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INTRODUCTION

% variety of terms are used to define the substance that stimulates an atopic reaction. Which
words are used depends on the terms chosen to denote the sensitivity (1). In the context of a
zeneral immunological reaction, the triggering substance is called an antigen. In modern
sage, an antigen is any substance that induces a state of sensitivity and/or resistance as a
“esult of coming into contact with appropriate tissues of an animal body (2). The observed
~equence—exposure to substance, latency period, manifestation of substance-specific sensiti-
zation upon reexposure to substance—is characteristic of immunological memory, and
:ndicates that B cells and/or T cells are involved.

In 1923, Coca and Cooke coined the word “atopy” to describe a type of sensitized state
3); through the intervening years, the term subsequently has been defined as an adverse
‘mmune reaction involving immunoglobulin E (IgE). The term “allergen” has been used to
define the substance that induces specific IgE antibodies; exposure can be by inhalation,
ingestion, tactile contact, or by injection. Thus, allergens are defined in terms of the body’s
response to them. Interestingly, not all individuals have a demonstrable IgE response to
“known” allergens. That there is a genetic basis for atopic predisposition has been recognized
tor nearly a century (4). Ultimately, the response to an allergen is complex and influenced by
the interplay of multiple factors: characteristics of the host (including genetic susceptibility),
the environment, and physical properties of the allergen itself (5). Although we choose to
define an allergen as an antigen that will induce and interact specifically with IgE, the
differences between allergens and antigens are blurred. The question therefore arises as to
whether all antigens can be allergens under the proper conditions.

PROPERTIES OF AN ALLERGEN/ANTIGEN/IMMUNOGEN

An operationally defined antigen (i) shows immunogenicity (i.e., a capacity to establish a state
of sensitivity and/or stimulate the formation of corresponding antibody) and (ii) reacts
specifically with the responding tissue and /or those antibodies (2). The two properties are not
always associated. If immunogenicity is observed, the molecule responsible is more broadly
defined as an immunogen. Immunogenicity is not an inherent property of a molecule as is
molecular weight. Haptens (low molecular weight compounds, such as drugs) are not
immunogenic in and of themselves, but do possess/contain antigenic epitopes (6). In the
proper context, such as may exist after a hapten has covalently bound to a larger protein,
the hapten-protein complex taken up and processed by an antigen-presenting cell, and the
hapten/antigenic epitope presented in the context of MHC (cell surface antigens of the major
histocompatibility complex)—they produce and react specifically with the corresponding
antibodies that were formed against hapten-protein complexes. A molecule acts as an antigen
whenever an organism’s immune system recognizes it; if that recognition results in
identification as “foreign,” the immune system responds to it. Thus, a molecule might
function as an antigen in one organism but not in another. This chapter is primarily concerned
with molecules recognized as antigens by the humoral system of humans.

Normally, antigen recognition by both T and B cells is required for elicitation of humoral
immunity. B-cell recognition, and eventual specific antibody response, is directed toward a
unique surface region of the antigen. B-cell epitopes are conformational and generally have a
surface area of 500 to 1000 A” (7,8). The antibody’s antigen-binding region, composed jointly by
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variable regions of the light and heavy chains, is called the “paratope” and forms a tightly
fitting complementary surface with the antigen’s B-cell epitope. The juxtapositioning of
charges and hydrophobic mountains or valleys within epitope and paratope produces the free
energy for the binding reaction. The precise fit of the two surfaces excludes most of the
hydration water, tightening the complex (9). Because the antibody is directed toward a specific
epitope, it will recognize another antigen if it carries the same or a very similar epitope. This is
the basis for observed cross-reactivity between antigens (10,11). The surface of an antigen
represents a quilt of putative epitopes (12). How many of those putative epitopes dominate the
antibody response varies from case to case (8,11). The structure and position of dominating
epitopes are being described for an increasing number of protein antigens (13). To date, the
prediction of allergen cross-reactivity has mainly been based on protein homology (i.e., linear
sequence data).

Next, consideration must be given to the function of antibodies in general and those
specifically involved in interaction with allergens (14). The most important feature for an
antibody is its ability to recognize an antigen and to form a complex with its target epitope. The
function of an antibody to allergen is thought by many to arm an antibody receptor situated on
effector cells, such as mast cells, and wait for the antigen/allergen to come and cross-link the
receptors. It is the cross-linking reaction that an allergen, in general, must accomplish. For that
purpose an allergen must carry at least two suitably separated epitopes, allowing the molecule to
form a bridge. One epitope might be enough for the functioning of an antigen, but it is probably
not for an allergen. For some purified allergens, the antibody response is predominantly toward
three to four dominant epitopes (15). Both the IgG and IgE responses in the same sensitized
individual recognize the same epitopes (16). From a receptor aggregation point of view, a
favorable topography of epitopes would probably contribute to the potency of an allergen. One
might argue that the necessary high affinity of antibody would limit the inherited libraries
capable of producing such antibodies and thus restricting some antigens to become allergens.
Although IgE affinities toward allergens are exceptionally high, nonallergic individuals are able
to mount an equally high-affinity response of IgG to the same allergens acting in this case as
antigens (15). Thus, high affinity by itself is not a necessary step toward atopy. In addition, in
skin test negative clinically allergic people, lower-affinity antibodies can act in allergic reactions
(17,18). Affinity is correlated to the ability to cross-link receptors (19). Thus, high affinity is
correlated with the strength of atopic reactions, but achieving that affinity scems not to be the
limiting factor in characterizing allergens among antigens.

