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Twin studies have suggested that asthma and allergies are the result of a
combination of the effects of environmental factors and genetic influences [1].
Until recently, the role of these two potential sources of susceptibility in these
conditions was studied separately, or at most, the potential interaction between
genes and environment was evaluated by stratifying the effect of exposures by
family history [2]. The Human Genome Project has made it possible to assess the
potential role of gene—environment interactions as determinants of asthma and
allergies in a systematic way. Moreover, and contrary to what was the case during
most of the twentieth century, the real limiting step today is the difficulty to
comprehensibly assess the degree and timing of environmental exposures.

This article summarizes the theoretical basis on which to insert any studies
of gene—environment interactions. It also outlines a specific example of such
interactions, as represented by the role of genetic variations in the CD14 gene in
relation to exposure to one of the ligands of CD14—namely endotoxin.

The concept of interaction

Interactions between risk factors or causes are not always conceptually easy to
grasp. Because in everyday parlance an interaction is often understood as two
elements that contribute to the determination of a certain outcome, even when
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acting independently from each other, many authors who comment about gene—
environment interactions tend to use the term with this same additive meaning.
This is not, however, the meaning with which the word inferaction is used in
this article.

Perhaps an easy way to understand the concept is to express it graphically.
In 1909, Wolterek proposed the term norm of reaction to represent graphically
the different expressions that a certain phenotype could acquire in different
environments and in individuals who have different genotypes [3]. In one
possible scenario, only additive effects of genetic and environmental influences
are present with no real interaction between them. In this case, phenotypic
variation (V) is simply the addition of the influence of the genetic variation and
that of the environmental variation (V, and V., respectively): V,-V, + V..

In this situation (Fig. 1), the influence of the environmental factor on the
phenotype is the same for all genotypes and, similarly, the influence of the
genotypes on the phenotype is always the same, regardless of the level of envi-
ronmental exposure. No interactive effect is necessary to explain this particular
phenotype. One important consequence of the situation represented in Fig. 1 is
that measured heritability will be approximately the same in all environments.
Therefore, if the environmental influences represented in Fig. 1 are considered
generically as the final result of several different exposures, the genetics of this
phenotype can be studied in different environmental contexts without the need
for specifically assessing the exposures in those contexts. Well-designed and
well-performed genetics studies should provide replicable results, provided that
the frequencies of the different genotypes under study are similar in the different
populations, and that, if they are not, gene—gene interactions are not crucial
determinants of the phenotype.

It is also possible, however, that the extent of the influence of the genotypes on
the phenotypes may be different in different environments. In the same context, it
is possible that the influence of environmental exposures may be different for
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Fig. 1. A “norm of reaction,” in which the association between a phenotype (y axis) and an
environmental exposure (x axis) is plotted for different genotypes. In this example, there is no gene—
environment interaction, and therefore the curves for the three genotypes are parallel to each other.
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Fig. 2. Norm of reaction for a case in which gene—environment interaction is present. Genotype A (top),
genotype B (middle), and genotype C (bottom). V., variation explained by gene—environment interaction.

different genotypes. Fig. 2 presents one potential situation of this type, where it
can be clearly seen that the influence of the genotype on the phenotype is much
higher at high levels of exposure (right side of the graph) than at lower levels
of exposure (left side of the graph). In this context, paradoxically, the degree
of heritability of this phenotype is strongly determined by the environmental
exposure (Fig. 3). Researchers who are studying the influence of this genotype in
areas of high exposure are much more likely to find an association between
genotype and phenotype than researchers who are studying the same phenotype
in relation to the same genotype but at lower levels of exposure. Replication of
genetic studies in this context is not a given. In this example, power to find an
association at high levels of exposure is much higher than at low levels; there-
fore, it would be possible that a genotype that has a significant influence on the
phenotype may be found, or not found, to significantly determine the pheno-
type in different studies because the power will change with the degree of the
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Fig. 3. Measured heritability is paradoxically dependent on environmental exposure when a gene—
environment interaction exists. For this reason, power to detect association between a phenotype and a
particular genetic polymorphism may depend on the degree of exposure to an environmental factor
that interacts with that polymorphism in the population under study.
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exposure. The case presented in Fig. 2 is only an example. It could also be
possible that, for other gene—environment interactions, the power to detect a
genetic association could be higher at lower doses of exposure.

