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ABSTRACT

Epigenetics is defined as those inheritable
changes occurring in gene expression, without actu-
al modification in the genic DNA sequence. Epige-
netic factors are chemically stable, potentially re-
versible, and can be modulated or induced by
environmental factors. In the case of allergic disease,
epigenetics could explain not only the discordances
observed between monozygous twins but also phe-
nomena such as incomplete penetrance, variable ex-
pression, gender and progenitor effects, and spo-
radic cases. In this sense, the hypothesis of hygiene
is of great relevance in that it integrates genetic and
epidemiological data in the context of environmental
exposures.

Among the different epigenetic factors, mention
must be made of DNA methylation, covalent histone
modifications, and other mechanisms that include
different protein complexes and RNA-mediated mod-
ifications. The regulatory effect of these phenomena
upon immune response has important implications
for allergic diseases. At present, different lines of
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pharmacological research are being conducted,
based on the modulation of epigenetic factors, mod-
ifying expression of the genes that encode for pro-
teins implicated in allergic processes. Among such
modulators, mention can be made of antisense
oligonucleotides, ribozymes and interference RNA.
The applications of epigenetics to the diagnosis and
treatment of allergic disorders offer a very promising
future of this specialty.
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INTRODUCTION

Monozygous twins have the same genetic com-
position, with the exception of minor replication er-
rors that may occur during embryonic development’.
In contrast, dizygous twins have only 50 % of their
genetic composition in common. However, pheno-
typic differences have been described in genetically
identical individuals, and historically have been at-
tributed to environmental factors. Given the difficul-
ty of controlling environmental factors in humans,
and the bias seen in epidemiological studies, experi-
mental models have been developed in animals, in-
volving controlled environments. These studies have
shown that monozygous mice developing in one
same controlled environment occasionally also pre-
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sent phenotypic differences. In fact, it is believed
that only 30 % of the observed variability can be
explained by environmental factors, and that the re-
maining 70 % must be due to a third factor? current-
ly attributed to epigenetics. In this context, epi-
genetics is defined as those inheritable changes
occurring in gene expression, without actual modifi-
cation in the genic DNA sequence.

There are few transcription factors capable of ex-
plaining all cell characteristics. In fact, epigenetics
could account for incomplete penetrance and variable
expression, as well as those limitations that cannot
be explained by the DNA sequence alone. Epigenet-
ics could help identify the molecular effects of envi-
ronmental factors. In the case of allergic disease, epi-
genetics could explain not only the discordances
observed between monozygous twins —and which in
the case of asthma reach 25 % — but also phenomena
such as incomplete penetrance, variable expression,
gender and progenitor effects, and sporadic cases®.

In this sense, different interpretations compare
epigenetics with a system for reproducing the infor-
mation “stored on tape” (DNA in this case), or with
computer software used to access information
stored on a hard disc (represented in this case by
DNA). In sum, the difference between genetics and
epigenetics could be compared with the difference
between writing and reading a book. The text (genet-
ic information) is the same in all copies of the book,
though its interpretation will depend on the way and
on the emotions with which the reader actually reads
to book. In this way, the genotype would not deter-
mine a single development but rather a reaction pat-
tern responding differently according to the environ-
mental conditions?.

In this dialogue between genetic and environmen-
tal factors, the hypothesis of hygiene is of great rele-
vance in that it integrates genetic and epidemiologi-
cal data in the context of environmental exposures.
In this way, it has been postulated that both family
position and size, and the so-called western life style
condition allergic response. The increase in risk of al-
lergic disease associated with the absence of infec-
tions, the change in intestinal flora, and increased
pollution, or the reduction in risk associated with the
absence of vaccines or with certain dietary aspects,
contribute to reinforce these interactions. On the oth-
er hand, the rapid increase over the last 30-40 years*
in the incidence of allergic diseases cannot be ex-
plained by an increase in number of diagnoses made,
and the time elapsed in turn is not considered suffi-
cient to allow for changes in the corresponding ge-
netic markers. An explanation is needed that can in-
tegrate the genetic effects and the environment in a
time frame consistent with the epidemiological data®.

Genetic information is encoded for by DNA, which
is compacted within the cell nucleus, associated to
proteins, forming chromatin. From the cellular per-
spective, heterochromatin is dense, inaccessible to
enzyme action and presents few active genes, while
in contrast euchromatin is an open structure, acces-
sible to enzymes and with transcriptionally active
genes. A number of epigenetic mechanisms control
and regulate modifications in chromatin, making it
more or less accessible to transcription actors, and
thus contributing to determine the level of expres-
sion of different genes.