The necessity of link formation of two separated epitopes might also induce a lower limit
in molecular weight where crowding on small surfaces could limit a cross-linking activity.
Studies of Amb a 5 reveal that at least three epitopes are present on that 2500 MW protein (16).
How much smaller it can go without the necessity of dimerization or polymerization of the
putative allergen is not known; it is likely, however, that the probability of finding an antigen
with allergenic properties is lessened at the lower molecular weight.

For antigens to act as allergens, they must elicit T-cell-dependent responses and be able
to form at least two, preferably three or four, spatially separated epitopes. This establishes
some lower molecular weight limit and raises the question of whether the majority of T-cell-
dependent antigens become allergens. They certainly have the ability, but whether they
become an antigen depends on circumstances (20). A series of investigations of allergy-prone
families found that although the tendency to be sensitive to allergens was inherited, the choice
of allergens among antigens seemed to be totally random. Clinically, there was no correlation
between the type of specific allergen sensitivity seen in the mother or father versus the
children. Thus, all antigens encountered fulfilling the two criteria above may become allergens
by a purely random process (21).

The sea of molecules acting as allergens is organized and named according to a schema
proposed by World Health Organization/International Union of Immunologic Societies
(WHO/IUIS). The molecules are labeled by the first three letters of the genus and the first letter
of the species they are isolated from, and then by an Arabic numeral indicating the sequence of
isolation. Der p 1is the first isolate from Dermatophagoides pteronyssinus, a house-dust mite. The
distinction between major and minor allergens is a functional classification; in current usage, a
major antigen is one to which >50% of allergic patients react.

Antigens/allergens are generally proteins, glycoproteins, or lipoproteins of plant or
animal origin. Many of the major allergens (including those from mites, animal danders,
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oollens, insects, and foods) have been cloned and sequenced (22). For many of these, the three-
Zimensional structure is also now known; either because it has been directly visualized via
crvstallography or has been modeled, that is, the structure is inferred on the basis of sequence
~omology with other, solved, antigens. It does not appear that these molecule types can be
divided into allergic/atopic or nonallergic/non-atopic on an a priori structural reason (23).
Antigens are derived from proteins with a variety of biological functions, including proteases,
rathogenesis-related proteins, seed storage proteins, ligand-binding proteins, lipid-transfer
ocroteins, calcium-binding proteins, and other structural proteins; in toto, they have been
:dentified as coming from more than 120 distinct protein families (24-26). However, the
majority of the plant and animal allergens are clustered within just a few of these families (24).
Classification of allergens into groups with structural similarity may help predict cross-
reactivity or may provide other useful information (10). For example, biological function, such
as the proteolytic enzyme allergens of dust mites, may directly influence the development of
[gE responses (i.e., via direct cleavage of CD23 from the B-cell surface, thus inhibiting negative
teedback regulation) (27). This same antigen might directly initiate inflammatory responses in
the lung, such as those associated with asthma (28,29). An antigen’s intrinsic structural or
biological properties may also influence the extent to which it persists in the indoor and
outdoor environments or retains its allergenicity while within the digestive tract (30).

In the future, structural biology and proteomics may continue to enable the identification
of motifs, patterns, and structures of clinical and immunological significance.

ALLERGEN: ROUTE AND AMOUNT OF EXPOSURE

Exposure to allergen is typically necessary to develop an allergic IgE immune response.
However, the presence of cross-reacting antibodies as well as autoantibodies may complicate
the picture. The skin and mucosal surfaces, present in upper and lower respiratory tract, GI
tract, genital tract, and mammary glands, are the body’s barriers to encounters with allergens
and other environmental factors. The presence of these barriers safeguards the internal milieu
by keeping foreign items out. First, they act as physical barriers and thus prevent penetration
of high molecular antigens; Schneeberger reported that the molecular weight cutoff above
which nasal and alveolar membranes are impermeable is between 40,000 and 60,000 Da (31).
Next, the skin and mucosal barriers are the first sites of contact with the innate and adaptive
immune systems, both of which are involved in the defense of the body.

The innate immune system is the host defense mechanism that is encoded in the germ-
line genes of the host (32). It involves barrier mechanisms such as the epithelial cells layers,
secreted mucus layers, and epithelial cilia; soluble proteins and bioactive small molecules in
biological fluids, that is, complement and defensin, released from cells (cytokines, chemokines
and bioactive amines and enzymes); as well as cell surface receptors that identify by binding
molecular patterns expressed on the surfaces of invading microbes and other foreign
substances. Innate mucosal defense consists of many soluble and cellular elements, including
complement, secretory leukocytes, protease inhibitors, surfactant protein, defensin, mucins,
slatherin, lactoferrin, cystatins, lysozyme, mannose-binding lectin, thrombospondins, and
collectin, as well as secretory agglutins.

