treatment. Human studies also show that 
allergy protection by in utero microbial exposure is 
associated with enhanced neonatal Treg function, 
FOXP3 expression, and associated epigenetic effects 
(demethylation) of the  FOXP3  gene.  16   Based on these 
and other observations, it has been recently proposed 
that microbial exposures may epigenetically modify 
the patterns of immune gene expression during crit-
ical periods of early development and contribute to 
allergic predisposition.  47     

 Exposure to Tobacco Smoke and Air Pollutants 

 Oxidative stress produced by exposures such as 
cigarette smoke and air pollution can have signifi -
cant epigenetic effects by altering nuclear factor  k B 
(NF- k B) activation or by histone modifi cation and 

chromatin remodeling of proinfl ammatory genes. As 
a potent source of oxidative stress, cigarette smoke 
contributes to reduced histone deacetylase activity, 
which results in differential activation of NF- k B and 
the expression of proinfl ammatory cytokines IL-6 
and IL-8 in peripheral lung tissue.  55   NF- k B is ubiqui-
tous in cells and can induce histone modifi cations 
that activate or silence infl ammatory genes and other 
signal-transduction pathways. In pregnancy, the induc-
tion of infl ammatory genes can infl uence placental 
function and fetal programming.  56   Oxidative stress 
from traffi c exhaust particles can also have epigenetic 
effects in pregnancy. Studies in mice demonstrated 
that exposure to diesel exhaust particles augmented 
the production of IgE following allergen sensitization 
( Aspergillus fumigatus ) through hypermethylation of 
 IFNG  and hypomethylation of the  IL4  locus.  15   Of 
note, Perera et al  57   recently reported that high levels 
of maternal exposure to traffi c particles correlate with 
methylation of the acyl coenzyme A synthetase long-
chain family member 3 and with the development of 
asthma symptoms in children.   

 Ingested Persistent Organic Pollutants With 
Epigenetic Effects 

 Organic products of industry and agriculture (includ-
ing polychlorinated biphenyl compounds, organo-
chlorine pesticides, dioxins, and phthalates) contami-
nate modern homes, food, clothing, and water sources, 
accumulating in human tissue with age. Although 
they have immunosuppressive effects at high doses 
in humans,  58   low levels of contamination may more 
selectively inhibit Th1 immune responses  59   and favor 
allergic Th2 immune responses through their “estro-
genic” hormonal activity. Some of these products 
have been readily measured in breast milk, cord 
blood, and placental tissue, highlighting the potential 
to infl uence early development. 

 Notably, many of these and other contaminants 
have more recently been associated with epigenetic 
effects (reviewed in Reference  60 ), including effects 
on global DNA methylation patterns at the low-dose 
exposure found in the ambient environment.  61   We 
have recently measured persistent organic pollutants 
(particularly organochlorine pesticides) in 94% of 
adipose samples from mothers undergoing caesarean 
section and 62% of breast milk samples.  62   Although 
we observed that levels have declined since the 1970s, 
this does not exclude a role in the intervening increase 
in allergic disease, particularly since the effects may 
not be apparent for several generations. This is a dif-
fi cult area to study in humans, in whom only correla-
tive studies are possible, but these “modern” expo-
sures should remain an important consideration in 
the increase of modern diseases.   

Downloaded From: http://publications.chestnet.org/ on 02/02/2014



CHEST / 139 / 3 / MARCH, 2011  645www.chestpubs.org

 Other Factors That May Modify Early Gene 
Expression and Disease Risk 

 In the context of asthma and allergic disease, the 
maternal phenotype is particularly important as a 
well-recognized risk factor for infant disease. Mater-
nal asthma and allergic status has a much stronger 
effect than paternal allergy on both allergic disease 
and Th1 IFN- g  production by the neonate.  63   We have 
also shown that maternal allergy modifi es immune 
interactions between mother and fetus and reduces 
Th1 activation to the human leukocyte antigen mis-
match of fetal alloantigens.  64   This may affect the cyto-
kine milieu at the maternofetal interface and could 
be implicated in the attenuated Th1 responses com-
monly observed in infants of atopic mothers. Fore-
seeably, the increase in maternal allergy may also be 
amplifying the effect of other environmental changes. 

 Many other changes in the intrauterine environment 
can have direct effects on placental gene expression 
and potentially phenotypically modify the offspring. 
Preeclampsia, corticosteroid use, and stress have 
been all associated with epigenetic changes in gene 
expression, placental immune function, growth retar-
dation, and congenital defects.  32   Maternal stress has 
an important role in placental gene expression since 
adrenal glucocorticoid production through the hypo-
thalamic-pituitary-adrenal axis modulates inflam-
matory gene expression, with recognized effects on 
glutathione metabolism and DNA methylation.  32 , 65   
Infl ammatory disease during pregnancy can also alter 
placental immune function through cortisol produc-
tion in a sex-specifi c manner.  66   Our recent studies 
also indicate that early induction of innate infl am-
matory genes in the neonate (including IL-1 b  and 
tumor necrosis factor  a ) is strongly related to the 
subsequent development of allergic disease.  67   These 
inflammatory mediators, which are important for 
immune programming, induce histone modifi cations 
and may be responsible for alternatively program-
ming neonatal immunity.    

 Concluding Remarks 

 Effective prevention strategies are the ultimate goal 
in reversing the allergy epidemic. This will require a 
better understanding of environmental drivers, tar-
get genes, and mechanisms of early life immune pro-
gramming. Preliminary studies strongly suggest that 
early events can have a defi ning infl uence on subse-
quent immune development and allergic suscepti-
bility, and that many of these effects are mediated by 
epigenetic modifi cations. Emerging epigenetic para-
digms in allergic disease are likely to provide further 
novel insights into the mechanisms and pathways 
through which the early environment can be har-

nessed to modify immune development and prevent 
allergic disease.     
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