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Summary

An appropriate immune and inflammatory response is key
to defend against harmful agents present in the environ-
ment, such as pathogens, allergens and inhaled pollutants,
including ozone and particulate matter. Air pollution is a
serious public health concern worldwide, and cumulative
evidence has revealed that air pollutants contribute to epi-
genetic variation in several genes, and this in turn can
contribute to disease susceptibility. Several groups of ex-
perts have recently reviewed findings on epigenetics and
air pollution [1–6]. Surfactant proteins play a central role in
pulmonary host defence by mediating pathogen clearance,
modulating allergic responses and facilitating the resolu-
tion of lung inflammation. Recent evidence indicates that
surfactant proteins are subject to epigenetic regulation un-
der hypoxia and other conditions. Oxidative stress caused
by ozone, and exposure to particulate matter have been
shown to affect the expression of surfactant protein A (SP-
A), an important lung host defence molecule, as well as al-
ter its functions. In this review, we discuss recent findings
in the fields of epigenetics and air pollution effects on in-
nate immunity, with the focus on SP-A, and the human
SP-A variants in particular. Their function may be differ-
entially affected by pollutants and specifically by ozone-in-
duced oxidative stress, and this in turn may differentially
affect susceptibility to lung disease.
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Introduction

Over the last several decades, it has become apparent that
air pollution is a serious public health concern, ubiquitous
throughout the world. Several studies have identified a
strong link between exposure to ambient air pollution and
increased morbidity and mortality, mainly due to adverse
health outcomes, the result of pollutant-induced inflamma-
tion and oxidative stress, as well as cardiopulmonary fail-
ure [7–10]. Special attention has been put into the role of

epigenetics in mediating not only genetic and physiological
responses to certain environmental insults, but also in reg-
ulating underlying susceptibility to environmental stressors
[11, 12].
Air pollution is defined as contamination of the atmosphere
by gaseous, liquid, and/or particulate waste (or its by-
products) that can cause harm or discomfort to humans or
other living organisms, and/or cause damage to the envir-
onment. Gaseous contaminants include mainly oxides of
nitrogen, carbon and sulphur, as well as volatile organic
compounds and ozone. Particulate matter refers to a com-
plex mixture of solid and liquid small particles containing
acids (nitrates, sulphates, etc.), organic chemicals, metals,
and/or soil or dust particles that can cause serious cardi-
ovascular damage once inhaled [13]. Disease susceptibil-
ity is influenced by a number of genetic and non-genetic
factors, most of which may have a different level of impact
at different stages of life. Epigenetic mechanisms control
gene expression without affecting the DNA sequence itself,
via mechanisms that range from structural changes in chro-
matin structure (e.g., DNA methylation, histone modific-
ations) to post-transcriptional gene regulation (e.g.,
chromatin-mediated regulation of alternative splicing,
microRNA-mediated repression of gene expression)
[14–16]. Epigenetic mechanisms can change genome func-
tion under exogenous influence, and allow the stable
propagation of gene activity states among cell generations,
although this is not the case for all genes subjected to epi-
genetic changes.
A number of studies have shown that air pollutants can
cause epigenetic changes that may result in altered pul-
monary function, increased risk of respiratory infection and
lung disease [17, 18]. Innate immunity molecules and cells
in contact with the external environment through the in-
haled air, and which are also the first line of defence in re-
sponse to inhaled pollutants, pathogens and various irrit-
ants, are likely to have their function and regulation affec-
ted by air pollutants. Correlations among genetic variations
and mutations of the surfactant protein (SP) genes with
disease susceptibility or pathogenesis have been reported
[19–23], with some evidence for the lung host defence mo-
lecules SP-A and SP-D, that epigenetic changes may dif-
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ferentially alter their expression and/or function [24]. Of
interest, air pollutants such as ozone and particulate mat-
ter can influence SP-A expression and function, therefore
affecting disease susceptibility to lung infection and oth-
er health conditions [25–27]. Whether these pollutant-in-
duced changes involve epigenetic regulation remains to be
determined.