The adaptive system exhibits specificity for its target antigens. It is based primarily on the
antigen-specific receptors on the surfaces of the T and B lymphocytes (33). The antigen-specific
receptors of the adaptive response are assembled by somatic rearrangement of germline gene
elements to form both intact T-cell receptors (TCRs) and B-cell antigen-specific receptors (Ig).
The adaptive mucosal immune system involves two main tissue systems: (i) the tonsils, Peyer’s
patches, and isolated lymphoid follicles and (ii) the diffuse mucosal immune system consisting
of intra-epithelial lymphocytes and the lamina propria. IgA is the main mucosal antibody (34).

The organized mucosal tissues play an important role in the inductive stage of an
immune response (35). The mucosal surfaces present in the upper and lower respiratory tract
and in the GI tract are important routes of entry for development of allergic sensitization (36);
they also represent key sites for initiation of non-IgE responses (37,38). Immune responses,
whether healthy or aberrant, are induced via other routes of exposure as well. IgE sensitization
has been found following injection of allergens, such as penicillin metabolite acting as a
hapten, or enzymes delivered by stinging insects (14).
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Once encountered, the amount/dose of exposure, duration, as well as other modulating
pollutants are a few of the many environmental factors that influence the type of response to
an antigen/allergen. Allergens appear to induce IgE production at relatively low doses (39).
Marsh has estimated that the mean adult annual dosage of individual allergenic components is
probably in the nanogram range (14). The ambient level of mite allergen that a normal individual
is exposed to has been measured to fluctuate at around 100 pg/ m>. House dust with mite
content >2 pg mite/g dust is associated with sensitization in children (expert consensus) (40).
Clinical studies suggest that the duration of exposure needed for IgE sensitization varies; “days”
for parasitic allergens, “months” for some constant/perennial allergen exposure, to “years” of
exposure for seasonal allergens such as pollens are needed to develop IgE antibodies.

ALLERGIC SENSITIZATION

The innate and adaptive immune systems work together to protect the organism from foreign
substances that may possess a diverse collection of pathogenic mechanisms. Though the innate
and adaptive immune responses are different in their mechanisms of action, synergy between
them is essential for a fully effective immune response (41,42). The innate system is the first
line of host defense; it sets the stage for the development of an adaptive response to the
antigen/allergen.

To explore the possible positioning of allergens within the antigen family, features of
antigen in its function as an initiator of humoral response have to be considered. First, antigens
(regardless of their allergenic properties) can be broadly divided based on whether or not they
require T-cell help when eliciting a humoral response. The thymus-independent pathway
allows direct activation of antigen—speciﬁc B-cell clones, thus eliminating the need for a T-cell
epitope. Most bacterial sugar-based antigens belong to this class (43). Protein antigens,
including allergens, are thymus dependent; this means that to act as antigen and trigger a
humoral, antibody-based response, the molecule has to be able to first interact and activate
antigen-specific T cells.

T cells are unable to recognize antigen in the absence of antigen presentation (with the
exception of the superantigens) (44). The TCR is restricted to recognizing antigenic peptides
displayed in the context of molecules of the major histocompatibility complex (MHC) (45). In
humans, human leukocyte antigens (HLA) are encoded by genes of the MHC complex, located
on chromosome 6. With the exception of some cell types, all cells are capable of presenting
antigen and activating the adaptive response via MHC class I. Dendritic cells, macrophages,
and B cells play a major role in the innate response, and also act as professional antigen-
presenting cells (APCs). APCs phagocytize exogenous foreign substances, such as allergens,
bacteria, parasites, or toxins in the tissues, and then migrate, via chemotactic signals, to T-cell-
enriched draining lymph nodes (46). During migration, dendritic cells undergo a maturation
process in which they lose phagocytic capacity and develop an increased ability to
communicate with T cells. This maturation process is dependent on signaling through pattern
recognition receptors, such as the members of the Toll-like receptor family, which occurs
following binding of pathogen-associated molecules (41,47). Lysosome-associated enzymes
digest phagocytized proteins into smaller peptides. These peptides are loaded into the antigen-
binding clefts of MHC class II molecules for display (i.e., as “T-cell epitopes”); MHC class 11
molecules bind peptides that are 10 to 30 amino acids long with a core region of 13 amino acids
containing primary and secondary anchor residues. On the APC surface the MHC-peptide
antigen complexes are available for recognition by any naive CD4" T cell passing through the
lymph node. CD4* helper T lymphocytes are immune response mediators and play an
important role in establishing and maximizing the capabilities of the adaptive immune response.
Several different subtypes of CD4" T cell can be activated by professional APCs, with each type
of T cell being specially equipped to deal with different foreign substance, whether it be
allergenic, bacterial, viral, or a toxin (48). The type of T cell activated, and therefore the type of
response generated, depends, in part, on the context in which the antigen was first encountered
by the APC.

