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Abstract

Allergic asthma remains an inadequately understood disease. In utero exposure to environmental 

tobacco smoke (ETS) has been identified as an environmental exposure that can increase an 

individual's asthma risk. To improve our understanding of asthma onset and development, we 

examined the effect of in utero ETS exposure on allergic disease susceptibility in an asthmatic 

phenotype using a house dust mite (HDM) allergen-induced murine model. Pregnant C57BL/6 

mice were exposed to either filtered air or ETS during gestation, and their offspring were further 

exposed to HDM at 6-7 weeks old to induce allergic inflammation. To quantify DNA methylation, 

methylation in the promoter regions of allergic inflammation-related genes and genomic DNA was 

analyzed. Exposure to HDM resulted in the onset of allergic lung inflammation, with an increased 

presence of inflammatory cells, Th2 cytokines (IL-4, IL-5, and IL-13), and airway remodeling. 

These asthmatic phenotypes were significantly enhanced when the mice had been exposed to in 
utero ETS. Furthermore, prenatal ETS exposure and subsequent HDM (ETS/HDM)-induced 

asthmatic phenotypes are in agreement with methylation changes in the selected asthma-related 

genes, including Il-4, Il-5, Il-13, Ifn- γ, and Foxp3. Global DNA methylation was significantly 

lower in ETS/HDM exposed mice than that of controls, which coincides with the results observed 

in lung, spleen, and blood DNAs. Prenatal ETS exposure resulted in a severe increase in allergic 

inflammatory responses after an HDM challenge, with corresponding methylation changes. 
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Prenatal ETS exposure may influence developmental plasticity and result in altered epigenetic 

programming, leading to an increased susceptibility to asthma.
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Introduction

Asthma is the most common chronic disease in children. According to the American 

Academy of Allergy, Asthma & Immunology, more than 300 million individuals are affected 

globally, and that number is predicted to increase by over 100 million before the year 2025 

[Bloemen et al. 2007]. Allergic asthma starts in early life and is thought to arise as a result of 

aberrant T helper (Th) cell responses to noninfectious environmental antigens. In particular, 

the symptoms of asthma are associated with the presence of activated Th2 cytokine-

producing cells (IL-4, IL-5 and IL-13) and eosinophils in the airways, leading to airway 

hyperreactivity (AHR), mucus hypersecretion, and smooth tissue remodeling [Robinson et 

al. 1992; Kay et al. 1997; Wills-Karp et al. 1998; Wills-Karp 2004; Mitchell et al. 2011]. 

Exposure to a variety of environmental triggers has been shown to modify risk for asthma 

development; however, these factors do not independently explain the cause of asthma 

[Karmaus et al. 2013]. Furthermore, asthma continues to have a complex and poorly 

understood etiology, involving both genetic and environmental factors. Therefore, discovery 

of preventable factors and the underlying mechanisms that exacerbate asthma are important 

for mitigating the health burden of this childhood disease.

Extensive evidence has shown that environmental tobacco smoke (ETS) exposure is a major 

public health concern that can lead to poor respiratory health in children. In particular, early 

life ETS exposure has been associated with development of asthma-related outcomes in 

children and adults [Singh et al. 2003; Singh et al. 2011]. Several epidemiologic and 

experimental studies have found associations between prenatal tobacco smoke exposures and 

greater frequency or severity of adverse health effects such as asthma, mental health 

disorders, and cardiovascular diseases [Hales and Barker 2001; McKeever et al. 2002; Mone 

et al. 2004; Selgrade et al. 2013; Leung et al. 2015]. These findings of an association 

between specific prenatal exposures and increased risk of poor health outcomes led to the 

“fetal and early origins of adult disease hypothesis” that proposes prenatal or early postnatal 

environmental exposures influence developmental plasticity and result in altered 

programming, thus leading to increased susceptibility to a variety of complex diseases 

[Dolinoy et al. 2007].

