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The functional genomics of CD14 and its
role in IgE responses: An integrated view

Donata Vercelli, MD Tucson, Ariz

Several studies in recent years have suggested that there is a
strong genetic component in the pathogenesis of IgE-mediated
diseases. Epidemiologic studies have identified a number of
genes that carry single base changes (single nucleotide poly-
morphisms) associated with parameters of allergy. What
remain to be established are the mechanisms whereby genetic
variation results in dysregulation of IgE-mediated responses.
This is the task of functional genomics. In this article, some of
the most powerful approaches that have been devised to pro-
vide a mechanistic explanation for the effects of genetic varia-
tion on the regulation of gene expression and function are dis-
cussed. Recent data on the impact of genetic variation on the
regulation of CD14 are explored in the context of the potential
role played by this gene in the pathogenesis of allergy. Also dis-
cussed is the notion that taken individually, each instance of
variation might result in small effects. It is the combination of
variations in the same gene and/or in genes arrayed along one
functional pathway that might eventually lead to dysregulation
strong enough to cause disease. In this scenario, the environ-
ment is likely to play an essential role in determining the func-
tional outcome of genetic variation. (J Allergy Clin Immunol
2002;109:14-21.)
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The notion that “allergy runs in families” has been
around for a long time. Significant familial correlation
coefficients for IgE levels were found between mother
and offspring, between father and offspring, and between
siblings.12 However, this early work failed to have a
major impact on the way in which molecular immunolo-
gists thought about the role of genetics in IgE regulation.
The gap between the tools of epidemiology and the level
of resolution sought by basic immunologists was still too
wide to be bridged easily. It was only after the main play-
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ers in the induction of IgE synthesis were identified that
it became possible to seek evidence for associations
between dysregulation of IgE responses and variation in
genes involved in specific steps of IgE regulation. These
studies finally succeeded in prompting immunologists to
think mechanistically about the role of genetic variation
in IgE synthesis.

The first milestone on the road to unraveling the genet-
ic components of allergic inflammation was the finding
of linkage between markers in chromosome 5q31.1 and a
gene controlling total serum IgE concentrations.3 At the
time, these results were taken to suggest that IL-4 regu-
lates IgE production in a non—antigen-specific fashion.3
Nearby genes in 5q31.1 were also considered potential
candidates, but with much less enthusiasm. IL-4 was well
chosen as a candidate gene: no other cytokine except IL-
13 (at the time still considered an IL.-4 relative with more
modest and less interesting activity)* can induce €
germline transcription and isotype switching to IgE.5 It
was thus reasonable to think that genetic variation in IL-
4 was the source of the linkage signal found on chromo-
some 5q. Some years and many papers later, the possi-
bility that genetic variation in IL-4 plays a major role in
the pathogenesis of allergy is fading away. Several puta-
tive variants have been identified in the IL-4 promoter,
including one that is associated with a small but signifi-
cant decrement in lung function among people with asth-
ma.® However, no direct link to either IgE levels or IgE
synthesis has been documented conclusively.”

Despite this setback, the field had been opened and the
accumulation of data to support a major role for genetic
factors in the pathogenesis of allergic inflammation went
on undisturbed. Many, if not all, of the major known play-
ers in IgE regulation and IgE-dependent reactions—f{rom
cytokines to receptors to mediators—were found to carry
polymorphisms that are associated with specific allergic
and/or asthmatic phenotypes in different populations
throughout the world. However, albeit informative, these
studies still had 2 significant drawbacks. First, they were
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finalized to associating individual nucleotide differences
in the gene of interest with a certain phenotype without
addressing the fundamental issue of how a certain genet-
ic blueprint leads to a certain pattern of dysregulated gene
expression. Second, and more important, this work still
rested on the underlying assumption that genes are differ-
ent in different individuals—but only up to a point.