A very important phenomenon in epigenetics is
selective DNA inactivation — a process known as ge-
nomic imprinting. Such imprinting can be interpreted
as the functional difference observed in certain
genes depending on their maternal or paternal origin,
after undergoing different “labeling” during gamete
genesis. This phenomenon could help explain prog-
enitor influence upon the expression of certain aller-
gic disorders.

The epigenetic factors that intervene in these
processes are chemically stable, yet potentially re-
versible, and modify the phenotype without affecting
the genotype. They can be inherited, but at the same
time can be modulated or induced by environmental
factors. Among the different epigenetic factors, men-
tion must be made of DNA methylation, covalent his-
tone modifications, and other mechanisms that in-
clude different protein complexes and RNA-mediated
modifications.

DNA METHYLATION

DNA methylation is an epigenetic mechanism al-
lowing the regulation of transcription via the addition
of methyl groups to carbon 5 of the nucleotide cyto-
sine. It is the most frequent covalent modification of
DNA, and has been referred to as the prima donna
of epigenetics®. This methylation process is carried
out via the enzyme DNA (cytosine 5) methyl-trans-
ferase EC 2.1.1.37 (DNMT).

DNA methylation takes place in CpG regions
known as islands. These are regions with at least
500 base pairs that contain over 55 % of C and G nu-
cleotides®. Such regions are basically located at the
5’-terminal.

The genotype of practically all cells in the body is
the same, with the exception of the gametes and
some immune cells. During cell differentiation, inher-
itable epigenetic factors control the genomic func-
tions. During subsequent mitotic divisions, other
modifications controlled by stochastic epigenetic fac-
tors can take place.
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A methylation pattern has been described that
varies during cell maturation — the pattern becoming
consolidated as the gametes mature. After fertiliza-
tion, DNA methylation takes place. This DNA re-
mains hypomethylated during the first weeks of em-
bryonic development until de novo methylation
occurs.

The methylation processes prevent transcription
factor binding and at the same time favor the bind-
ing of transcription inhibiting proteins. The degree of
activation of a given gene is generally dependent
upon its degree of methylation”.

COVALENT HISTONE MODIFICATIONS

Chromatin is structured within the cell nucleus in
units called nucleosomes, composed of histone oc-
tameres around which the DNA is coiled. The his-
tones conforming these octameres are H2A, H2B,
H3 and H4. From the structural perspective, histones
have different characteristics in terms of their num-
ber of amino acids and the concentration of the latter
(particularly lysine and arginine), and which condition
the different post-translational modifications.

These modifications are found in the lateral chains
and fundamentally comprise acetylation, phosphory-
lation and methylation — though other reactions have
recently also been reported, such as ubiquitination
and sumoylation. The different modifications in turn
have different effects upon transcription factor ac-
cess to the DNA. As an example, histone acetylation
would tend to increase such accessibility®, while
deacetylation (produced by histone deacetylases,
HDAc) would close the structure®. A hypothesis has
been proposed, postulating the existence of a his-
tone code. The combination of histone modifications
conforms the so-called epigenome.

OTHER EPIGENETIC MECHANISMS

Among the different epigenetic mechanisms,
mention must be made of those mediated by protein
complexes. Studies in lower organisms have de-
scribed different protein complexes with epigenetic
effects, such as the Polycomb/Trithorax complex'®,
which act through DNA recognition sequences called
PREs (Polycomb Response Elements). Other protein
complexes such as SWI/SNF'" act through ATP hy-
drolysis, altering chromatin structure and giving rise
to rotation phenomena secondary to partial nucleo-
some disruption.

Another important mechanism comprises RNA-
mediated epigenetic modifications. Among the
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multiple types of RNA, mention should be made of
siRNA™, or small interfering RNA molecules. These
are double strand molecules that silence recog-
nized sequences via excision, among other mecha-
nisms.

All these described processes do not act isolated-
ly but in an inter-related manner. Thus, methylated
DNA would recruit HDAc through proteins with do-
mains for binding to methylated CpG, in a complex
integration system that has not yet been fully eluci-
dated.

TH1/TH2 REGULATION

A clear example of how epigenetic factors modu-
late cell expression can be found in the immune sys-
tem. CD4+ cell activation to form Th1 or Th2 cells
after antigen exposure is characterized by the secre-
tion of INFy or IL-4, respectively’. The Th1 cells pro-
duce INFy to facilitate late immune responses’, to
promote isotype change of the B cells towards the
production of complement-fixing IgG2 antibodies,
and to provide protective immunity against intracellu-
lar pathogens®. On the other hand, Th2 cells produce
IL-4, facilitating an isotype change towards the pro-
duction of IgG4 neutralizing antibodies and IgE asso-
ciated to allergic processes. In turn'®, these cells reg-
ulate Th1 response and afford protection against
extracellular pathogens'®.