When a naive Ti0 cell contacts an antigen and is stimulated through its antigen receptor,
it begins to polarize along a lineage-determining developmental pathway (49,50). Tyl, T2,
Ty17, and T regulatory (Treg) (Tr1) cells all develop from the same naive Ty0 cell, under the
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:nfluence of genetic and environmental factors acting at the level of antigen presentation. The
~redominance of a given cytokine in the microenvironment of the responding T;0 cell is an
:mportant modulatory factor in this process (51). Signals through contact molecules, as well as
:arough cytokine receptors, elicit a complex series of molecular interactions that culminate in
e binding of lineage-specific transcription factors to multiple regulatory elements in the
cromoters, and subsequent activation of a differentiation pathway (52). Following activation,
naive TyO cells differentiate toward Tyy1 in the presence of IL-12, which upregulates IFN-y via
signal transducer and activator of transcription 4 (STAT-4), leading to IFN-;-mediated
activation and induction of the Tyl lineage-determining transcription factor T-bet,
subsequently leading to production of Ty1 cytokines, including IFN-;, IL-2, and TNF-B. Ty;2
cell differentiation occurs in response to 1L-4, which activates STATS6, resulting in induction of
the Tiy2 lineage-determining transcription factor GATA-3, and leading to production of the
Th2 cytokines IL-4, IL-5, and IL-13 (53-55). The T;17 subset develops in response to TGF-p
plus IL-6; STAT-3 is activated and induces the Tj;17 lineage-specific transcription factor ROR;t,
which is an orphan nuclear receptor, (56). Treg cells can also be generated from naive T,;0 cells;
TGF-p induces the transcription factor FOXP3, leading to production of the suppressive
cvtokines, TGF-B and IL-10 (57). The molecular mechanisms of these pathways involve cross
talk on the level of the transcription factors: GATA-3 not only increases transactivation of the
IL.-4 locus promoter but also inhibits production of IFN-y; T-bet interferes with T;17 cells and
directly blocks GATA-3 while binding to its own targets. For the Ty1, T},2, and Tj;17 lineages,
the differentiation process includes a cascade of events that results in genetic imprinting—
reorganization of the histone/chromatin structure such that the determined T-cell polarization is
subsequently maintained (58-61). A sketch of the various T helper subsets and the cytokines
thought to be key for induction and maintenance of their polarization is presented in Figure 1A.

As mentioned above, early IL-4 production favors T2 polarization, whereas IFN-y and
IL-12 in the absence of IL-4 promote Ty1 polarization. While the source of 1L-4 produced in the
beginning of the immune response is not fully understood (the naive Ty0 cells themselves,
mast cells, and/or basophils, NKT cells), both IL-12 and the IFNs responsible for Tyl
polarization are produced during innate immune responses (62). For example, many bacteria
and viruses contain one or more components able to interact with the Toll-like receptors
present on dendritic cells and NK cells; TL-12 and IFN are among the cytokines released as a
consequence of that activation. It is likely that T;;2 priming can occur either as a default
pathway in the absence of Toll-like receptor signaling (it prevents rejection of the developing
fetus in utero) or through currently unidentified Ty 2-activating receptors. Although Ty;2 cells
are characterized, defining the properties of allergen-specific T cells is difficult in human
beings because of their low frequency within the T-cell repertoire.

Allergen-responsive B lymphocytes develop from bone marrow precursors before
antigenic stimulation; they then migrate to and populate peripheral lymphoid tissues, where
they complete their maturation and are available to interact with foreign antigen (63,64).
Humoral responses are initiated by the recognition of antigens by B cells specific for each antigen
(65). Antigen binds to the IgM and IgD receptors on naive B cells and activates them; a clonal
proliferation of antigen-specific cells results, and these cells continue to differentiate. Some of
these become effector cells that actively secrete IgM antibody, others become memory B cells,
and still others undergo heavy chain isotope class switch so that IgG, IgA, and IgE can be
produced. Isotype switch is stimulated by CD4 " helper T-cell signals, which include the various
cytokines and CD40-CD40 ligand interaction. Affinity maturation can also occur at this point.

Primary sensitization may occur in predisposed naive individuals on their initial
encounter with the allergen. The cellular and molecular pathways that lead to sensitization are
quite similar to those that lead to a future recognition reaction in sensitized people; however,
the cellular participants are probably different. The cells recruited for sensitization response
cannot come from the memory cell compartment but only from the naive cell population.
Furthermore, as heavy chain isotype switching and affinity maturation increase with repeated
exposures to protein antigens/allergens, the absence of traces of high-affinity antibody favors
cells that do not use the Ig as a receptor in antigen-presenting function. This may push the
concentration limits for recognition higher than those that develop in sensitized individuals.
For some purified allergens, the antibody response is predominantly toward three to four
dominant epitopes (15). Both the IgG and IgE responses in the same sensitized individual
recognize the same epitopes (16). The rough outline of this essential process leading to
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production of IgE antibody is sketched in Figure 1B. The process is similar for other subclasses
of antibody production as well, except that different cytokines are involved.

In addition to the thymus-dependent and thymus-independent classes of antigens, a
third antigen class exists: a “superantigen” is an antigen capable of triggering nonspecific
activation of many T cells, leading to wide antibody response. These are proteins produced by
many pathogens (including bacteria, mycoplasma, and viruses), which can bind to the variable
region of the beta chain (V-beta) of the T-cell receptor and cross-link it to MHC class 1T
molecules on the surface of APCs. Superantigens function as intact molecules; they are not
processed and presented by APCs. The extent of T-cell stimulation is a function of the
tfrequency of T cells bearing V-betas that can bind a specific superantigen. There has been some
speculation about the superantigenic nature of some allergic responses (66).