THE GENOMIC REVOLUTION

This state of affairs came abruptly to an end with the
advent of the genomic revolution—ie, in the face of the
unprecedented flood of data generated by the Human
Genome Project and published in the spring of 2001. This
has led to the realization that genetic variation, far from
being episodic, is so frequent and pervasive that it pro-
vides a powerful tool by which to fine-tune gene function
by modulating gene expression and gene-by-environment
interactions. Traditionally, human geneticists had con-
cerned themselves with monogenic diseases—very rare
conditions in which a mutation of a single gene is neces-
sary and sufficient to cause disease. It is very clear that the
role played by genetic factors in the pathogenesis of aller-
gy and asthma is, while just as critical, much more subtle
and complex. In this context, the publication of the map
of human genome sequence variation represents a point of
no return. It has been known for a long time that the 2
“genomes” that each of us carries and are inherited from
our parents most often diffe—both from each other and
from the genomes of other human beings—in terms of
single base changes, termed single nucleotide polymor-
phisms (SNPs). What was not clear to everyone was the
extent to which variation exists. It took as massive an
effort as that of the Human Genome Project to unravel the
extent of genetic diversity, and the results have been stun-
ning. Through 1999, only a few thousand SNPs had been
identified; in the year 2000 alone, this number has been
increased 1000-fold.8 It appears that on average, an SNP
can be found every 1.9 kb of genome—and even more
frequently in coding regions of genes (1 SNP every 1
kb).9 As we shift our focus from coding to noncoding
regions, the count will rise even further, but even as things
stand now, it is estimated that at least 39% of gene loci
have at least 10 SNPs (Table I). As an example, sequenc-
ing-mediated SNP identification under the auspices of our
National Heart, Lung, and Blood Institute—funded Pro-
gram for Genomic Applications is detecting literally
dozens of SNPs in most of the genes thus far examined,
including those of innate immunity, which were thought
to be highly conserved.*

For someone who is interested in function and regula-
tion, the extent to which genetic variation is found in our
genome opens avenues for thinking and research that are
as exciting as they were unsuspected. I would like to pro-
pose the notion that precisely because it is so pervasive,
genetic variation might represent a subtle but powerful
mechanism for fine-tuning gene expression under basal

*For further information, refer to the Web site www.innateimmunity.net.
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conditions—and perhaps even more in the context of
gene-by-environment interactions. In this scenario, the
effects of genetic variation are seen as a continuum in
which the transition between genetically determined dif-
ferences in gene expression and genetically determined
disease is oftentimes opaque. Taken individually, each
instance of variation might result in small effects—so
small that it might be hard to model them in the labora-
tory. It is the combination of variations in the same gene
and/or in genes arrayed along a single functional path-
way that could eventually result in dysregulation strong
enough to cause disease. Under these circumstances, the
environment is likely to play an essential role in sorting
through the functional effects of the SNPs, for each tip-
ping the balance between health- or disease-related
effects.

THE NUTS AND BOLTS OF FUNCTIONAL
GENOMICS

If we accept that genetic variation is a critical step in
the determination of both gene regulation and disease
pathogenesis as well as an ideal substrate for gene-by-
environment interactions, then the next question is: How
is this accomplished mechanistically? In other words,
how does a single nucleotide change modulate the
expression of a multi-Kb gene or the structure of the pro-
tein that it encodes? It is the task of scientists interested
in functional genomics to answer these questions.
Despite inevitable difficulties, progress is being made at
a fast clip. Allergy and asthma genes have been particu-
larly good candidates for this kind of investigation. As
discussed above, we have some ideas as to which are the
main players in the regulation of IgE responses,>:10 and
we have defined some of the main pathophysiologic
mechanisms that contribute to the asthma phenotype,
even though we do not yet have a fully comprehensive
view of how they interact and synergize.

It is important to stress that a functional analysis of the
impact that SNPs have on the regulation of a gene and/or
a disease cannot be performed in a vacuum. Functional
studies are extremely complex, time-consuming, and dif-
ficult. They do eventually bring a rich reward, but in the
process they require remarkable efforts and significant
investments. Accordingly, the problem is: What instance
of genetic variation should one focus on in a gene that
has dozens of polymorphisms? How does one prioritize
and choose? Everyone in the field is asking these ques-
tions, but I do not believe that there is any easy answer at
this time. The high frequency at which genetic variation
occurs defeats any comprehensive strategy aimed at
addressing this problem.

There might be partial solutions, however. For SNPs in
promoter regions, computer-assisted inspection of the
sequence for putative transcription factor binding sites!!
might occasionally help. Alternatively, one might envis-
age a hypothesis-independent, labor-intensive approach
based on the generation of panels of reporter vectors con-
taining short, concatenated double-stranded oligonu-
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TABLE I. A deluge of SNPs

Genome: 2.7-2.9 billion bp

Genes: 25,000-35,000

1.42 million SNPs—ie, 1 SNP every 1.9 kb

1 coding SNP every 1.08 kb

93% of gene loci* have at least 1 SNP

59% of gene loci* have at least 5 or more SNPs
39% of gene loci* have at least 10 SNPs

These data are taken from the following report: Sachidanandam R, Weiss-
man D, Schmidt SC, et al. A map of human genome sequence variation con-
taining 1.42 million single nucleotide polymorphisms. Nature 2001;409:
928-33.