Air pollution and health outcomes

A number of contaminants from several natural and non-
natural sources are present in ambient air. These include
various biological agents, as well as particulate matter of
varied size and composition, inorganic and organic volatile
compounds such as ozone, carbon monoxide, nitrogen di-
oxide and sulphur dioxide. These are referred to as “criteria
pollutants” by the Environmental Protection Agency
(EPA), and have been shown to impact health outcomes,
including neuropsychological development in children, as
well as to increase the risk of death from all causes, af-
fecting both morbidity and mortality rates [28–31]. Pollut-
ants have also been shown to increase the risk of cardi-
ovascular and respiratory illnesses and pulmonary inflam-
mation, and to affect the susceptibility to respiratory infec-
tions, asthma, lung cancer and chronic obstructive pulmon-
ary disease (COPD) [32–34]. Moreover, air particulates,
ozone, and diesel exhaust particles are known to form re-
active oxygen species, such as superoxide anion, hydro-
gen peroxide and hydroxyl radicals, which can impair pro-
tein function, compromise immune function, exacerbate
airway inflammation and hyper-reactivity, and alter pul-
monary function, resulting in an increased incidence of
lung disease and mortality [8, 17, 35–38]. Ozone, for ex-
ample, has been shown to affect pulmonary innate immu-
nity associated with impaired host defence [35, 39, 40], in-
crease susceptibility to infection [41, 42], and alter levels of
inflammatory mediators [43] and macrophage function [41,
42, 44, 45]. Moreover, several studies have demonstrated
that many functions of the innate immune molecule SP-A
are also affected by exposure to ozone [26, 43, 46, 47].

Host defence, epigenetics and
pollution

Pollutants can affect the lung by altering its immune re-
sponse and airway inflammation. Susceptibility to air pol-
lutants differs among individuals, as exemplified by several
diseases and conditions (e.g., asthma) in which both genet-
ic and non-genetic factors seem to play a role in the indi-
vidual response to ambient air pollution [48, 49]. Epigen-
etics refers to changes in the genome that are not coded
by the genomic sequence itself, but ultimately affect the
expression of gene transcripts, and determine potentially
heritable changes in gene expression. Epigenetic modific-
ations involve changes in the DNA, by methylation of
cytosine residues located in dinucleotide CpG sites com-
monly within gene promoters, as well as modifications in
chromatin structural proteins. Acetylation and methylation
of histones results in an altered ability of the transcription-
al machinery to interact with a particular DNA sequence.
While acetylation of histones on specific lysine residues