Most people, both atopic and nonallergic, mount a vigorous response to antigens,
utilizing all subclasses of immunoglobulins except IgE (67,68). The atopic people mount
the same response, but in addition they have an IgE response (69). The major difference in
immune antibody response to antigen and allergen is consequently quite narrowly localized.
The additional production of high-affinity IgE is directed to the dominant epitopes of the
antigen. The epitopes seem to be the same recognized by other antibody classes. Unusual
patterns of response by other subclasses of antibodies has been frequently mentioned,
especially that of appearance of enhanced IgG; response. This may appear in individual
circumstances, but studies of large populations of immune-response profiles to allergens have
not revealed any systematic differences.

There is intrinsically very little in the structure of antigens that determines whether they
will become allergens or not. Allergens are created by the selective response to them as they
are presented as normal antigens (70); consequently, whether a molecule is an “antigen” or an
“allergen” probably ultimately rests in the circumstances under which the presentation takes
place.

GENETIC FACTORS MODULATING THE IMMUNE RESPONSE TO ALLERGENS

The atopic immune response is a complex condition involving genetic as well as
environmental factors (Fig. 2). The evidence for genetic factors being involved in the different
phenotypes of atopy has consisted of their aggregation in families, increased prevalence in
first-degree relatives, and increased concordance in monozygotic twins compared with
dizygotic twins (71,72). Genetic investigations to determine where the genes are located have
used many approaches including forward genetics, candidate genes, genome screens, fine
mapping, and functional genomics using statistical linkage and association analysis (73). These

Allergens
Genetic Factors + Environmental Factors
Polymorphisms of the [L4 Western lifestyle
family of cytokine genes Having few siblings
Polymorphisms of CD14 Receipt of antibiotics within
Polymorphism of Fc?RI-? the first 2 years of life
Polymorphisms within the Immunization
MHC locus Indoor and outdoor
Polymorphisms at other loci ATOPY pollutants
Defects in Target Organs Tobacco smoke
Sk_m Viral and bacterial infections
Gut

Bronchial Epithelium

A b

Degree of
IgE Production

Figure 2 Examples of the environmental and genetic factors implicated in IgE response to allergen.
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methods considered genetic heterogeneity, gene-gene interaction, and gene-environmental
interaction. Atopy, defined as an adverse specific IgE immune reaction, has been studied using
a variety of phenotypes including serum IgE levels, skin test reactivity, specific skin test
reactivity, and specific serum IgE levels (74).

Jackola et al. demonstrated that all individuals usually respond with an immune
response to a foreign allergen, but in atopy there is an increased production of a high-affinity
IgE antibody while non-atopic individuals produce an equally high-affinity IgG, antibody (75).
The clinical conditions resulting from an atopic mechanism may consist of asthma, some forms
of urticaria, and allergic rhinitis. It is evident that the ultimate clinical picture of asthma will
involve a variety of genetic factors that interact with each other and with environment
exposures such as allergens, smoke, weight, infectious agents, diet, endotoxins, drugs, and
diesel particles, all of which may change with time. There is no consensus regarding the mode
of inheritance and/or the genes that are involved. Even less is known about the clinical course
of these phenotypes (74). The main studies that have been used are the positional cloning or
the genome screen and the candidate gene or association approaches (73).

Genome Wide Linkage Analysis for Asthma and Atopy and Related Phenotypes

The number of regions having linkage with atopy and related phenotypes such as asthma is at
least 20. The replicated regions reported for the atopy and asthma phenotype have been on 1p,
2q, 4q, 59, 6p, 12q, 13q, 14q, 19q, and 21q; for total serum IgE sites on 2q, 3q, 59, 6p, 7q, and
12q; atopy on chromosomes 3q, 4q, 6,p, 11q, 17q, 20p; and blood eosinophil counts on 15q
(73,76-78). Blumenthal et al. reported on a genome-wide search for an atopy gene in three
ethnic groups from the Collaborative Study on the Genetics of Asthma (CSGA). They found
linkage on chromosomes 11q and 20p (79). The same group investigated mite sensitivity and
noted linkage for the combined group on chromosomes 19q and 20q (80). These studies
indicate the complexity of these conditions.

Candidate Genes for Asthma and Atopy and Related Phenotypes

Genome-wide linkage analysis and/or biological factors are the basis used for the selection of
candidate genes studied for association. A variety of genetic association investigations for
atopy and asthma phenotypes have been performed in different populations, many times
yielding some reproducible but also many nonreplicable results (73,76-78). The candidate
genes for atopy and asthma include allelic variants of genes of known immunological
significance; variants in over 100 genes have been described (73,78). Some of the most common
candidate gene variants are mentioned in the following paragraphs.

Chromosome 2q Region

This site identified in genome screens to be linked with the atopy and asthma phenotype
contains the interleukin 1 receptor antagonist (IL-IRN) and the cytotoxic T lymphocyte
antigen-4 (CTLA4) genes. Single nucleotide polymorphisms (SNPs) in CTLA4 are associated
with asthma, serum IgE, asthma severity, airway responsiveness, and asthma (73,81-86).
P-selectin has been reported as an atopy susceptibility locus (87).