*A gene locus is defined as 10 kb upstream of the start of exon 1 to the end
of the last exon.

TABLE Il. Some polymorphic genes associated with the
atopic triad (allergy, asthma, and atopic dermatitis)

Arylamine N-acetyltransferase6?
B2 adrenergic receptor®3
CCR3%4

CD1415

CTL-465

FceRIP6S

Glutathione S transferase®?
Histamine N-methyltransferase®®
IFN-y67

IL-43

IL-4R068

1L.-9%9

IL-1070

IL-1316

IRF-167

Lymphotoxin-o!!
MCP-172

NOS173

PAF acetyl hydrolase’4
RANTES75.76

SPINKS577

TGE-B170

TLR459

TNF-078

cleotides corresponding to the wild type and the poly-
morphic sequence. Reporter assays might then be used to
distinguish the functional SNPs from the nonfunctional
ones. A similar strategy might work for SNPs in 3’
untranslated regions (3'UTRs), but this would involve
testing RNA stability rather than transcriptional activa-
tion. This approach was recently adopted to search for
functional genetic variants in the human matrix metallo-
proteinase 2 gene.!2 However, in the absence of epidemi-
ologic information, it remains to be proved that the
“functional” SNPs thus identified are associated with
dysregulation of gene expression leading to phenotypic
variants. This is in addition to the fact that when the SNP
count climbs as steeply as it is doing now for most genes,
the feasibility of the approach becomes dubious.

A better solution is to work within a larger conceptual
and experimental context—in short, to be part of an inte-
grated pipeline. The work of a functional genomicist
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interested in allergic inflammation cannot be disconnect-
ed from the work of epidemiologists, molecular geneti-
cists, and bona fide immunologists. Because it might take
years to decipher the mechanisms through which your
favorite SNPs impact on the function of your favorite
gene, it is essential for this choice to be validated by both
epidemiologic and immunologic evidence. Thus, in our
group at the Arizona Respiratory Center, current func-
tional genomics efforts focus mainly on IL-13 and CD14,
two among many genes for which specific SNPs have
been found to be associated with diseases of the atopic
triad (allergy, asthma, and atopic dermatitis; Table II).
Both IL-13 and CD14 are central to the regulation of
allergic reactions, the one through direct induction of IgE
switching!3 and the other through its ability to modulate
the effect that innate responses to bacterial pathogens
have on adaptive immunity.!4 Molecular genetics studies
performed at our Center have identified in both of these
genes several novel SNPs that are strongly associated
with levels of serum IgE.15.16 This background informa-
tion ensures that once we embark on the difficult task of
understanding the mechanisms whereby these SNPs dys-
regulate the expression and/or the function of IL-13 and
CD14 as well as IgE responses, we can be reasonably
sure that we are investigating a biologically relevant
problem. Moreover, we know that the solution, however
hard it might be to find, will most likely highlight essen-
tial events in the pathogenesis of IgE-mediated disorders.

It is obvious that once an SNP worth analyzing has
been identified, the experimental strategy of choice will
depend on the location of the SNP in the gene. Thus, for
polymorphisms in promoters or 5’ regulatory regions, the
question to ask is whether they affect transcription of the
gene and/or the pattern of tissue-specific expression. The
underlying mechanism might be direct interference with
the interactions between promoter DNA and transcrip-
tion factors, or it might be a change in the ability of the
promoter region to be engaged in long-range interactions
with more distal regulatory elements (eg, enhancers,
silencers, or locus control regions). The time at which the
gene is expressed in different tissues during development
is also a potential target of genetic variation. This is a
critical issue in asthma and allergy, wherein the window
of opportunity for genetic factors to make an impact
appears to be relatively narrow and restricted to early
life.17 SNPs in 3'UTRs might affect RNA stability by
altering the motifs onto which RNA binding proteins
dock. Even intronic SNPs might affect gene regulation
processes. Indeed, more and more introns of immune
genes are found to correspond to the location of DNase I
hypersensitive sites!8:19; they thus appear to harbor regu-
latory elements that contribute to modulating the expres-
sion of the gene. SNPs in coding regions are the ones that
have attracted most of the attention thus far. Of course, a
nonsynonymous nucleotide change that results in an
amino acid replacement is worth looking into, especially
if the replacement is nonconservative (eg, if a neutral
amino acid is replaced by a basic one)—even more so if
it occurs in a region that is important for the function of
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the protein in question. However, even a synonymous
mutation—ie, one that does not result in an amino acid
change——could have functional consequences if the
mutated allele is highly expressed and the amount of
tRNA for the novel codon becomes limiting.20