Fig. 2 also illustrates that the influence of an environmental exposure
may depend on the genetic characteristics of the population. If a large proportion
of the subjects under study, for example, are carriers of genotype C, the
environmental exposure will not be found to be strongly associated with the
phenotype. Conversely, if the population under study has a large number subjects
with genotype A, a very strong effect of the environmental exposure will be
found. Therefore, the strength of environmental influences on phenotypes may
depend on the genotypes of the individual under study. This can be expressed as:
Vo=V, + Ve + Vg, where V,, is the interactive term.

The general principle that a genetic association needs to be consistently
replicated by one or more well-designed studies in order to be considered valid
[4] presupposes that the environmental contexts in which the phenotypes are
expressed have little influence on the genetic determination of those phenotypes.
In other words, the penetrance of the genotype should be similar in all envi-
ronments. For monogenic diseases, in which environmental influences are usu-
ally low, this is often the case, but there is no a priori reason why it should be
the case for complex diseases such as asthma and allergies, in which exposures
play a critical role.

It is important to stress, however, that in the example illustrated in Fig. 2,
the genetic association would eventually be detected if a sufficient number of
subjects who had some degree of exposure to the environmental factor were
present in the population. In other words, one would expect that a meta-analysis
of all studies of the relation between this particular phenotype and the genotypes
under study would eventually show that the association was present, and would
be able to detect the marginal effect represented by V, in the above equation. A
different case is illustrated in Fig. 4, where the genotypes have completely
different and even opposite effects at different levels of exposure. At low levels,
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Fig. 4. In situations such as represented here, the allele associated with increased expression of the
phenotype will depend on the degree of exposure. At low levels of exposure, expression of the
phenotype is higher for genotype C; at lower levels of exposure, expression of the phenotype is higher
for genotype A.
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carriers of genotype C are more likely to have the phenotype under study,
whereas carriers of genotype A are protected. At high levels, genotype A is the
risk factor and genotype C the protective factor. In this case, V,- V.. In other
words, there are no marginal effects of either the genotype or the environmental
exposure, and all the effects are interactive. In this situation, the effects of the
environment and genotype are strictly dependent on the context in which they
occur. For example, the exposure is protective for genotype C, but increases the
risk for developing the phenotype for genotype A. It is indifferent for genotype B.

Interactive versus marginal effects in human genetics

Until recently, most examples of gene—environment interaction had been
studied in plants and invertebrates [3]. The concept of phenotypic plasticity—
the development of different phenotypes for the same genotype in different
environments—has been extensively studied in plants because it has important
consequences for the yields of genetically manipulated crops in different climates
and external conditions. In contrast, the study of gene—environment interactions
is conspicuously absent from mammal and especially human genetics. For ex-
ample, a recent search for papers in the American Journal of Human Genetics
using the term gene—environment yielded only two hits. This finding is under-
standable partly because exposures are very difficult (and in humans, often im-
possible) to standardize. But beyond these practical issues, the most important
reason for this absence is that environmentalists and geneticists have addressed
the impact of these two influences on most phenotypes in separate ways, with
each individual considering the other’s focus of interest as background noise with
respect to the effects being studied.