is generally associated with gene activation, methylation
of histones can either repress or activate mRNA synthesis.
More recently, additional levels of epigenetic control have
been described at the post-transcriptional regulation of
gene expression. These include a) miRNA-mediated re-
pression of translation, by direct interaction of small non-
coding single-stranded RNA molecules (miRNAs) with the
mRNA 3’UTR, and b) regulation of mRNA splicing by
interaction of histones with specific regions of the pre-
mRNA, particularly at intron-exon junctions [16].
It was originally proposed that once established, epigenetic
modifications are maintained and inherited throughout
many generations, but recent findings have determined that
this is not the case for all genes and organisms. However,
experimental evidence in animal, plant and fungal models
has demonstrated trans-generational inheritance of epigen-
etic marks [50, 51]. In general, DNA methyltransferases
are responsible for maintaining the methylation pattern
from parental to daughter DNA strands upon cell division,
and most cells have their epigenetic marks fixed when they
differentiate or exit the cell cycle. However, in certain situ-
ations such as disease, or in normal development, these
epigenetic marks are removed and re-established in a pro-
cess noted as “reprogramming” [52]. Of all the epigenetic
modifications mentioned above, DNA methylation holds a
higher potential of being transmitted through generations,
despite the reprogramming events mentioned. It has been
demonstrated that transcriptional repression triggered by
DNA methylation is also linked to chromatin modification,
and the addition of methyl groups to DNA is coupled to
histone methylation and deacetylation [53]. Thus, histone
modifications can also be viewed as (indirectly) heritable.
It must be noted that epigenetic regulation may also indir-
ectly affect the expression of genes, by affecting the genes
that encode transcription factors and control their abund-
ance and availability to interact with regulatory sequences.
Several reviews have discussed the relationships between
epigenetics and the environment [1–6]. Some of the mech-
anisms known to trigger epigenetic changes include diet,
aging, chronic inflammation, stress, infections caused by
diverse agents, hormones and endocrine disruptors, as well
as the effects of the environment discussed above [54].
Both aging and diet have been shown to alter the general
pattern of methylation in CpG islands, and thus affect dis-
ease susceptibility. For example, hypermethylation of tu-
mour suppressor genes and some hormone receptors has
been correlated with cancer risk [55]. On the other hand,
global DNA hypomethylation has been found to occur with
the development of cancer, some autoimmune diseases,
and other age-related diseases [54]. The specific effects of
epigenetic changes in innate immunity molecules are dis-
cussed in detail in the following paragraphs.

Epigenetics and innate immunity

Epigenetic changes affecting gene expression patterns that
ultimately affect the overall immune response have already
been described [56]. These include changes in genes that
express pattern recognition receptors, signalling molecules,
cytokines and other molecules involved in both innate and
adaptive immunity processes [15, 57].
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Innate immunity refers to the initial response of nonspecif-
ic defence mechanisms triggered upon exposure to an anti-
gen. As the first line of defence, innate immunity compon-
ents are continuously subjected to and affected by environ-
mental insults. Epigenetic changes have been described in
a number of innate immunity related molecules, and correl-
ations with disease susceptibility and health outcomes have
been established. For example, dendritic cells, which are
essential components of innate immunity and in the initi-
ation of adaptive immunity, express pattern recognition re-
ceptors that aim to detect pathogen-associated molecular
patterns. These include toll-like receptors and c-type lectin
receptors that have been shown to interact with SP-A and
modulate inflammatory responses [58]. As dendritic cells
are mainly localised in tissues exposed to environmental
insults, they can be subject to epigenetic changes induced
in response to various pollutants. Such changes, via their
effects on gene expression, can affect susceptibility to in-
fection as well as other pathological challenges.

Surfactant protein A and innate
immunity

Lung alveolar type II cells synthesise and secrete pulmon-
ary surfactant, a lipoprotein complex essential for life,
whose main function is to reduce surface tension in the al-
veoli and prevent the lungs from collapsing. Some of the
surfactant proteins are important modulators of the innate
immune response, and inflammatory processes [59–61]. In
particular, SP-A, the most abundant protein of surfactant,
has been shown to enhance phagocytosis and chemotax-
is of alveolar macrophages, modulate the generation of
reactive oxygen species, induce proliferation of immune
cells, and stimulate pro-inflammatory cytokine production
[62–65].
Human SP-A is encoded by two functional genes, SFTPA1
(SP-A1) and SFTPA2 (SP-A2). Genetic variants of SP-A1
and SP-A2, consisting of single nucleotide polymorphisms
(SNPs), haplotypes, and other variations have been asso-
ciated with acute and chronic lung disease throughout life
in several populations and study groups [19, 23, 66]. Fur-
thermore, several diseases and complications are correlated
with altered SP-A protein levels and functionality. Patients
with diseases such as CF and pneumonia commonly have
reduced levels of SP-A [23, 67–70]. However very little, if
any, is known about epigenetic changes in SP-A genes or
variants that may occur preceding or during the course of
such diseases. Numerous in vitro and in vivo studies have
shown functional, structural, biophysical and biochemical
differences among the two gene products and their vari-
ants, including phagocytosis of bacteria by alveolar macro-
phages in the presence or absence of environmental pollut-
ants such as ozone [26, 59, 71].
The role of SP-A in innate immunity has been extensively
studied. SP-A has the ability to bind and agglutinate a
wide range of pathogens and allergens, including bacteria,
fungi, viruses and other non-biological antigens. Some of
the known mechanisms by which SP-A contributes to in-
nate immunity responses include a) opsonisation of specif-
ic bacteria for uptake by alveolar macrophages, b) recruit-
ment of monocytes and neutrophils to the site of inflamma-