There are other possible outcomes of genetic variation
that should be considered, even though the underlying
mechanisms are more difficult to pinpoint and/or their
likelihood might be lower. For instance, variation in a
coding region or 3’'UTR might affect not only the stabil-
ity of the message but also the efficiency of its transla-
tion.21-23 SNPs in a regulatory region might affect
expression of the gene by modifying its positioning to
active nuclear chromatin domains.24 Last (but certainly
not least), chromatin remodeling over the locus might be
influenced by SNPs if the latter interfere with the recruit-
ment of chromatin remodeling factors; this could in turn
affect the accessibility of the whole locus.25 Along not-
dissimilar lines, we should consider the possibility that
genetic variation might interfere with the epigenetic
mechanisms that determine monoallelic expression of
some genes. This theme is increasingly interesting to
immunologists, inasmuch as in the mouse several
cytokine genes critical for allergic disorders (first and
foremost, IL-4 and IL-13) have been shown to be
expressed monoallelically.26:27 Even if these mechanisms
of genetically determined variation in gene expression
patterns remain hypothetical, they are quite plausible and
might be worth exploring in specific cases.

INNATE IMMUNITY, THE HYGIENE
HYPOTHESIS, AND THE FUNCTIONAL
GENOMICS OF CD14

Having briefly discussed the targets and tools of func-
tional genomics, I now take a closer look at some mech-
anistic studies recently performed by our group to define
how SNPs in CD14 affect the expression of the gene
itself and its role in IgE responses.

Allergic sensitization is a multistep process whereby
presentation of environmental antigens (allergens) to the
immune system results in the preferential activation of
T2 cells that are programmed to express IL-4, IL-13, IL-
5, and IL-9 on activation. These cytokines induce IgE pro-
duction as well as the other cardinal features of Ty2-
dependent disorders (goblet cell hyperplasia, bronchial
hyperresponsiveness, eosinophilia).28-30 Our interest in
CD14 arose from the realization that the interaction
between the environment and the genetic background of
the individual might be critical in determining allergic sen-
sitization and its clinical outcome. This notion is key to the
hygiene hypothesis,3! which seeks to explain the fact that
when every individual in a population is exposed to certain
allergens, only some of the individuals in the population
mount a Ty2-dependent IgE response to those allergens.

The hygiene hypothesis imputes the striking increase in
IgE-mediated diseases (allergy, asthma, eczema) that has
occurred over the last few decades to environmental fac-
tors.32 Because this increase is most prevalent in industrial-
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ized, westernized countries and/or parallels the develop-
ment of westernized lifestyles, the connection between
allergic sensitization and lifestyle has been rationalized by
proposing that increased hygiene and cleanliness and/or the
widespread use of antibiotics and immunizations might
have deprived the developing immune system of environ-
mental cues shaped by evolution to skew adaptive immuni-
ty away from Ty2 responses. The hygiene hypothesis has
focused the attention of allergy researchers on the role that
exposure to bacterial products, such as endotoxin/LPS,
might play in influencing allergic sensitization. In support
of this hypothesis are recent findings that children raised in
rural areas and heavily exposed to animals and LPS have a
prevalence of allergy and asthma that is remarkably lower
than that seen in children living in the same areas but not
exposed to animals.33 Endotoxin concentrations were high-
est in stables of farming families, but they were also high in
dust from kitchen floors and in children’s mattresses, indi-
cating that contact with livestock determines an overall
increase in endotoxin exposure.34 Another recent study
found that the homes of allergen-sensitized infants con-
tained significantly lower concentrations of house dust
endotoxin than those of nonsensitized infants.3> Increased
house dust endotoxin concentrations correlated with
increased proportions of IFN-y-producing CD4 T cells. Of
note, exposure to LPS might actually increase the severity
of the disease in individuals with established asthma.36 Fur-
thermore, allergen provocation augments endotoxin-
induced nasal inflammation in subjects with atopic asth-
ma.37 Therefore, the interaction between LPS exposure and
genetic variants in the LPS response pathway might have
different consequences depending on the stage of the dis-
ease at which exposure occurs. Indeed, data from a rat
model confirm that exposure to LPS before or at the time
of allergen challenge suppresses allergic sensitization,
whereas LPS administration to already sensitized animals
exacerbates allergic inflammation.38