Chromosome 59 and 16q Regions

Activation of the interleukin 4 receptor (IL-4RA) stimulates the production of total serum IgE.
Interleukin 4 (IL-4) is located on chromosome 5q31 and IL-4RA on chromosome 16p12, both of
which are found on genomic regions linked to the asthma phenotype. Many studies
demonstrate that functional SNPs in the promoters of IL-4 and IL-4RA are associated with the
atopy and asthma phenotypes (73,76,78). An article by Basehore et al. suggests that the 3017G/
T variant or the haplotypes it identifies influence IL-4’s ability to modulate total serum Igk
levels (73,77,88). They suggest that inconsistencies with previously reported 1L-4 associations
might be due to population differences in allele frequencies, linkage disequilibrium with this
SNP or haplotype, or both. Vercelli further discusses the discrepancies reported regarding
CD14 polymorphisms, atopy, and endotoxin switch (89). Other genes on chromosome 5,
including interleukin 13 (IL-13), monocyte differentiation antigen CD14 (CD14), serine
protease inhibitor kazal type 5 (SPINKS), and leukotriene C4 synthase (LTC4S) have been
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srudied. SNPs in the promoter and coding regions of these genes are associated with immune
response and asthma phenotypes (73,76-78,90).

—aromosome 6p21 Region

Human leukocyte antigen DRB1 (HLA-DRB1), tumor necrotic factor alpha (TNF-o), and
~vmphotoxin alpha (LTA) are associated with asthma phenotypes (73). HLA class Il molecules
zre involved in controlling the immune response to allergens (73). Early association studies
Jdemonstrate that several purified allergens, such as ragweed Amb a 5 and 6, olive Ole e 1, and
Zolium perenne 1, 2, and 3, are associated with HLA. Functional SNPs and/or haplotypes in
HLA-DRB1 are associated with allergic specific IgE responses. Moffatt et al. noted a
relationship of atopy, respiratory function, and HLA-DR in Aboriginal Australians (91).

Zhromosome 1113 Region

The gene for the beta chain of the high-affinity receptor for IgE on chromosome 11q13, a
zenome region linked to atopy, has been reported. SNPs and/or haplotypes in FCERIB are
associated with atopy, asthma, and their associated phenotypes (73,78).

Chromosome 12q Region
SNPs and haplotypes for the STAT-6 and nitric oxide synthase 1 (NOS1) are described to be
associated with asthma and atopy (73,76,78).

Chromosome 17q Region
The predominant eosinophil chemoattractant on chromosome 17q is the gene for eotaxin
‘SCYAT11), which is involved in allergic inflammation (73,76,78).

These are a few of the many atopy and asthma susceptibility genes suggested in the
literature. Even though the loci and variants are identified, their function needs to be
established. This is done through functional studies that involve SNPs in coding sequences of
genes (promoter, enhancers, and chromatin structure). Over 55 genes with functional
information have been reported; a selected few of these are noted in Table 1. Polymorphisms
that may have function effects include IL-10, CD14, CCL5, Filaggrin, IL-17, IL-13, and the
cysteinyl leukotriene receptors (73,78,92).

Asthma Susceptibility Loci Identified by the Positional Cloning Approach

Five potential asthma susceptibly genes or complexes have been identified using a positional
approach (93). These are ADAM33, DPP10, PHF11 and SETDB2, GPRA, and SPINKS5 (94-98).
The replication studies of ADAM33 and asthma have resulted in conflicting results (99-102).
To date, there is no definite replication of the association between GPRA, PHF11 and DPP10,
and asthma and/or atopy phenotypes by groups independent from those publishing the
original reports (73,76,78,93).

Gene-Environmental Interactions

The influence of environmental factors, including pets, endotoxin, viruses, smoke, and
pharmacological agents, on the expression of genes and the ultimate clinical phenotype is
being investigated and will be further summarized in a following section “Environmental
Factors Modulating the Immune Response to Allergens.” Investigation of gene-environmental
interactions will be important in understanding the genetic basis of asthma and atopy. Even
though there is genetic predisposition, environmental factors probably modulate the effect,
causing either tolerance or susceptibility (73,74).

Summary

The current understanding of the immune system suggests that the upregulation of IgE
synthesis in atopy is due to the induction of IgE isotype utilization at the DNA level in B cells.
The start of IgE synthesis appears to involve a number of signals followed by direct T- and
B-cell interaction. They require prior engagement of the TCR with antigenic fragments (peptides)
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Table 1 Candidate Genes of Atopy and Allergy

Type Examples

Cytokines influencing atopic phenotype
Eosinophil growth-, activation-, and
apoptosis-inhibiting factors
Mast-cell growth factors IL-3, IL-9, IL-10, SCF, TGF-f
Histamine-releasing factors CCL2 (MCP-1), CCL7 (MCP-3), CCL5
IgE isotype switch factors IL-4, IL-13
Inhibition of IgE isotype switch IFN-», IL-12, 1L-18, IL-23
Lipoxygenase pathway metabolism 5-L0, 5-LO-activating peptide, leukotriene C4 synthase
Proinflammatory cytokines fL-1a, IL-1B, TNF-2, IL-6
Anti-inflammatory cytokines TNF-B, IL-10, IL-1Ra
Receptors
Antigen receptors T-cell receptors (/B 7/8), B-cell receptor (IG, /% light chains)
IgE receptor FceRI § chain, FceRIl (CD23)
Cytokine gene receptors IFN-7R P chain iL-1R, IL-4R, TNF receptors, common ;-chain
Adhesion molecules VLA-4, VCAM-1, ICAM-1, LFA-1
Corticosteroid receptor Grl-hsp90
Neurogenic receptors p2-Adrenergic, cholinergic receptors
Nuclear transcription factors GATA-3, T-bet, NF-kB, kB, NFAT, STAT-1/2, STAT-4, STAT-6
Other molecules of importance
MHC and antigen processing HLA class | and I molecules, TAP-1 and TAP-2, LMP
Cell signaling CTLA-4, CD28, JAK1
Barriers and other defense SPINK5, Clara cell protein 16, endothelin 2