Epigenetic regulation offers a plausible mechanistic explanation, in addition to gene-

environment interactions, for some of the molecular events linking early exposures with later 

disease. Evidence suggests that maternal smoking is transmissible from mother to fetus and 

causes in-utero exposures that may alter the epigenetic programming of genes related to 

allergic asthma, thereby increasing susceptibility to allergic diseases [Patil et al. 2013; 

Breton et al. 2014; Maccani and Maccani 2015]. However, there are a limited number of 
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studies examining adverse immune responses to in utero ETS exposure; supporting animal 

data confirming the role of epigenetics as an underlying mechanism are also limited. We 

previously demonstrated that in utero ETS exposure leads to an increased risk of pulmonary 

inflammation and AHR through epigenetic alterations in offspring. It has also been shown 

that in utero ETS exposure can induce allergen-associated hypersensitivity reactions [Lee et 

al. 2015]. However, additional studies examining the impact of in utero ETS exposure and 

subsequent environmental exposure to asthma triggers later in life are still needed to fully 

elucidate the etiology of asthma.

In this study we aimed to examine epigenetic changes induced by in utero ETS exposure and 

subsequent environmental exposure to asthma triggers and further determine their 

relationship to an increased susceptibility for developing allergic inflammation and asthma. 

To this end, we utilized a house dust mite (HDM) allergen-driven murine model to examine 

the capacity of in utero ETS exposure to induce epigenetic alterations in the promoter 

regions of asthma-related genes as well as in genomic DNA methylation patterns, 

consequently predisposing the offspring to a greater risk of developing asthma.

Methods

Animals

C57BL6 mice (Harlan Laboratories, Indianapolis, Indiana) were used in this study, and all 

mice were maintained in pathogen-free conditions in the animal facility at either the 

University of California-Davis (UC-Davis) or the University of Montana (UM). All 

experiments were performed according to the guidelines of the National Institutes of Health 

and approved by the University of Montana Institutional Animal Care and Use Committee 

(IACUC).

Breeding and ETS Exposure

ETS exposure was carried out in the Center for Health and the Environment's animal 

facilities at UC–Davis. The project consisted of mating 2 female mice paired with 1 male 

mouse/cage to create a timed-pregnant exposure scenario. Twelve female and 6 male mice 

were used for breeding. Following confirmation of a vaginal plug, 6 female mice were 

exposed to either filtered air (FA) or ETS throughout gestation as previously described [Lee 

et al. 2015]. Figure 1 indicates a timeline of this study's design. In brief, control group 

timed-pregnant mice were exposed to FA only for 24 hours 7days/week for the duration of 

the study. For the ETS-exposed group, timed-pregnant mice were exposed daily to a 

concentration of approximately 1 mg/m3 of tobacco smoke for 6 h/day. Research cigarettes 

(3R4F, University of Kentucky) were burned at a rate of two cigarettes every 10 minutes 

with a puff volume of 35 mL over 2 seconds, once per minute. Both sidestream and 

mainstream cigarette smoke were collected via a chimney and passed to a dilution and aging 

chamber to achieve the target concentration of ETS (1.02 ± 0.03 mg/m3). The carbon 

monoxide and nicotine levels were 6.08 ± 0.23 ppm and 240 ± 60 μg/m3, respectively, and 

the average temperature was 70 °F.
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Once the dams gave birth, the dams and pups were exposed to FA only until weaning and 

then shipped to UM via air. Upon arriving at UM, the dams and offspring were given time to 

adjust to their new environment. The litter size (6.5 vs 6.7, mean for FA- and ETS-exposed 

dam, respectively) and sex-ratio (19:20 vs 19:21, Male:Female for FA and ETS, 

respectively) were not significantly different between the groups, and ETS exposure did not 

induce any spontaneous losses in mice. The FA and ETS groups were separated from the 32 

offspring to receive HDM or PBS inoculations.

HDM exposure

An HDM murine model of acute airway disease was used to investigate the effect of prenatal 

ETS exposure on increased risk or exacerbation of Th2-mediated pulmonary and airway 

inflammation. An HDM allergen extract in sterile PBS (30 μl) was used for installations. 

Dermatophagoides pteronyssinus (DerP, Greer, NC), which is well-known to elicit an 

allergic response, was administered intranasally over a period of two weeks. Young male 

offspring were lightly anesthetized with isofluorane 6–7 weeks after birth and then 

sensitized with HDM allergen extract (100 μg) or PBS alone (control) on day 0, followed by 

challenge with the allergen (25 μg) or PBS on days 7 and 14. On day 16, mice were 

harvested for bronchoalveolar lavage (BAL) fluid and tissues collection.