It is the author’s contention that the separate study of genetic and environ-
mental influences has considerably hindered understanding of the role of these
influences in determining most complex diseases. A good example is the current
status of genetic studies of allergies. Hoffjan and colleagues [5] recently pub-
lished a comprehensive study of the hundreds of polymorphisms in dozens of
genes reportedly associated with asthma or allergies. The results are sobering;
most of these reports have either not been replicated or replication has been
inconsistent. Only for eight genes have the findings of one group in one popu-
lation been corroborated in three or more different populations, and several of
these genes are involved in the terminal, effector arm of the process leading to the
expression of allergies (eg, IL-13, IL-4 receptor alpha, IL-4). Moreover, no single
gene has been consistently found to be associated with the same phenotype in all
populations studied. Similar conclusions have been reached by reviews of linkage
studies of asthma and allergies [6].

The most frequently invoked explanations for these discrepancies have been
technical [4]: studies are either marred by type I error (many comparisons, overt
or hidden, are made in the first report of an association, thus annulling the value
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of the conventional P=.05 value as a threshold for significance) or by type II
error (replicative studies are too small to provide enough power). A more subtle
explanation is the divergent definitions used to study asthma- and allergy-related
phenotypes; assuming that different forms of these diseases will have common
genetic backgrounds (or common environmental backgrounds, for that matter)
underestimates the heterogeneity of the phenotypes under study. Although these
technical objections may be valid in certain cases, they are unlikely to entirely
explain the consistent inconsistency of association studies of complex diseases
such as asthma and allergies.

One problem could be the fact that gene—gene interactions could be much more
important determinants of risk for complex diseases than previously thought.
Analyzing these interactions goes beyond the scope of this article, and good
examples regarding linkage analysis have been recently reported in yeast [7].
More to the point, Howard and colleagues [8] reported a cogent example of such
interactions regarding asthma for IL-13 and IL-4 receptor alpha. In both cases,
only the study of the interactive effect between genes yielded significant results,
with each gene that was assessed separately being unrelated to the phenotypes
under study. In the case of gene—gene interactions, as illustrated by Howard and
colleagues, the interactive effects can be observed at any level of the causation
pathway under study, even at the distal extreme of the causation process.

Similar to gene—gene interactions, considering gene—environment interactions
may be necessary to detect the effects of certain exposures and germ-line
variations, specifically for those in which the relative value of the interactive term
is high with respect to the marginal V, and V. effects. Unfortunately, it is not
possible to determine a priori or from limited empirical data which genetic effect
will be environmentally modified and to what extent. As explained earlier and
graphed in Fig. 3, separate studies performed in environmental conditions that
represent the extreme left part and the extreme right part of Fig. 2 will yield weak
and strong heritability estimates, respectively, and only through combining the
results of both studies (and perhaps others at intermediate levels of exposure) will
the true, complex nature of the gene—environment interaction become apparent.
It is also difficult to standardize exposures and their measurement in humans, for
ethical and practical reasons. For an extremely mobile species like humans, and
one that cannot be purposely subject to coerced, fixed, and potentially harmful
exposures at pre-established doses and in a randomized way, the true exposure
(ie, one that includes measurement of dose and timing) to any environmental
stimulus is often impossible to estimate with any accuracy.

Perhaps the only exception to this rule is the study of the genetic determinants
of responses to therapeutic interventions. The controlled and random nature of
therapeutic trials offers a unique opportunity to study gene—environment inter-
actions in humans. These trials provide ample evidence that there is a wide vari-
ability in responses to commonly used antiasthma medicines [9], and it has been
suggested that part of this variability is because of genetic variation in the
population. The main focus of pharmacogenetics today is the genes that encode
for protein directly involved in the response system and metabolism of the drugs
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under study. In the case of asthma and allergies, special attention has been paid
to the genes for the 3-2-adrenergic receptor [10] and the leukotriene receptor
system [11].

