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The hygiene hypothesis was proposed by Strachan [1] in 1989 as a pos-

sible explanation for the rise in the prevalence of hay fever and other aller-

gic diseases in industrialized countries. In an epidemiologic study of British

children, he observed an inverse association between hay fever and number

of siblings. Interestingly, this effect was stronger relative to the number of

older siblings. These observations led to the proposal that societal changes

over the past few decades, such as the decline in family size, improved sanita-

tion, and higher standards of personal cleanliness, has led to reduced exposure

to childhood infections, which in turn has altered immunologic development

to favor an increase in allergic diseases (Fig. 1). This provocative hypothesis

prompted investigators to search for evidence that environmental exposures

and genetic factors interact in childhood either to promote or protect against

the development of atopic diseases. This article discusses information that has

been gathered over the past 15 years to test the hygiene hypothesis. Remark-

ably, since this theory was originally proposed, knowledge of innate immune

mechanisms has blossomed, and this has led to new epidemiologic studies, and

a number of new experimental approaches, to define how microbial expo-
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Fig. 1. The hygiene hypothesis.
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sures might modify immune development and the incidence of allergic diseases

in childhood.
How does contact with other children affect immune development and

atopy?

The inverse association between sibship size and hay fever noted by Strachan

[1] has since been well substantiated in the literature. In this regard, exposure to

older siblings has been shown to exert a stronger protect effect than younger

siblings. Furthermore, large family size has also been related to a reduction in

the number of positive skin tests [2].

Daycare centers provide another significant source of exposure to childhood

infectious diseases, and as such, several studies have evaluated the role that the

daycare environment may play in the development of atopic diseases. A number

of studies found that daycare attendance was associated with increased res-

piratory infections in early childhood, including episodic wheezing before the

age of 3 [3,4]. There is now evidence to indicate, however, that early entry

into daycare may have beneficial effects on the risk of allergy and asthma later

on in childhood. For example, Kramer et al [5] demonstrated that entrance into

daycare at an early age was associated with a decreased prevalence of atopy in

school children. Furthermore, Ball et al [6] found that entry into daycare in the

first 6 months of life was associated with a tendency toward increased virus-

induced wheezing in the short run, but a reduced risk of asthma between 6 and

13 years of age. These studies underscore the concept that the timing of expo-

sures may be important relative to the long-term risk of allergy and asthma.

In addition to the age of entry into daycare, family history is another impor-

tant factor to consider. In a study of 453 6-year-old children in Boston with a

parental history of atopy, Celedon et al [7] found an inverse association between

daycare exposure in the first year of life and eczema. In children without a
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maternal history of asthma, daycare attendance was inversely associated with

asthma and recurrent wheezing at age 6. Because there was no protective effect

of daycare on asthma or recurrent wheezing among children with a maternal

history of asthma, these findings suggest that there are additional factors, possibly

genetically determined, that influence the relationship between daycare atten-

dance and the risk of wheezing.
Do infections promote or inhibit allergy and asthma?

The implications of the original hygiene hypothesis were that the decrease in

family size led to a reduction in the number of childhood infections, which ad-

versely affected immune development to increase the prevalence of atopic dis-

eases. Numerous cross-sectional and longitudinal studies have been performed

to determine the associations between family size, childhood infections, and

atopic diseases (Table 1). Despite these studies, the question of the influence of

childhood infections on the development of atopic disease remains controversial.

Some studies have failed to demonstrate an association, positive or negative,

between childhood infections and atopic diseases [8,9]. In a retrospective lon-

gitudinal study of United Kingdom children, McKeever et al [9] demonstrated

that neither personal infections nor sibling infections influenced the develop-

ment of allergic diseases. Other studies suggest that infections might actually

promote atopy. Bodner et al [10] were able to confirm the sibling effect on atopic

diseases; however, with the exception of a weakly protective effect of measles

infection after the age of 3 on the development of asthma, this effect could not be

explained by exposure to childhood infections. In fact, their data actually showed

positive correlations between some atopic manifestations and certain childhood

infections, and a cumulative effect of illnesses before the age of 3 and an in-

creased risk for asthma, hay fever, and eczema.