tion, c) enhancement of pathogen-killing mechanisms such
as phagocytosis, and release of reactive oxygen intermedi-
ates, as well as nitric oxide, and d) modulation of cytokine
production. Moreover, SP-A knockout mice are more sus-
ceptible to infection and show reduced pathogen clearance,
phagocytosis by alveolar macrophages, and oxygen radic-
al production [72]. In addition, SP-A may play a role in
the transition of innate to adaptive immunity by its inter-
action with surface receptors of dendritic cells, an event
that precedes antigen presentation to lymphocytes. Wheth-
er products of differential allele expression [73], and/or
epigenetic modifications of SP-A genes [24] affect these
and other innate or adaptive immunity processes remains to
be determined. Known consequences of environmental in-
sults in SP-A expression and function, as well as the recent
discoveries of epigenetic mechanisms affecting the expres-
sion of the two SP-A genes and their variants by environ-
mental challenges, are noted below.

Epigenetics of SP-A and
environmental insults

Epigenetic mechanisms have been studied for the surfact-
ant protein genes. We have summarised the major epi-
genetic modifications that affect SP-A gene expression in
figure 1. Methylation of CpG sites located in the SP-A1
promoter is associated with lung cancer, and appears to
correlate with changes in SP-A expression [24]. Prelimin-
ary studies from our group have also found associations of
methylation of CpG sites in the SP-A2 promoter with lung
cancer. Histone acetylation and methylation at regulatory
regions of the SP-A gene promoters have been shown to
affect SP-A expression in lung cells during development
and under conditions such as hypoxia [74–76]. Moreover,
a role of miRNAs in the regulation of SP-A expression has
also been postulated [77], and alternative splicing at the
SP-A 5’UTR is a major regulatory mechanism for differ-
ential SP-A1 and/or SP-A2 variant expression [77–79]. Al-
though it remains to be determined whether epigenetic reg-
ulation of alternative splicing occurs at the 5’UTR of SP-A
mRNAs, methylation of mRNA 5’UTRs holds the poten-
tial to regulate gene expression, by yet unknown mechan-
isms. In support of this, a recent study of 450,000 cytosine
methylation sites in the human genome found approxim-
ately 200,000 CpG sites present in proximal promoters, and
25% of these were located at the 5’UTR [80].
Oxidative stress caused by exposure to ozone affects the
lower respiratory tract by causing cell damage and inflam-
mation, as well as surfactant dysfunction [81]. Exposure to
ozone significantly affects various SP-A functions, includ-
ing its ability to modulate cytokine production [46, 47] and
phagocytosis by alveolar macrophages [26]. Ozone expos-
ure negatively affects mouse survival after bacterial infec-
tion, and ozone-induced oxidation of SP-A may negatively
affect the survival outcome [82].
Environmental insults may also affect SP-A expression
(fig. 1). In vitro exposure of lung cells to particulate matter
affects the alternative splicing pattern of 5’UTR exons of
SP-A1 transcripts (our preliminary studies), and SP-A
translation, by activating cap-independent mechanisms
[25]. Moreover, infectious agents such as respiratory syn-
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cytial virus affect SP-A translation efficiency [83]. We pos-
tulate that environmental exposures affect SP-A expres-
sion, both the total and the relative levels of SP-A1 and
SP-A2. In fact, the latter has been correlated with aging and
negative health outcomes [70, 84].