Lung, spleen, blood, and BAL fluid preparation

Two days after the last HDM exposure, mice were euthanized with an intraperitoneal 

injection of 0.1 mL pentobarbital euthanasia solution and tissues harvested. BAL fluid, 

whole lung, spleen, and blood were collected for analysis of allergen-induced pulmonary 

inflammation and epigenetic studies.

Cell differential counts and measurement of Th2 cytokines

BAL was performed (3 × 0.5 ml PBS) to collect BAL fluid for analysis. BAL fluid was 

centrifuged; a cell differential count was conducted, and the supernatants were used for 

cytokine analysis.

Cytospin preparations were performed on 5 × 104 BAL fluid cells after staining the cells 

using a Hema 3 Staining system (Fisher Scientific, Houston, TX), which is comparable to 

the Wright-Giemsa-protocol. Cell differential percentages were determined by light 

microscopic evaluation of stained cells and expressed as absolute cell numbers.

Meso Scale Discovery (MSD) was used to detect cytokines, which is similar to ELISA but is 

based on MULTI-ARRAY® technology, a proprietary combination of 

electrochemiluminescence detection and patterned arrays. The MSD Mouse V-Plex Pro-

Inflammatory Panel 1 (MSD) was used and cytokines IFN-γ, IL-4, and IL-5 were measured. 

IL-13 was measured in the BAL fluid using the Quantikine ELISA kit (R&D, Minneapolis, 

MN) according to the manufacturer's protocol.

Lung histology

Lungs from mice were fixed, sectioned, and stained as previously described [Ferrini et al. 

2013]. In brief, lung tissue was fixed in 4% paraformaldehyde and embedded in paraffin 
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using a Shandon Citadel tissue processor (Thermo Fisher Scientific, Pittsburgh, PA). 

Microtome sections were cut at 5-mm thickness and stained with H&E using a Shandon 

Varistain 24–4 (Thermo Fisher Scientific).

DNA preparation

DNA was extracted from lung, spleen, and blood from offspring mice according to the 

manufacturer's protocol included with the DNeasy Blood & Tissue Kit (Qiagen, Valencia, 

CA). Purified DNA was processed by bisulfite treatment using the EZ DNA Methylation™ 

Kit (Zymo Research, Irvine, CA) for Pyrosequencing assay.

Gene-specific methylation

Pyrosequencing assay was used for selected gene-specific methylation analysis. Gene 

specific murine primers were designed for Ifn-γ, Foxp3, Il-4, Il-5, and Il-13 using PyroMark 

Assay Design 2.0 software (Qiagen) as previously described [Lee et al. 2015]. Gene regions 

were located using NCBI and GenBank. Table 1 shows the information of each gene and its 

location of amplification.

PCR amplification of the bisulfite converted DNA was conducted and PCR reactions were 

performed using Pyromark PCR Kit (Qiagen) with cycling parameters consisting of 

denaturation at 95°C for 5 min, and 45 cycles of 95°C for 30 s, 51-53°C for 30 s, 72°C for 

30 s and a final extension of 72°C for 5 min, with the annealing temperature varying slightly 

for each gene-specific primer set. Pyrosequencing was conducted using a PyroMark Q96 

MD instrument (Qiagen), with subsequent quantification of methylation levels determined 

by the PyroMark-CpG software (Qiagen).

Global DNA methylation by luminometric methylation assay (LUMA)

Global DNA methylation was determined using LUMA [Karimi et al. 2006a]. A 400 ng total 

DNA sample from lung and spleen was cleaved by a methylation sensitive restriction 

enzyme (HpaII) and its methylation insensitive isoschizomer (MspI) in parallel reactions. 

Additionally, EcoRI was included in all reactions to normalize the amount of DNA input as 

previously described [Karimi et al. 2006b]. After the digestion step, the extent of cleavage 

was quantified by bioluminometric polymerase extension via pyrosequencing (Pyromark 

Q96 MD, Qiagen). The percentage of 5-methylcytosine (5-mC) was calculated using the 

HpaII/MspI ratio. Samples were analyzed in technical duplicates and each plate included a 

positive, negative, and water control.