Sensitive responses to LPS—and, more generally, to
products derived from bacterial pathogens—fall in the
domain of innate immunity and involve a set of pattern
recognition receptors that identify invariant pathogen-
associated molecular patterns.3940 Pattern recognition
receptors are exemplified by CD14, a molecule expressed
on and secreted by myeloid cells. CD14- cells, such as
epithelial and endothelial cells, become responsive to bac-
terial pathogens in the presence of soluble CD14
(sCD14), a protein present in the serum in microgram
amounts*! and secreted by monocytes and the liver.42
Membrane-bound CD14 and sCD14 bind a variety of
bacterial products—eg, LPS from gram-negative bacte-
ria, lipoteichoic acids from gram-positive bacteria,
mycobacterial glycolipids, and mannans from yeasts.*3
Responses of inflammatory cells to subpicomolar con-
centrations of bacterial ligands require LPS-binding pro-
tein, a lipid transfer protein that recognizes the lipid A
moiety of LPS and facilitates the binding of LPS to
sCD14 or membrane CD14.41 At the molecular level,
CD14 acts by transferring LPS and other bacterial lig-
ands from circulating LPS-binding protein to the Toll-
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FIG 1. CD14/-159C—T increases transcription by decreasing the binding affinity of Sp3. In the monocytic
cell line, Mono Mac 6, which has a high (Sp1 + Sp2)/Sp3 ratio (2:1), the T allele exhibits increased tran-
scriptional activity resulting from decreased affinity for Sp3, an Sp family member with repressive activity.
Thus, binding of activating Sp1/Sp2 is favored (left). In contrast, the increased affinity of the C allele results
in increased Sp3 binding, leading to decreased transcriptional activation (right).

like receptor 4/MD-2 signaling complex.44 Engagement
of this complex results in the activation of innate host
defense mechanisms, such as release of inflammatory
cytokines, and in upregulation of costimulatory mole-
cules, thus providing cues that are essential to directing
adaptive immune responses.

Our group has proposed that LPS, CD14, and T helper
cell differentiation are key players in a complex circuit
that is triggered by different combinations of environ-
mental stimuli and can either upregulate or suppress IgE-
dependent reactions.4> Allergens typically evoke adap-
tive responses that result in increased Ty2 differentiation,
enhanced IL-4/IL-13 expression, and enhanced IgE pro-
duction. Downregulation of CD14—and, consequently,
reduced LPS-inducible expression of IL-12 and IL-18
(cytokines essential in promoting Tyl responses)—
might be a key step in allowing Ty2 differentiation to
proceed undisturbed. Conversely, presentation of the
allergen by antigen-presenting cells simultaneously stim-
ulated by bacterial ligands would recruit innate immune
pathways and, by enhancing CD14 expression and LPS
responsiveness, would lead to increased expression of
IL-12 and IL-18, decreased T2 differentiation, and sup-
pression of IgE responses. 14:46

If exposure to bacterial products can influence allergic
sensitization, it is conceivable that genetic factors that
modify LPS responsiveness might also influence suscepti-
bility to the development of allergy and/or asthma. Con-
sistent with this notion, a C—T SNP at position —159 in
the promoter of the gene encoding CD14 was found to be
associated with increased levels of sCD14 and decreased
total serum IgE.!5 Of note, IFN-y responses were positive-
ly correlated with serum sCD14 levels, whereas the corre-
lation for IL-4 responses was negative. These data point to
a potential role of CD14 as a candidate gene for allergy.
On the other hand, the recently described association

between CD14/-159C—T and risk for myocardial infarc-
tion found in at least 3 different populations#7-4° and the
increased risk of alcoholic liver damage and cirrhosis
found in CD14/-159T homozygotes9 eloquently high-
light the far-reaching effects that genetic variation in CD14
might have on the pathogenesis of inflammatory diseases.