Concluding remarks

In the last few years, special attention has been given to
the role of epigenetics in mediating not only genetic and
physiological responses to certain environmental insults,
but also in regulating underlying susceptibility to envir-
onmental stressors, as well as its effect on host defence.
Molecules and cells involved in lung innate immunity, giv-
en their proximity to and contact with the external envir-
onment, are likely to be the first ones to be affected by
environmental insults, via changes in their function and/or
regulation. Such changes may initiate downstream effects
and in turn may directly or indirectly modulate health out-
comes. The example with the innate host defence molecule,

Figure 1

Epigenetics and the environment on SP-A expression and function.
The effects of different environmental pollutants on epigenetics
have been extensively studied and reported [1–6]. Environmental
insults hold the potential to affect SP-A both qualitatively and
quantitatively. Epigenetic mechanisms affect SP-A expression by
altering transcription including methylation of CpG sites in the SP-A
promoters [24, 74], and modifications of histones located in the
chromatin of SP-A regulatory sequences [75, 76]), as well as
translation efficiency (miRNA-mediated repression [77]). As a
result, the relative content of SP-A1 and SP-A2 is affected, resulting
in altered immune and inflammatory responses. SP-A is also
affected by environmental insults. Oxidation of SP-A is increased
after ozone exposure [43, 47], with subsequent effects on innate
immunity and inflammatory processes and surfactant-related
functions [26, 43, 85]. An effect of particulate matter on alternative
splicing of SP-A transcripts (our unpublished data), and on
translation may also occur [25]. Particulate matter and infection with
RSV affect SP-A levels by altering translation efficiency [25, 83].
Arrows indicate published data; broken arrow indicates preliminary/
unpublished data.

SP-A, where epigenetic regulation differentially affects ex-
pression of its genetic and splice variants, points to the pos-
sibility that epigenetic mechanisms play a significant role
in the underlying mechanisms of varied susceptibilities to a
given disease.
Lung innate host defence molecules, and especially those
found with extensive genetic complexity, such as SP-A,
are likely to be key determinants of the differential down-
stream biological effects in response to environmental pol-
lutants. Pollutants may differentially affect, via epigenetic
changes or other mechanisms, the function and/or regula-
tion of different variants of innate immunity. In turn, due to
these differences in their regulation and/or function, innate
immune molecules may differentially “set the ball rolling”
as to who may be at disease risk and at what level of risk.
Future research investigating the impact of environmental
pollutants on epigenetic regulation focusing on innate im-
munity molecules with natural genetic variability is likely
to shed light on the underlying mechanisms of the basis
of individual differences in disease susceptibility. The out-
come of such studies is likely to benefit considerations of
individualised medicine.
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Figures (large format)

Figure 1

Epigenetics and the environment on SP-A expression and function. The effects of different environmental pollutants on epigenetics have been
extensively studied and reported [1–6]. Environmental insults hold the potential to affect SP-A both qualitatively and quantitatively. Epigenetic
mechanisms affect SP-A expression by altering transcription including methylation of CpG sites in the SP-A promoters [24, 74], and
modifications of histones located in the chromatin of SP-A regulatory sequences [75, 76]), as well as translation efficiency (miRNA-mediated
repression [77]). As a result, the relative content of SP-A1 and SP-A2 is affected, resulting in altered immune and inflammatory responses. SP-A
is also affected by environmental insults. Oxidation of SP-A is increased after ozone exposure [43, 47], with subsequent effects on innate
immunity and inflammatory processes [26, 43, 85]. An effect of particulate matter on alternative splicing of SP-A transcripts (our unpublished
data), and on translation may also occur [25]. Particulate matter and infection with RSV affect SP-A levels by altering translation efficiency [25,
83]. Arrows indicate published data; broken arrow indicates preliminary/unpublished data.
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