Several studies suggest that certain infectious diseases might protect against

the development of atopic diseases. Using positive tuberculin skin tests as a

marker of Mycobacterium tuberculosis infection, Shirakawa et al [11] concluded

that M tuberculosis infection protects against the development of atopic disease

because positive tuberculin skin tests were inversely associated with atopy; total

IgE; asthma; and production of the Th2 cytokines interleukin (IL)-4, IL-10, and

IL-13. Moreover, positive tuberculin skin tests correlated with expression of the

Th1 cytokine interferon (IFN)-g. In a study of adults in Guinea-Bissau, Shaheen

et al [12] demonstrated that a history of natural measles infection was associ-

ated with a reduction in the risk of atopic sensitization; however, in a larger cross-

sectional study of the Finnish population, Paunio et al [13] demonstrated a

positive association between measles infection and atopic diseases including

eczema, allergic rhinitis, and asthma.

Several cross-sectional studies performed by Matricardi et al [14–16] have

demonstrated a protective effect of hepatitis A infection on the development

of atopy, asthma, and allergic rhinitis in both Italy and the United States. Inverse



Table 1

Selected studies of infections and the development of atopic diseases

Author, year Type of study Study population Infectious etiology infection Results

Bodner et al

1998 [10]

Cross-sectional 2111 Aberdeen school

children, ages 10–14 years

Common childhood infections Rubella was associated with an

increased risk of eczema.

Measles after age 3 was protective of

asthma.

Pertussis after age 3 was associated with

increased risk of eczema.

Varicella after age 3 was associated with

increased risk of asthma.

An increasing cumulative number of

common childhood infections were

associated with an increased risk of

asthma, hay fever, and eczema.

Farooqi and

Hopkins

1998 [8]

Longitudinal (retro) 1934 United Kingdom

subjects from Oxfordshire

family practice birth cohort

up to age 12

Common childhood infections No association between childhood

infections and the development of

atopic diseases.

Illi et al

2001 [19]

Longitudinal (prosp) 1314 German children in

birth to age 7 cohort

Clinical colds, LRIs � 2 clinically defined colds in first year

of life was associated with decreased

asthma and wheeze at age 7 and decreased

atopy in the first 3 years. � 4 lower

respiratory tract infections in first 3 years

was associated with increased wheeze

at age 7.

Kosunen et al

2002 [18]

Cross-sectional

(population-based)

645 Finnish residents,

ages 15–54 years

H pylori H pylori was inversely associated with

atopy

Matricardi et al

1997 [14]

Cross-sectional 1659 Italian men,

ages 17–24 years

Hepatitis A Hepatitis A was inversely associated with

atopy and allergic rhinitis or asthma.
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Matricardi et al

2000 [15]

Cross-sectional

(retro, case-controlled)

480 Italian men, ages 17–24 Multiple bacterial and

viral pathogens

Toxoplasma gondii and Hep A were

inversely associated with atopy.

Cumulative exposure to orofecal and

food-borne pathogens was inversely

associated with atopy, allergic rhinitis,

and allergic asthma.

Matricardi et al

2002 [16]

Cross-sectional 33,994 US residents in

public registry, ages

1–90 years

Hep A, HSV-1, T gondii

Hep B and C, HSV-2

Hep A, T gondii, HSV-1 were inversely

associated with hay fever and asthma.

Hep A was inversely associated with

atopy.

McKeever et al

2002 [9]

Longitudinal (retro) 29,238 UK children in

historical birth cohort from

General Practice Research

Database, ages 0–11 years

Common childhood infections No association between common

childhood infections and atopic diseases.

Paunio et al

2000 [13]

Cross-sectional

(population-based)

547,910 Finnish residents,

ages 14 months–19 years

Measles Measles infection was positively

associated with eczema, allergic rhinitis,

and asthma

Shaheen et al

1996 [12]

Longitudinal (retro) 262 adults in Guinea-Bissau

originally surveyed in first

6 years of life

Measles Measles infection was associated with

decreased risk of atopy.

Shirakawa et al

1997 [11]

Cross-sectional 867 children in Honsu, Japan,

ages 12–13

M tuberculosis M tuberculosis was inversely associated

with atopy, asthma, allergic rhinitis,

eczema.

Sigurs et al

2005 [22]

Longitudinal

(case-controlled)

47 hospitalized, 93 control

subjects followed from

infancy to age 13

RSV

(requiring hospitalization)

RSV infection in infancy requiring

hospitalization was associated with

increased risk of asthma, atopy, and

allergic rhinoconjunctivitis up to age 13.