Gene—environment interactions in asthma: the case for endotoxin and CD14

Because modern pharmacogenetic studies assume that the genes most likely to
show variations that would modify the response to exposures (in this case, drugs)
are those directly involved in the response system for that drug, the author’s
group explored the role of endotoxin-responsive genes in the pathogenesis of
asthma and allergies. During the 1990s, the discovery that certain populations
presumably more heavily exposed to microbial products were less likely to have
allergies [12] suggested the idea (dubbed the hygiene hypothesis) that biologic
products present in the surface of bacteria and other microbes could influence the
type of immune responses mounted against allergens in subjects exposed to those
products [13]. Subsequently, studies in rural communities in central Europe
demonstrated that the likelihood of becoming sensitized against aeroallergens and
of having atopic asthma was inversely proportional to the concentration of
endotoxin present in home dust [14]. At the same time, studies in animal models
showed that exposure to endotoxin before (but not after) sensitization procedures
that usually triggered a Th2-type response abolished those responses [15]. These
results suggested that activation of the endotoxin-receptor system, if it occurred at
the right time during the sensitization process, could prevent the development of
allergic responses.

The potential role of exposure to endotoxin in the development of allergies
provided a paradigm analogous to that pursued in pharmacogenetic studies. The
receptor system for endotoxin has been amply studied because of its crucial role
in the development of innate immune responses. A central component is the toll-
like receptor 4 (TLR4), which when engaged, activates the intracellular signaling
mechanism involved in endotoxin responses. For TLR4 to respond to femtomo-
lar doses of ligand, however, endotoxin needs to interact with CD14, a molecule
that is found in membrane-bound (mCD14) and soluble (sCD14) circulating
forms [16]. The author’s group reasoned that if genetic variations could alter
the structure of the CD14 molecule or the amount of CD14 available for inter-
action with endotoxin, the potential for the latter to influence the development
of allergies could be substantially modified. The group thus screened the
CD14 gene for polymorphisms [17] and found none of any significance in the
coding region, but several in the 5 genomic region, and one single nucleotide
polymorphism (SNP) in particular: a C-to-T conversion at position —159 (this
same SNP is also called CD14/—-260, depending on the position from which
the nucleotides are counted). The group reported that this SNP was associated
with the level of circulating sCD14 in a large population sample in Tucson,
Ariz, with homozygotes for the T allele having higher levels than carriers of the
C allele [17]. Homozygotes for the T allele were found to be less likely to be
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atopic, as determined by the number of positive skin tests against aeroaller-
gens. This finding was replicated by researchers studying another urban popu-
lation in the Netherlands [18]. Moreover, studies in different populations
confirmed the author’s group’s report of increased levels of circulating sCD14
in carriers of the T allele as compared with carriers of the C allele for CD14/—159
[19], whereas others reported increased expression of mCD14 in the surface of
antigen-presenting cells of TT homozygotes as compared with carriers of other
CD14/—159 genotypes [20].

Complex studies of the functional consequence of the SNP on CD14 tran-
scription rates and on transcription factor interaction with the CD14/—159
genomic region were undertaken to determine the molecular basis for the
association between the CD14/—159 SNP and expression of mCD14 and sCD14
[21]. These studies showed that, in a relevant cell type (MonoMac cells), a
luciferase reporter assay showed that the T allele was associated with higher
transcription rates than the C allele. The effects were reproducible but modest in
size, as could be expected given the small effects in protein expression. Elec-
tromobility shift assays (EMSA) showed that these modifications in transcription
rates could potentially be attributed to alterations caused by CD14/—159 in the
complex interactions between this genomic region and the SP1 and SP3 tran-
scription factors [21].

The results of these studies thus seemed to confirm the author’s original
hypothesis that, among individuals presumably exposed to low doses of endo-
toxin in urban environments, variations in the CD14 gene that could potentially
increase sensitivity to endotoxin by increasing receptor availability could protect
against the development of allergies. However, much like for most other genetic
variations reportedly associated with asthma and allergies, not all well-performed
studies in which the association between CD14 and allergies was tested could
replicate the group’s findings [19]. Often no explanation can be found for these
discrepancies, but in the case of CD14, one potential explanation could be that,
unbeknownst to the investigators, the populations they were studying could be
exposed to different levels of endotoxin. For example, if the type of gene-
environment interaction present in the case of CD14 was the one illustrated in
Fig. 2, studies in populations at very low levels of exposure could find no
association of CD14/—159 with allergies, whereas at levels above the minimum,
the T allele could become protective.