This compelling epidemiologic and immunologic evi-
dence led us to investigate the molecular basis for the
effects of CD14/-159C—T on CD14 regulation.! A
luciferase reporter vector driven by the proximal CD14
promoter and containing CD14/-159T was transcription-
ally more active than the wild-type C allelic variant in
transient transfection assays using CD14-expressing
monocytic cells. This increase in activity had an average
value of 32% and was paralleled by a decreased affinity
of the interactions between transcription factors of the Sp
family (Sp1, Sp2, and Sp3) and the GC box in the CD14
promoter that contains the SNP. To understand this
apparent paradox, it is important to consider that all Sp
family members contain a highly conserved DNA bind-
ing domain and bind the same consensus sequence but
show promoter context-related differences in their trans-
activating properties.52 Thus the function of Sp protein-
dependent promoters is regulated by the relative ratio
between activating (Spl, Sp2) and repressing (Sp3)
members of the Sp family. In this scenario, the
—159/C—T polymorphism would increase transcription
by lowering the binding affinity of Sp3, a factor known
to repress the activity of a number of promoters33-54 (Fig
1). This interpretation was supported by the comparison
of the transcriptional activities of the C and T allele in 2
cell lines that exhibit opposite patterns of Sp1/Sp2 and
Sp3 expression. Indeed, the T allele showed increased
transcriptional activity in the monocytic cell line, Mono
Mac 6, which has a high (Sp1 + Sp2)/Sp3 ratio. In con-
trast, the CD14/-159C—T difference in transcription
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FIG 2. A dominance of repressive Sp3 overrides differences in the affinity of the CD14 promoter and
decreases CD14 transcription. In hepatocytic HepG2 cells, in which Sp1 and Sp2 are poorly expressed rel-
ative to Sp3 (1:2 ratio), Sp3 binding dominates, Thus, the difference in transcription between CD14/-159C
and CD14/-159T is lost and the overall activity of the promoter is strongly attenuated.

was lost, and overall activity strongly attenuated, in
hepatocytic HepG2 cells, in which Sp1 and Sp2 are poor-
ly expressed relative to Sp3 (Fig 2). Thus the ratio
between activating and repressing Sp family members
plays a critical role in regulating the transcription of the
2 allelic variants of the CD14 promoter. Our data also
suggest that the functional outcome of genetic variation
in a promoter might be determined by the tissue-specific
interplay between the nuclear transcriptional milieu to
which the promoter is exposed and the DNA sequence of
the promoter itself—an intriguing paradigm of gene-by-
environment interactions within the cell.

Conclusions

The dissection of the molecular mechanisms that
underlie the transcriptional effects of CD14/~159C—T
highlights some of the complex ways in which genetic
variation can affect the expression of a critical allergy
gene. A genetically determined increase in CD14 expres-
sion could result in enhanced LPS responsiveness in early
life, when the relative balance between Ty1- and Ty2-
mediated immunity is finely adjusted. Robust CD14-
mediated reactions to pathogens would elicit strong IL-
12/IL-18 expression by innate immune pathways. Tyl
differentiation, rather than Ty;2 differentiation, would thus
be favored, decreasing the likelihood of vigorous IgE-
dependent responses after allergen exposure.

I am well aware that what we have thus far is only a
small piece in a very large puzzle. CD14/-159C—T is
only one of several SNPs in the CD14 promoter,3> and
variation in CD14 as a whole is likely to be only one of
many genetic events on the road to allergy. Indeed, a
common theme emerging from the few functional studies
reported thus far is that the differences in transcriptional
activity between naturally occurring polymorphic pro-

moter variants and their wild-type counterparts are sig-
nificant but relatively modest.50-5% The same appears to
be true for the functional analysis of recombinant pro-
teins that model polymorphic variants of immune ligands
(unpublished results of our group). Though puzzling, this
paradigm is consistent with the basic notion that these
instances of genetic variation might be insufficient to
cause disease when taken individually. However, they
might induce significant modulation of gene expression
and function when they become involved in gene-by-
gene and/or gene-by-environment interactions. Accord-
ingly, individuals carrying SNPs both in a ligand and its
receptor would be expected to have a more severe phe-
notype. Indeed, this appears to be the case for SNPs in
IL-13 and IL-4 receptor o chain (unpublished results of
our group). On the other hand, the phenotype associated
with SNPs in receptors for bacterial pathogens might
vary depending on the environment. The reported dis-
crepancies in the association between CD14/-159C—T
and risk for myocardial infarction47-49:60 might well
relate to different levels of endotoxin exposure in the
populations under study. Even more, the association
between CD14/-159C—T and the increased IgE levels
observed in laboratory workers continuously exposed to
animals®! suggests that allergy might be exacerbated
rather than prevented by endotoxin exposure when such
exposure is overwhelming and occurs in adult life.

In conclusion, we envision a scenario in which a con-
stellation of small, quantitative variations in critical
genes fine-tunes innate and adaptive immune responses
and the way in which they interface with the environ-
ment, resulting in a wide spectrum of related phenotypes.
Our approach, which integrates functional genomics
within a larger epidemiologic and immunologic context,
promises to be ideally suited to address and decipher the
complexities of genetic variation.
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