Stein et al

1999 [20]

Longitudinal

(population-based)

1246 children in the Tucson

Children’s Respiratory Study

prospective birth cohort

through age 13

RSV RSV was associated with increased risk

of wheezing in ages 6–11, but the risk

declines with age. RSV was not

associated with atopy.
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associations between both herpes simplex virus-1 and toxoplasmosis and

atopic manifestations have also been demonstrated [16]. Recent work by Mc-

Intire et al [17] has suggested that a genetic polymorphism in TIM-1, the re-

ceptor for the hepatitis A virus, may confer protection against atopic diseases

among those infected with hepatitis A, perhaps by altering the Th2 phenotype.

In addition, cumulative exposures to the food-borne and orofecal infections

hepatitis A, Helicobacter pylori, and toxoplasmosis, which are considered

markers of poor hygiene, are inversely associated with atopy and atopic diseases

[15,18]. These findings suggest that gastrointestinal infections may play a

more central role in protection from atopy than infections transmitted by other

routes [15].

Several longitudinal studies have been performed to determine the role that

respiratory viruses may play in the development of recurrent wheezing, asthma,

atopy, and allergic rhinitis. Illi et al [19] demonstrated that episodes of rhinitis, as

a marker for clinical colds, were inversely related to asthma, wheezing, and

allergic sensitization; however, lower respiratory tract infections increased the

risk of wheezing in childhood. Similar findings have been reported from the

Tucson Children’s Respiratory Study, a prospective birth cohort study. Respi-

ratory syncytial virus (RSV) infections in the first 3 years of life were associ-

ated with an increased risk of wheezing between the ages of 6 and 11, although

this effect decreased with time. There was no association between RSV infec-

tion and the development of allergic sensitization or serum IgE levels [20]. In

contrast, RSV infection severe enough to require hospitalization in infancy has

been shown to increase the risk of allergic sensitization, allergic rhinoconjunc-

tivitis, and allergic asthma by age 13 in a case-controlled longitudinal study

[21,22]. Causality cannot be established in these epidemiologic studies, however,

and it is unclear whether severe RSV infections promote atopic diseases or

whether there is an underlying factor, perhaps genetically determined, that pre-

disposes to both atopy and severe RSV infections.
Growing up on a farm

Several studies in Europe and North America demonstrate that children

growing up on a farm have a lower prevalence of allergic sensitization, hay fever,

and asthma [23]. In addition, children raised by farming parents have a lower risk

of atopic sensitization than their counterparts in the same community who were

not raised on a farm [24,25]. This protective effect seems to persist into adult-

hood [26]. Finally, living on a farm during the first 5 years of life, but not after,

seems to reduce the risk of subsequent asthma [25]. Collectively, these findings

uniformly suggest that living on a farm during early childhood protects against

atopy, and begins to provide clues as to which elements of this lifestyle confer

protection. There is evidence that specific protective factors on the farm could

include exposure to endotoxin, contact with animals, and diets rich in dairy

products or fermented beverages [27].
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Endotoxin

It has been suggested that increased exposure to endotoxin, a component of

the cell wall of gram-negative bacteria, on farms or in homes with animals could

modify immune responses to reduce the prevalence of atopic diseases. Farm-

houses are indeed associated with increased endotoxin exposure, but levels of this

microbial product are increased not only in stables but also in house dust and

mattresses of children raised in farming families [28]. In a study of German

children between the ages of 5 and 10, Gehring et al [29] found an inverse

association between endotoxin exposure and sensitization to one or more al-

lergens. In contrast, exposure to endotoxin did not modify the risk of asthma, hay

fever, or eczema. In the United States, Gereda et al [30] demonstrated that

endotoxin levels were significantly lower in the homes of infants with positive

skin prick tests. In addition, they reported that endotoxin levels correlated with

higher proportions of IFN-g–producing CD4+ T cells. More recently, Braun-

Fahrlander et al [31] demonstrated an inverse association between endotoxin

levels in the mattresses of children and the occurrence of atopy, hay fever, and

atopic asthma in school-age children. They also suggested possible immune

mechanisms associated with such exposure by identifying an inverse relation-

ship between endotoxin levels and lipopolysaccharide (LPS)-stimulated periph-

eral blood mononuclear cell (PBMC) production of cytokines associated with

the innate immune system: tumor necrosis factor-a, IFN-g, IL-10, and IL-12

[31]. This finding suggests down-regulation of the immune system on exposure

to higher levels of endotoxin.