The subsequent report by Gern and colleagues [22] of an interaction between
CD14/—159 and exposure to dogs in the home in determining early-life atopic
dermatitis provided further support for this assumption. In these studies, only
homozygotes for the T allele showed a protective effect against atopic dermatitis
among infant dwellers of homes with dogs. If the same result is expressed from
the point of view of the exposure, only among children living in homes with dogs
was there a protective effect of the CD14/—159 T allele. Exposure to dogs has
been shown to be associated with increased levels of endotoxin in home dust
[23], and therefore the results may reveal a gene—environment interaction of the
type illustrated in Fig. 2.
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Nonlinear interactive effects

All of the earlier results still point to an association between CD14/—159 and
atopic phenotypes in which protective effects attributable to the T allele of
CD14/—159 could be detected if sufficient numbers of subjects who were exposed
to more than minimal levels of endotoxin were included in the sample. However,
reports regarding subjects heavily exposed to endotoxin later emerged that
challenged this assumption. Ober and colleagues [24] studied allergic sensitization
among the Hutterites, a rural population living in a communal setting in the
northern United States. They found that, contrary to findings in urban populations,
the C allele of CD14/—159 was protective against sensitization in these subjects.
Similarly, Amelung and colleagues [25] reported that, among workers in the animal
facilities of the Jackson laboratories, presumably heavily exposed to endotoxin,
the C allele of CD14/—159 was also protective. These findings were clearly
unexpected, and could have been interpreted as the result of simple random
variation around the null. An alternative explanation, however, was that the effects
being observed in these different populations could follow the type of gene—
environment interaction model schematically described in Fig. 4. In that case, one
would expect that, at different levels of exposure, different CD14/—159 alleles
would show protective effects, and there could also be exposure ranges in which no
association could be found between CD14/—159 and allergy-related phenotypes.

A study by Zambelli-Weiner and colleagues [26] provided important new
information in support of this second scenario. These authors studied the as-
sociation between prevalence of asthma and CD14/—159 in a population of
African descent in the island of Barbados. Contrary to other studies, however,
concentration of endotoxin in house dust was also measured, and the effects
of CD14/—159 were assessed at different levels of exposure. They found that
the T allele was protective at low levels of exposure to endotoxin, whereas the
C allele was protective at high levels of exposure (Fig. 5). They could not
distinguish between the effects on asthma and those on atopic sensitization
because most subjects who had asthma were atopic. A similar pattern was
observed when the children enrolled in the study of the association between
endotoxin exposure and prevalence of asthma and allergies in rural communities
in central Europe were genotyped for CD14/—159 [27]. Much like in the study
in Barbados, the T allele of CD14/—159 was protective against atopy at low
levels, unrelated to it at intermediate levels, and was a risk factor for allergic
sensitization at high levels of exposure. Much like in the study by Gern and
colleagues [22], having a dog in the home was protective among carriers of
the T allele, but this effect seemed to be independent of the concentration of
endotoxin measured in house dust. It is thus likely that having a pet in the home
may have effects on allergic sensitization that are only partially explained by the
concomitant increased exposure to endotoxin.