IL-5, IL-3, GM-CSF, CCL11, CCL5

Abbreviations: CCL, chemokine ligand; GM-CSF, granulocyte-macrophage colony—stimulating factor; HLA, human
leukocyte antigen; hsp, heat-shock protein; ICAM, intercellular adhesion molecule; IFN, interferon; It interleukin;
LFA, lymphocyte function-associated antigen; LMP, large multicatalytic proteosome; LO, lipoxygenase; MHC,
major histocompatibility complex; SCF, stem cell factor; TAP, transporter associated with antigen processing;
TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule; VLA, very late antigen.

that are recognized on MHC class 11 molecules on antigen-presentation cells. INF-z appears to bea
major downregulator of IgE synthesis. There are at least two major genetic controls of atopy. One,
which is non-epitope specific, is noted using the phenotypes of total serum IgE levels and skin test
reactivity in general. The genes may reside on a variety of different loci and chromosomes, that is,
IL-4 on chromosome 5q, IgE receptor on chromosome 11q, and IFN-; on chromosome 12q.
Another is epitope specific and appears to be associated with the HLA system. Therefore, there
appears to be several levels involved in selectivity: (i) epitope-specific level that is related to the
HLA system, (ii) purified allergen level (molecular selection) that is only partially HLA associated
and dependent on size, and (iii) complex or natural allergen level involving many epitopes
selective for organisms. There are probably too many surface epitopes, and too many HLA
polymorphic types to demonstrate any specific HLA association.

In view of the complexity of atopy, it is not completely clear how many genes and
environmental factors are involved. The genome screens suggest that there may be many genes
with modulatory effects. It is likely that many of the genes that influence immunity will prove
to be polymorphic. As a result, almost any immune response gene may be found to have an
effect on any immune-mediated disease. To determine the clinical relevance of these
polymorphisms, they should be tested in case-control studies involving patients with different
manifestations and severity of the disease. The samples should be obtained from represen-
tative populations with environmental factors being defined. A good understanding of these
relationships is needed for the proper management of atopy and its related conditions.

ENVIRONMENTAL FACTORS MODULATING THE IMMUNE RESPONSE
TO ALLERGENS

A substantial increase in the prevalence of atopic diseases has occurred in the western world
over the last few decades (103). These increased numbers cannot be explained simply on the
basis of heightened awareness (leading to increased diagnosis of existent disease). Nor would
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we expect to detect change/drift in the genetic composition of the affected populations during
this time period. Since expression of the atopic phenotype occurs as a result of complex
interplay between genetic and environmental factors, the environment must be of major
importance in the development and increased prevalence of atopy. Western living conditions,
allergens, air pollution such as smoke and diesel fumes, and microbial exposure all may
impact the immune system, and together influence an individual's risk for being atopic
1104,105). The hygiene hypothesis postulates that reduced early childhood exposure to farm
animals, microbes, and endotoxin or other microbial products, due to a combination of smaller
family size, improved living standards, higher personal hygiene, changes in infant diet, and
early/increased use of antibiotics, might result in increased risk for developing atopic disease
1106). It was based on the observations, many of which have not been consistently confirmed,
that there may be an inverse relationship between some infections and atopic parameters and
that children who grow up in a farming environment may have less asthma (atopic
sensitization, asthma, “hay fever”) than children of the same age and living in the same
communities, but not growing up on a farm (107-110).

A possible explanation for the protective effects of exposure to bacteria or their products
during the period when sensitization occurs in early life is via increased stimulation to IFN-»
production; the lack of microbial stimulation of sufficient intensity may, paradoxically,
influence the maturation of the immune system, causing a predominance of Ty;2 cell subtype in
genetically susceptible individuals (111-114). Early exposure to allergens from domestic pets,
such as dogs and cats, is related to atopic sensitization (115,116). Like farm animals, domestic
animals can be a source of endotoxin and may thus bias the overall immune response away
from an atopic or Ti2 response. It is also postulated that only those infections that stimulate
a strong cell-mediated immune response and long living memory immunity may play a
positive role resulting in a shift toward the Ti1 type response and prevention of asthma and
atopy (117).

The results seen in some studies may be a result of selection and environmental bias.
There are many problems in accepting the hygiene hypothesis. These include the finding that
asthma and atopy are more prevalent in the core city compared with the suburbs and the
observations that autoimmune processes, which are thought to involve Ty1, are increasing,.
Other environmental factors such as diesel fumes, occupational inhalants, and allergen
exposure have been noted to affect the immune response to allergens and the resulting clinical
picture. It appears that environmental factors may enhance either sensitization or normaliza-
tion (118,119).