Global DNA methylation by 5-mC quantification

We also determined global DNA methylation levels in lung and blood using ELISA-based 

Methylflash™ Methylated DNA Quantification Kit (Colorimetric) (Epigentek, Farmingdale, 

NY), which measures the 5-mC content as a percentage of total cytosine in DNA samples. 

The assay was performed in duplicate according to manufacturer's instructions with 100 ng 

total DNA. The 5-mC in DNA was detected using capture and detection antibodies and then 

quantified colorimetrically by reading the absorbance at 450 nm in a microplate 

spectrophotometer. The percentage of 5-mC in genomic DNA was calculated using the 

following formula: 5-mC % = [(OD sample – OD negative control) / (2* × slope × input DNA 
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amount)] × 100. A methylated polynucleotide containing 50% 5-mC was used as a positive 

control, and a factor of 2 was used to normalize 5-mC in the positive control to 100%.

Statistical analysis

Statistical analyses involved comparison of means using an unpaired t-test for parametric 

scale level endpoints and a two-tailed Mann-Whitney U test for subjective ordinal level 

endpoints. A 2-way ANOVA was used in cases where there was more than 1 variable using 

the Tukey test. Bonferonni post-hoc analysis was done comparing multiple variables using a 

2-sided test; statistical power was greater than 0.8. Statistical significance was defined as a 

probability of type I error occurring at less than 5% (P < 0.05). Graphics and analyses were 

performed on PRISM 5.0.

Results

In utero ETS increases the susceptibility of airway and pulmonary inflammation

We determined the effects of in utero ETS exposure and subsequent inhalation of HDM 

allergen or PBS on the inflammatory response and Th2 and Th1 cytokine production in the 

airways of young offspring mice. Eosinophil influx into the airways was greater in prenatal 

ETS-exposed mice that were subsequently exposed to HDM allergen (ETS/HDM) than in 

FA-exposed mice challenged with HDM alone (FA/HDM) (Figure 2). There was a 

significant increase in the number of eosinophils after allergen inhalation (94278 +/- 6277 

for ETS/HDM vs. 59546 +/- 2153 for FA/HDM, p<0.001); however, no significant 

differences in the number of lymphocytes, macrophages, or neutrophils were observed 

between ETS/HDM-exposed offspring and FA/HDM-exposed offspring. ETS exposure 

alone (ETS/PBS) did not induce any increase in the number of eosinophils in the BAL fluid.

Levels of cytokines IL-4, IL-5, IL-13, and IFN-γ in the BAL fluid were measured to 

determine susceptibility to allergic inflammation after prenatal ETS and/or subsequent HDM 

allergen exposures. As shown in Figure 3, ETS/PBS did not affect Th2 cytokine levels; 

however, production of the Th2 cytokines IL-4, IL-5, and IL-13 (p<0.05) was significantly 

higher in the airways of ETS/HDM exposed mice than that of FA/HDM exposed mice. In 

contrast, levels of the Th1 cytokine, IFN-γ, in the BAL fluid were not significantly affected 

by ETS/HDM exposure. These results suggest that prenatal ETS increases the susceptibility 

of Th2 inflammation elicited by allergen inhalation, but not Th1 inflammation, in the young 

offspring mice.

Lung histological analysis using H&E staining revealed that HDM allergen-exposed mice 

have more pronounced pulmonary inflammation (Figure 4C) than controls (FA/PBS) (4A) or 

ETS/PBS-exposed mice (4B). Mice exposed to ETS/HDM showed higher levels of 

pulmonary inflammation than that of other groups (4D).

Prenatal ETS enhances gene-specific and global DNA methylation changes

To confirm the Th2 bias observed in the immunological experiments, methylation levels in 

the promoter regions of asthma-related genes and genomic DNA were assessed. In this 

study, Il-4, Il-5, Il-13, Ifn-γ, and Foxp3 genes were selected based on their key role in 
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asthma; in particular, genes associated with Th2 polarization and differentiation (IL-4, IL-5 
and IL-13) [Kumar et al. 2009; Ho 2010] or its regulation (Foxp3 and IFN-γ) [Zhu et al. 