Two studies have reported that endotoxin exposure may also reduce the risk

of developing atopic dermatitis. In a high-risk prospective birth cohort of children

with a parental history of asthma or allergies, Phipatanakul et al [32] found that

endotoxin levels in the home at 2 to 3 months of age were inversely associated

with eczema in the first year of life. Similar findings were reported by Gehring

et al [33], who found that endotoxin exposure in the first 6 months of life was

inversely related to eczema. Although these findings suggest the possibility that

endotoxin alters immune development, they are not the only exposures that are

unique to the farming lifestyle and may simply be a marker for increased ex-

posure to other microbial products. For example, microbial DNA and peptido-

glycan, a component of gram-positive bacterial cell walls, have also been linked

to a reduction in atopy [34,35].
Pet exposure

Conventional wisdom long held that the best way to prevent allergic sen-

sitization to domestic pets was to avoid them. Recent findings have altered the

thinking regarding the use and effects of pet allergen avoidance in early

childhood, because several recent studies have demonstrated that early contact

with pets may protect against the development of allergic diseases. The influence
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of the timing of such exposures on the developing immune system has not been

clearly defined, but inverse associations with pet ownership in the first year of

life have been demonstrated for allergic rhinitis and asthma [36] and allergic

sensitization and atopic dermatitis [37]. Ownby et al [38] demonstrated that the

presence of two or more dogs or cats in the home in the first year of life is

associated with a decreased risk of atopic sensitization at 6 to 7 years of age. The

fact that this association did not hold true for just one pet suggests that pet

exposure may alter immune development in a dose-dependent manner. The

relationship between exposure to cat and sensitization may resemble a bell-

shaped curve, in which individuals with the lowest and highest exposure to cat

allergen have the lowest prevalence of sensitization [39]. Another interesting

observation is that the beneficial effects of exposure to high levels of cat allergen

seem to be specific for the induction of tolerance to cats, whereas exposure to

dogs and farm animals seems to have broad effects to reduce allergy in general.

These findings suggest that there may be unique mechanisms of protection

afforded by exposure to cats compared with other animals, and there is evidence

that this may be related to induction of IgG rather than IgE antibodies by high-

level allergen exposure [40].
Parasitic infections, bowel flora, and allergy

The gastrointestinal tract is an active immunologic organ. The huge surface

area of the mucosal surface together with the exposure of this organ to large

concentrations of foreign proteins and microbial components throughout life

suggest that it is likely to have a major influence on early immune development

and potentially the development of atopic diseases. Differences in the commensal

gut flora of atopic versus nonatopic children have been demonstrated. In a pro-

spective study of infants in Estonia and Sweden, countries with low and high

prevalence of allergic diseases, respectively, Bjorksten et al [41,42] identified

differences in bowel flora among atopic infants before the manifestations of

atopic disease were present. Children who had atopic disease at 2 years of age

had lower counts of enterococci, bifidobacteria, and Bacteroides and higher

counts of clostridia, coliforms, and Staphylococcus aureus at various time points

in their first year of life when compared with nonatopic children. These findings

have generated interest in intervention studies involving Lactobacillus. This

bacteria, administered orally to mothers prenatally and to their high-risk infants in

their first 6 months of life, has been shown to reduce the risk of atopic dermatitis

in the first 4 years of life; however, there was no association with allergic

sensitization at age 4 [43]. These studies suggest that exposure to certain

microbes in the gut might provide stimulation that alters the development of the

immune system away from or toward an atopic phenotype.