ALLERGIC ATOPIC REACTIONS AND INFLAMMATION
(INCLUDING PATHOLOGY)

The resulting clinical allergic reactions may vary from having symptoms of sneezing, nasal
discharge, and nasal congestion associated with allergic rhinitis; coughing, wheezing, and
shortness of breath with evidence of reversible airway obstruction; as well as certain forms of
urticaria and angioedema, and anaphylaxis. Inflammation is an important feature of these
conditions as summarized above; it is a dynamic process that consists of cytological and
histological reactions that occur in tissues in response to injury or abnormal stimulation caused
by a physical, chemical, or biological agent.

Once the individual begins to develop sensitization to an allergen, inflammation is
initiated. Upon reexposure to the allergen, the immune system is further activated, resulting
in more inflammation. This ultimately determines the clinical picture of allergy/atopy. The
allergic reaction results from the involvement and interactions of a variety of cell types,
ranging from monocytes and macrophages to T cells involved in the development of the
specific immune reaction, as well as the granulocytic cells of the myeloid series (i.e., mast
cells, eosinophils, neutrophils, and platelets). The interactions of all these cells are of
importance in the inflammatory response. One of the steps following reexposure to the
allergen involves the interaction with its specific IgE, attached by way of FceRI and FceRII to
cells containing mediating substances. Important mediators are thought to include
histamine, cytokines, and leukotrienes. Mediators released by some cells regulate the
functions of others. The acute symptoms of allergies, such as sneezing, wheezing, and
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urticaria, may be due to the release of mediators from the mast cells, such as histamine,
whereas the chronic symptoms such as bronchial hyperreactivity may be explained on the
basis of eosinophil-mediated tissue damage. T cells are of the T2 type and produce IL-4 and
IL-5, which potentiate the terminal differentiation and activation of eosinophils. Basic
proteins, together with the platelet-activating factor and leukotrienes secreted by
eosinophils, probably also contribute to these chronic symptoms. Cell-adhesion molecules
are also important in inflammation. A series of cell-adhesion molecules mediate interaction
between vascular endothelium and leukocyte cell surfaces. The three major families of
adhesion molecules, which contribute to this process are integrins, selectins, and
immunoglobulin-like receptors. Other mediators of the inflammatory response that may be
important are the complement system and heat-shock proteins. Therefore, as a result of the
interaction of the allergen in a sensitized individual, a variety of cells and humoral
components are activated, which results in inflammation and determines the clinical picture.
The end result for exposure to an allergen is transient and/or chronic inflammation.
The molecular and tissue changes found are common to all inflammatory processes. The
difference between atopic allergy and all other inflammatory processes lies in causation. In
the case of atopic allergy, it is linked to aberrant humoral response to foreign molecules
whether these responses are IgE, IgG, or direct cellular reactions, as in the case of some late-
phase reactions (120,121).

The nature of the immune reaction to an allergen and the resulting clinical picture is
dependent on many steps influenced by host and environmental factors such as properties of
the allergen, route of exposure, as well as genetic controls.

SALIENT POINTS

e Allergens/antigens have two properties: (i) immunogenicity (i.e., the capacity to
stimulate the formation of the corresponding antibody and/or a state of sensitivity)
and (i) the ability to react specifically with those antibodies and/or the responding
tissue. The two properties are not always associated.

e Allergens are antigens that induce the production of an IgE-specific antibody that will
interact with the inducing antigen.

e From the chemical standpoint, there seems to be little to differentiate allergens from
other antigens.

e There appear to be four restrictions for a molecule to become an allergen: (i) it must
possess a surface to which the antibody can form a complementary surface, (if) it must
have an amino acid sequence in its backbone able to bind the MHC I alleles of the
responding individual, (iii) the free energy of interaction of the allergen with the
antibody should be adequate to ensure binding at low concentrations, and (iv) it must
form at least two epitopes able to act as a bridge.

e The nature of the immune reaction to an allergen is dependent on many steps
influenced by host and environmental factors.

e Genetic factors include multiple genes regulating non-epitope-specific factors, such as
those on chromosome 5q, as well as those that are allergen epitope-specific, including
genes in the MHC on chromosome 6.

e The duration, route, and amount of exposure, as well as other modulating pollutants,
are a few of the environmental factors that influence the type of response seen to an
allergen.

* Atopy clinically defined is an inflammatory condition resulting from an allergen
producing an adverse immune reaction.
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DEFINITIONS

Antigens are substances that have immunogenicity, leading to production of antibodies with
which the antigens will react.

Allergens are a subclass of antigens that stimulate the production of and combine with the
IgE subclass of antibodies.

Haptens are substances that are not immunogenic in/of themselves (cannot stimulate
humoral response without the help of carrier substances) but can combine specifically with
antibody once it is formed.

Immunogens are substances that stimulate specific immune response such as the
production of an antibody.

B-cell epitopes are specific surface areas on antigen toward which the specificity of a single
antibody is directed.

T-cell epitope is a proteolytic antigenic fragment (approximately 13 amino acids long)
displayed by MHC; MHC-restricted recognition is required for activation of antigen-specific T cells.

T helper cell 2 (T2) profile is a specific pattern of effector molecules, of which IL-4 and IL-5
are dominant derived from activated T cells.

T helper cell 1 (Ty1) profile is a specific pattern of effector molecules, where INFy is
dominant, derived from activated T cells.
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