2004; Lloyd and Hessel 2010; Nadeau et al. 2010; Breton et al. 2012] were examined.

There were no significant effects from ETS/PBS exposure on Il-4 methylation levels 

compared to the FA/PBS group (71.11% ± 3.28 vs. 71.52% ± 1.89, respectively, p=0.79). 

However, there was a borderline significant difference between Il-4 methylation in the 

FA/HDM group and the FA/PBS-exposed group (68.98% ± 2.63 vs. 71.52% ± 1.89, 

respectively, p=0.08). When the offspring mice were exposed to ETS/HDM, Il-4 was 

hypomethylated to a greater extent than that observed in the FA/HDM group (65.35% ± 2.88 

vs. 68.98% ± 2.63, repectively, p=0.04) (Figure 5A).

As shown in Figure 5B, Il-5 displayed a trend in hypomethylation after prenatal ETS and/or 

HDM exposures, but no significant differences were observed in methylation levels between 

FA/PBS and ETS/PBS or FA/PBS and FA/HDM. However, there were borderline significant 

differences in Il-5 methylation between ETS/PBS and ETS/HDM (84.77% ± 0.81 vs. 

84.03% ± 0.42, respectively, p=0.07), as well as between FA/HDM and ETS/HDM (84.50% 

± 0.46 vs. 84.03% ± 0.42, respectively, p=0.09).

Hypomethylation in Il-13 was significantly greater in the ETS/PBS exposed group than that 

of the FA/PBS group (93.90% ± 0.64 vs. 95.01% ± 1.01, repectively, p=0.04), while 

FA/HDM exposure did not result in a significant change in Il-13 hypomethylation. Il-13 
methylation levels were significantly less in offspring mice exposed to ETS/HMD than those 

of mice exposed to ETS/PBS or FA/HDM only (ETS/HDM: 92.06% ± 1.29 vs. ETS/PBS: 

93.90% ± 0.64 or FA/HDM: 93.83% ± 1.23, p=0.01 or p=0.03, respectively) (Figure 5C).

Hypermethylation of Ifn-γ, a Th1 gene, was significantly greater in the FA/HDM group than 

that of the FA/PBS control (72.90% ± 0.53 vs. 71.03% ± 1.43, respectively, p=0.01). Further, 

hypermethylation of Ifn-γ was significantly higher in offspring mice exposed to ETS/HDM 

than that of offspring mice exposed to FA/HDM (74.98% ± 2.12 vs. 72.90% ± 0.53, 

respectively, p=0.04) (Figure 5D).

Foxp3 showed similar patterns in methylation changes to those of Ifn-γ. As shown in Figure 

5E, ETS/PBS exposure induced a borderline significant increase in hypermethylation of 

Foxp3 over that of the FA/PBS group (78.71% ± 2.18 vs. 80.45% ± 2.30, respectively, 

p=0.07). Foxp3 hypermethylation was significantly higher in offspring mice exposed to 

ETS/HDM than that of offspring mice exposed to FA/PBS (82.27% ± 2.89 vs. 78.71% 

± 2.18, respectively, p=0.03) (Figure 5F).

Figure 6 shows global methylation changes in lung, spleen, and blood DNAs after prenatal 

ETS and/or subsequent HDM allergen exposures. Global hypomethylation in offspring mice 

exposed to prenatal ETS and/or HDM allergen was significantly higher than that of FA/PBS 

offspring mice in lung tissue DNAs (Figure 6A). Global DNA hypomethylation in spleen 

DNAs shows similar patterns to that in lung tissue DNAs (Figure 6B). Furthermore, global 

methylation levels were determined in blood to ascertain whether global methylation could 

be used as a biomarker of exposure in a more easily accessible tissue; therefore, we further 

determined global DNA methylation in lung and blood DNAs by quantifying 5-Mc. As 
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shown in Figure 6C and D, methylation levels in mice exposed to ETS/HDM were 

significantly lower than in those exposed to FA/PBS.