Apart from other factors, differentiation towards
Th1 or Th2 is fundamentally dependent upon the cy-
tokines of the cellular microenvironment in which the
naive CD4+ cells are activated. In this context,
Th1 cells require the mediation of IL-12, while the
Th2 cells require IL-4"7. Th2 response is regulated by
transcription factor GATAS3, which is activated by
STAT6. The latter in turn is activated by stimulation of
the IL4R receptor in the naive CD4+ cells'®. It has
been suggested that epigenetic changes of the
genes that encode for cytokines may facilitate selec-
tive accessibility®.

In Th2 response, the increase in GATAS expres-
sion is implicated in the modifications experienced
by the gene encoding for IL-4, such as DNA methy-
lation and histone acetylation?°. These phenomena
would increase |L-4 transcription factor accessibility.
In addition, IFNvy silencing would result from DNA
methylation and histone deacetylation?'.

Together with the genes that intervene in the
Th1/Th2 response mechanisms, it is important to
consider the mechanisms that regulate the genes
that encode for proteins related to respiratory path-
way remodeling, such as ESE-3, ADAMS33 and
SPINKS.
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ENVIRONMENTAL FACTORS

As has been commented above, environmental
factors are able to regulate these epigenetic
changes. These factors include diet. In this sense, it
has been reported that folic acid and vitamin B12 in-
fluence the availability of methyl groups and co-fac-
tors for the formation of S-adenosylmethionine,
which is essential for de novo DNA methylation. It
also has been shown that fish oil-rich diets could in-
duce epigenetic effects. Other important factors are
the characteristics of the living environment??, con-
tact with animals, the administration of certain drugs,
or aging®. The information on the epigenetic mecha-
nism possibly underlying the relationship between
such factors and allergic diseases is still limited, how-
ever.

Different techniques are used to study epigenetic
factors, including bisulfite pretreatment for differenti-
ation of the methylated sequences, or proteomic
methods such as bidimensional electrophoresis —
which allows the detection of differences in the pro-
tein expression pattern of different cells. The new
technologies such as microarrays in turn allow simul-
taneous analysis of a great number of sequences -
thus facilitating the characterization of methylation
patterns.

EPIGENETICS AND TREATMENT

At present, one of the most important applications
of epigenetics is found in the therapeutic setting.
Modifications in dietary habits have been postulated
as mechanisms of epigenetic modulation. In addi-
tion, inhibitors of both DNMT and of HDAc have
been described as possible therapeutic agents with
applications in oncology, aging and transplantation. In
allergic disease, a number of therapeutic approach-
es have been described™. On one hand, treatments
have been designed to modify the expression of
genes that intervene in allergic processes, while on
the other hand genetic modifications of allergen ex-
pression have been described — specifically in the
context of food allergies. These modifications are de-
signed to reduce the allergenic character of such al-
lergens.

Current treatments such as beta-adrenergic re-
ceptor agonists, corticoids, or antileukotrienes are
used to reduce the manifestations of allergic disor-
ders without eliminating the underlying cause. How-
ever, modulation of the epigenetic factors would fo-
cus on expression of the genes directly implicated in
the physiopathology of such diseases. In this con-
text, one of the main mechanisms applied to the

treatment of allergic disorders is based on the use
of so-called antisense oligonucleotides (AS-ONs)'2.
These are composed of 15-25 nucleotides conform-
ing a single strand that can activate RNases or block
ribosomes — thus avoiding the expression of con-
crete genes. At present, different molecular modifi-
cations are used to improve their effectiveness.

The problem facing the use of such molecules in
therapeutics is the absence of a specific experimen-
tal model of allergy — a situation that complicates
their evaluation. In allergic pathology, studies are be-
ing made of inhalatory antisense oligonucleotides,
which are effective at lower doses, due to the ad-
ministration route involved. A number of drugs that
act against the A1 adenosine receptor are also in the
trial phase, while others are targeted to GATA3%4,
IL4RA, VLA4 or TNFa.

Other molecules being evaluated for the treat-
ment of allergic disorders are ribozymes and deoxyri-
bozymes, elaborated with genetic engineering tech-
nigues, and that splice RNA at specific sites, thereby
altering its expression’®. In this sense, ribozymes
against ILb, NFkB and ICAM-1 are being tested.

Lastly, the small interfering RNA molecules (siR-
NA) commented above are small double-strand RNA
molecules that act by incorporating silencing com-
plexes to selectively control the expression of certain
genes. Adequate selection of the genes targeted for
selective control is one of the keys to the success of
treatments of this kind.

To summarize, in the words of Denise Barlow, epi-
genetics “has always been all what is strange and
marvelous, and which cannot be explained by genet-
ics”. In effect, epigenetics opens extraordinary per-
spectives in the diagnosis and treatment of allergic
diseases.
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