The results of the studies by Zambelli-Weiner and colleagues [26] and by Eder
and colleagues [27] clearly suggest a nonlinear pattern (of the type illustrated
in Fig. 4) for the interaction between CD14/—159 and endotoxin exposure in
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Fig. 5. Association between CD14/—159 and atopic asthma in individuals who have high exposure
and low exposure to endotoxin in the island of Barbados. At higher levels of exposure, the T-allele
is a risk factor for asthma, whereas at lower levels of exposure, the C-allele is a risk factor.
CC, homozygotes for C allele; CT, heterozygotes; OR, odds ratio; TT, homozygotes for T allele.
(Data from Zambelli-Weiner A, Ehrlich E, Stockton ML, et al. Evaluation of the CD14/—260
polymorphism and house dust endotoxin exposure in the Barbados Asthma Genetics Study. J Allergy
Clin Immunol 2005;115(6):1203-9.)

determining allergy-related phenotypes. The most important consequence of
these findings, from the point of view of genetic epidemiology, is that it is not
possible to study either of these main effects independent of the other. Because
this pattern of gene—environment interaction has rarely been studied in humans, it
is currently unknown if it is unique to CD14/—159 or if other genetic variants
show similar types of gene—environment interactions. However, a recent report
Hoffjan and colleagues [28] strongly suggests that the latter may be true. These
investigators studied the association between polymorphisms in immune genes
and several early-life immune phenotypes related to atopy, and assessed the way
in which these associations were modified by attending day care in early life—
an exposure known to protect against the development of atopy [29]. For
polymorphisms in three of these genes (those for the IL-4 receptor alpha, nitric
oxide synthase-3, and high affinity receptor for IgE), opposite alleles showed
association with early-life immune phenotypes depending on whether the child
was or was not exposed to day care. These results thus suggest that, much like for
CD14/—159, the association between these immune gene polymorphisms and
atopy-related phenotypes cannot be studied independently from the day care—
related exposures that modify their effects. It remains to be elucidated what
role these gene—environment interactions play in the inconsistency between ge-
netic studies of atopy-related phenotypes.

The biology of gene—environment interactions

Although the earlier results appear compelling, the biologic mechanisms that
underlie the differential effects of genetic variations in different environments
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Fig. 6. Hypothetical biologic scenario that could explain the gene—environment interaction observed
in Fig. 5. C, C allele; T, T allele.

have not been studied in humans. Recent observations among subjects ex-
perimentally exposed to endotoxin may provide a clue (Tricia LeVan, PhD and
colleagues, unpublished data, 2005). These studies show that homozygotes for
the CD14/—159 T allele had higher basal levels of circulating sCD14 than
carriers of the C allele, but showed no significant change in circulating sCD14
levels 24 hours after being exposed to endotoxin by inhalation. Conversely,
homozygotes for the CD14/—159 C allele had lower levels of basal sCD14 levels,
but showed significant increases in sCD14 after exposure. These results could be
explained by a hypothetical different shape in the dose-response curve between
carriers of different CD14/—159 alleles. At lower levels of exposure, carriers of
the T allele would have higher responses that may reach an early peak (Fig. 6).
Beyond a certain dose of endotoxin, carriers of the C allele would have higher
responses than carriers of the T allele. In this scenario, responsiveness to
endotoxin would still be present in carriers of the C allele at levels of exposure
beyond which responses would have already plateaued among homozygotes for
the CD14/—159 T allele. Although this hypothetical scenario is plausible, it
requires empiric demonstration.

Summary

The example of the complex interactions between environmental exposures
and polymorphisms in the CD14 gene in predisposing for allergy-related con-
ditions offers a good indication of the complexity of the mechanisms that de-
termine susceptibility to these conditions. Contrary to what has been the rule for
monogenic diseases, the association between genetic variations and polygenic
conditions such as asthma and allergies may not always be unidirectional; that is,
not always will the same alleles be associated with the conditions under study.
Concepts of penetrance of genetic variations that ignore these nonlinear in-
fluences (which may affect gene—gene and gene—environment interactions) may
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hinder a better understanding of the mechanisms of disease involved, and there-
fore may delay the development of preventive strategies for these common con-
ditions. Discrepancies between well-designed genetic studies of asthma and
allergies, therefore, may be suggesting something fundamental about how these
diseases develop and how it will be possible to abolish them in the future.
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