Discussion

Allergic asthma is a chronic disease that is increasing in diagnoses each year, especially 

among children [Eder et al. 2006]. Epigenetic changes have been suggested as a possible 

mechanism for this debilitating disease that is exacerbated after multiple exposures to 

allergens or environmental pollutants, especially ETS and HDM [Begin and Nadeau 2014]. 

In particular, HDM allergen exposure results in the onset of allergic lung inflammation, with 

increases in Th2 cytokines and inflammatory cells, airway remodeling, and AHR [Jaffar et 

al. 1999; Grunstein et al. 2005]. The HDM experimental murine model of asthma has been 

shown to closely approximate the disease process in human asthmatics [Hammad et al. 

2002; Plantinga et al. 2013]. Therefore, we utilized an HDM allergen-driven murine model 

of asthma to determine epigenetic changes and examine their relationship to an increased 

susceptibility for developing allergic inflammation and asthma in response to in utero ETS 

exposure for a better understanding of allergic asthma etiology.

In general, the two types of inflammatory responses, Th1 and Th2, are in balance; however, 

environmental exposures may shift the response toward either Th1 or Th2 dominance 

[Berger 2000]. It has been demonstrated that DNA methylation is a potential mechanism 

underlying the establishment and maintenance of Th1 and Th2 lineages [White et al. 2002; 

Jones and Chen 2006]. For allergen-induced asthmatic and allergic symptoms, Th2-

polarizing responses are exacerbated via demethylation of Th2 cytokine genes and 

hypermethylation of Th1 cytokines [van Panhuys et al. 2008; Kumar et al. 2009; Brand et al. 

2012]. Therefore, we also investigated methylation levels of the Th1 cytokine, IFN- γ, as 

well as the transcription factor of regulatory T (Treg) cells, Foxp3.

Our results show that exposure to HDM allergens induces allergic asthmatic phenotypes, 

including Th2 bias, eosinophilia, and pulmonary inflammation in mice. These asthmatic 

phenotypes were significantly enhanced when the mice had been exposed to in utero ETS. In 

particular, the number of eosinophils and production of the Th2 cytokines, IL-4, IL-5, and 

IL-13, elicited by HDM allergen were significantly increased in the BAL fluid of prenatally 

ETS-exposed mice, illustrating their increased susceptibility to asthma. The increased IL-4, 

IL-5, and IL-13 cytokine levels were consistent with the cell differential data, showing 

significantly increased production of eosinophils and pulmonary inflammation (Figures 2-4). 

These ETS/HDM-induced asthmatic phenotypes were also in agreement with methylation 

changes observed in selected asthma-related genes, including Il-4, Il-5, Il-13, Ifn- γ, and 

Foxp3, which were all epigenetically regulated [Miller and Ho 2008; Wang and Pinkerton 

2008; Ho 2010]. Furthermore, several studies support our observations that epigenetic 

regulation is altered with environmental exposure and affects various cellular functions that, 

in turn, may lead to asthma pathogenesis and susceptibility.

IL-4 plays an important role in naïve T-cell differentiation and Th2 polarization during an 

allergic response. Some human studies have concluded that naïve CD4+ T cells are 

hypermethylated at the 5′ end of the IL-4 gene as well as in the intergenic IL-4/IL-13 
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region. It was found that after Th2 differentiation, these regions were demethylated, 

suggesting an increase in gene expression [Lee et al. 2002]. These altered methylation 

patterns can affect how the naïve CD4+ T cells differentiate. In addition, Il-4 
hypomethylation in the present study (Figure 5A) suggests that transcription of Il-4 is 

increased in response to ETS/HDM exposure that, in turn, increases expression of IL-4 and 

corresponds with our immunological data showing significant increases in IL-4 cytokine 

production. These data illustrate that ETS/HDM exposure illicits irregular epigenetic 

programming with greater susceptibility to Th2 polarization and an allergic phenotype.

Methylation patterns of Il-13 were similar to those of IL-4 following exposures. IL-13 

cytokine levels were higher in the ETS/HDM group than those of the other groups (Figure 

5C), and this increment was in agreement with the significant hypomethylation observed for 

Il-13. IL-13, which is secreted by type-2 innate lymphoid cells, is essential to the 

development of allergic inflammation [Spits and Cupedo 2012], including mucus metaplasia 

and AHR [Wills-Karp 2004]. Furthermore, IL-13 is involved in the development of fibrosis 

and lung injury by skewing macrophage differentiation towards the M2-type [Mills et al. 

2000]. Several studies have reported a substantial link between lung macrophages and 

airway eosinophilic inflammation and remodeling in asthma [Mautino et al. 1999; Moon et 

al. 2007], as well as development of severe asthma [Yang et al. 2012].

IL-5 is a key cytokine for Th2 polarization and induces eosinophil activation, which acts as a 

central regulator of allergic inflammation in a manner similar to IL-4 and IL-13. Differences 

in the methylation levels among treatment groups were borderline significant, which may be 

explained by our experimental conditions. Th2 cells, as well as master cells, are known to 

produce IL-5 [Roediger et al. 2015]; since we measured methylation levels of Il-5 from the 

whole lung tissue DNAs, our results may have been attenuated.

We observed significant hypermethylation of Ifn- γ in mice challenged with HDM, an effect 

that was further increased in offspring mice exposed to ETS/HDM. Ifn- γ hypermethylation 

exacerbates the Th2-polarizing responses, causing down-regulation of IFN- γ. IFN- γ is 

thought to be highly regulated early in life and methylation alterations of IFN- γ are known 

to play a role in its expression, especially in allergic disease [Jones and Chen 2006; White et 

al. 2006]. Unsurprisingly, we did not see measurable production of IFN- γ in the BAL fluid 

from any of the exposure groups.

Hypermethylation of Foxp3 was also observed after ETS/HDM exposure (Figure 5E). Foxp3 
is a transcription factor for the development and function of Treg cells [Fontenot et al. 2003; 

Nadeau et al. 2010], which are a subset of CD4+ T lymphocytes and play a key role in 

controlling the immune response [Sakaguchi et al. 2001; Xystrakis et al. 2006]. Recent 

studies have shown epigenetic regulation of the Foxp3 gene [Fontenot et al. 2003; Lal et al. 

2009]. Stable expression of Foxp3 is essential to normal Treg function [Huehn et al. 2009]. 

Hypermethylation of Foxp3 and consequent decreases in the expression of Foxp3 may 

impair Treg function, and this may lead to immunosuppression of Th2 cells and increased 

levels of the Th2 cytokines IL-4 and IL-13 [Nadeau et al. 2010]. Kohli et al. also reported 

similar results, showing that exposure to second hand smoke is associated with significant 
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hypermethylation and decreased expression of IFN- γ and Foxp3 in children [Kohli et al. 

2012].

In the present study, we observed significant global hypomethylation after prenatal ETS 

and/or HDM exposures, an effect that was exacerbated in mice exposed to ETS/HDM 

(Figure 6). Breton et al. also showed prenatal maternal smoking-related effects on global 

methylation among children [Breton et al. 2009]. Several studies reported loss of global 

DNA methylation in response to inflammation and oxidative stress [Baccarelli et al. 2009]. 

In addition, global DNA hypomethylation is associated with development of several chronic 

diseases [Jones and Baylin 2002; Komatsu et al. 2012]. Therefore, the altered global 

methylation as well as lung histology data in the present study suggest that ETS/HDM 

exposure may increase the likelihood of a severe asthma phenotype and further affect the 

lung environment over the long-term. Furthermore, the global DNA methylation data within 

the lung and/or spleen allow for a better understanding of disease development. Accessibility 

to lung and spleen tissues in population studies is limited; therefore, methylation levels in 

blood DNA were examined as a viable biomarker for exposure and disease development. 

Our data show that global DNA methylation changes occur in the lungs after ETS/HDM 

exposure, and those changes correlate with DNA methylation changes in blood.

Epigenetic patterns are altered according to the specific cell type; therefore, a limitation of 

our study is the use of DNA extracted from whole lung tissue, which may not be 

representative of the actual methylation levels of specifice promoter regions. Furthermore, 

we confirmed our methylation data by determining the levels of protein production 

(cytokines) rather than gene expression levels; therefore, our results should be interpreted 

with caution. Finally, we only used male mice aged approximately 9-10 weeks in our 

experiments for the sake of simplicity, which is another limitation of this study. Therefore, 

larger studies using mice of various ages and both sexes will be needed to confirm our study 

results. Despite these limitations, our study presents the first evidence that prenatal exposure 

to ETS might alter methylation patterns of selected genes, and this programing contributes to 

and increases asthma susceptibility when offspring are challenged with allergens later in life. 

In addition, epigenetic mechanisms such as DNA methylation are reversible, and 

modifications could potentially be used as a therapeutic approach for treating asthma. 

Therefore, our study may provide useful information to prevent or potentially treat asthma 

among children.

Conclusions

Prenatal ETS exposure resulted in a severe increase in the allergic inflammatory response in 

offspring challenged with HDM, corresponding with methylation changes. These data 

suggest that in utero ETS exposure may influence developmental plasticity and result in 

altered epigenetic programming, leading to an increase in susceptibility to asthma.
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Figure 1. 
Experimental model and timeline.
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Figure 2. 
Cell differential counts in BAL fluid after prenatal ETS and/or subsequent HDM exposure 

expressed as total cell number of lymphocytes (LYM), eosinophils (EOS), macrophages 

(MAC), and neutrophils (NEU). The number of eosinophils significantly increased after 

ETS/HDM exposure, illustrating an asthmatic response. Data are means ± SEM n=3. *** p 

< 0.001.
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Figure 3. 
Measurement of cytokine production in the BAL fluid after prenatal ETS and/or subsequent 

HDM exposure. FA/PBS group is the double control group. IL-4, IL-5, and IL-13 levels are 

significantly higher in the ETS/HDM-exposed group than that of the FA/HDM group. IFN-γ 
was at baseline levels for all groups. Data are means ± SEM n=6. * p < 0.05.
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Figure 4. 
Lung tissue histology from prenatal ETS-exposed and FA-exposed mice after HDM allergen 

or PBS (control) challenge. There is a moderate increase in pulmonary inflammation in 

young FA/HDM- and ETS/HDM-exposed mice. Representative pictures for each group. A: 

FA/PBS, B: ETS/PBS, C: FA/HDM, D: ETS/HDM
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Figure 5. 
Epigenetic alterations in the promoter regions of selected genes after prenatal ETS and/or 

subsequent HDM exposure. Data are means ± SEM n=6. * p < 0.05, ** p<0.01.
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Figure 6. 
Global DNA methylation in lung, spleen, and blood DNAs after prenatal ETS exposure and 

subsequent HDM challenge using LUMA and 5-mC quantification. Data are means ± SEM 

n=3-6. * p < 0.05, ** p<0.01.,*** p<0.001
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Table 1

Primer sequences and PCR conditions used for Gene-specific Methylation analysis

Target (Gene ID) Primer Sequence (5′-3′) Annealing Temp (°C) PCR product (bp)

IL-4 (16189)

Forward AGGGGTTTTTATAGTAGGAAGTAG 51.9 178

Reverse CCCCCCTTTTTTTTTAAATCTACAAa

Sequencing AGATTTTTTTGATATTATTTTGTT

IL-5 (16191)

Forward GAGGGGGGGATAAAAAAGAAGa 50.6 144

Reverse ATCCACATTTACACTCCATTCTAATT

Sequencing AAATTTCTCTTTAAAAATTATACA

IL-13 (16163)

Forward GTTAGTATTGGGTTGGTTGTTTAGGA 51 237

Reverse ATTATCTAAAAACCACATCTTTACTCATa

Sequencing GTTGGTTGTTTAGGAG

IFN-γ (15978)

Forward AATGGTGTGAAGTAAAAGTGTTTTTAGA 53.4 108

Reverse AAAATTTCCTTTCCACTCCTTAAACTCTCa

Sequencing ATGGTATAGGTGGGTA

Foxp3 (20371)

Forward TTGTTTATTTTGGGTATTAATTGTGT 52 231

Reverse TTTTACCCCTAAACTACACTTAACCCTTTTa

Sequencing ATTTTGGGTATTAATTGTGTT

a
Biotin-labeled primer
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