In developing countries with a high burden of parasitic infections, the preva-

lence of atopic diseases is much lower than industrialized nations. For example,
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infection with Schistosoma was found to be inversely related to sensitization

to house dust mite in Gabonese schoolchildren. In addition, this parasitic

infection correlated with enhanced helminth-induced IL-10 production, which in

turn was inversely associated with allergic sensitization [44]. These findings

suggest that the anti-inflammatory properties of IL-10 induced by helminth

infection may attenuate the allergic response or promote tolerance [44]. Similar

inverse relationships with reduced skin prick sensitivity have been demonstrated

for other helminth infections including ascariasis, trichuriasis, and hookworm

[45]. Finally, a Brazilian study found that schistosomiasis was associated with

milder asthma in terms of symptoms, medication use, and abnormal spirometry;

although infection did not reduce the prevalence of asthma [46].
Vaccinations and antibiotics

Because exposure to childhood infections was at the heart of the hygiene

hypothesis, attention turned to the role that childhood vaccinations might play

in this hypothesis. Do vaccinations prevent or attenuate childhood infections

that are necessary for immune maturation? Do vaccinations enhance Th2 re-

sponses and thereby promote atopy? These questions have been extensively

studied in recent years, and were the subject of a comprehensive review. There

is conclusive evidence that childhood vaccinations have dramatically reduced,

and in some cases eradicated, a number of childhood infectious diseases as-

sociated with significant morbidity and mortality. In addition, there is no

evidence that vaccines in common use today increase the risk of atopy or allergic

diseases [47].

Another cornerstone in the management of infectious disease in childhood

is the use of antibiotics, and the types of antibiotics have continuously changed

and usage has undoubtedly increased over time. These trends may be most

pronounced in Western countries with high rates of allergy and asthma. A num-

ber of studies have demonstrated a positive relationship between antibiotic

use in the first few years of life and an increased risk of asthma, hay fever, and

atopic dermatitis [8,48–50]. A recent study of an historical birth cohort from the

West Midlands General Practice Research Database demonstrated a dose-

dependent relationship between antibiotic use and the risk of developing

asthma, eczema, and hay fever; however, after adjusting for physician consulting

behavior, only the increased risk of asthma remained significant [9]. The authors

argue that this could be explained by the fact that children with asthma

might receive more antibiotics because they are likely to have more respiratory

infections. This relationship was also tested in a prospective study of a

birth cohort of children with atopic parents. In this study, antibiotic use in

the first year of life did not increase the risk of atopic disorders at the age

of 5 [51]. The question of antibiotic use and the development of allergic diseases

remains controversial.
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Mechanisms

Epidemiologic studies relating exposure to other children, infectious diseases,

and microbial products led to the concept that suggested that environmentally

induced alterations in immune development acted to reduce rates of allergic

diseases. Over the past 15 years, there has been considerable progress in

understanding developmental changes in the immune system, and in particular,

two important new concepts have evolved with major implications related to the

hygiene hypothesis. The first is that innate immune responses to certain microbial

products can greatly affect the adaptive immune responses. Secondly, a subset of

T cells, termed ‘‘T regulatory cells,’’ play an important role in the control of

inflammatory responses, and potentially the development of tolerance versus

allergy after exposure to a foreign protein.

Innate and adaptive immune responses

Over the past 15 years, a family of receptors that initiate immune responses

to microbial products has been identified in mammalian cells. These receptors,

named for their structural similarity to toll receptors in fruit flies, and related

proteins constitute an essential component of the innate immune system [52].

When activated, these pathways influence and direct the development of adaptive

immune responses to pathogens and to allergens. Many common bacteria, fungi,

viruses, and protozoans have repetitive structural motifs known as ‘‘pathogen-

associated molecular patterns,’’ which bind to specific toll-like receptors ([TLRs]

Table 2). For example, LPS binds primarily to TLR4, which forms complexes

with CD14 and a variety of intracellular signaling molecules. The net result of

LPS binding to TLR4 on a variety of cells is the generation of cytokines,

including IL-10, IL-12, and IFN-g. These cytokines have the potential to initi-

ate immune responses to microbes, and in the context of allergy, these types of

responses may inhibit the process of allergic sensitization. Paradoxically, LPS

and other innate stimuli can amplify allergen-induced effects on Th2 cytokines if

sensitization has already occurred.

T regulatory cells and allergen tolerance

There is convincing evidence that allergy and asthma in childhood are as-

sociated with immune dysregulation leading to the overproduction of IgE; eo-

sinophilic inflammation; and ultimately, airway dysfunction and wheezing. The

concept that allergic diseases and asthma are exclusively caused by Th2 skew-

ing is incomplete, however, and a new paradigm for the regulation of inflam-

matory responses has been proposed. There is experimental evidence, primarily

in animal models but also in a few human studies, that specific subsets of T

and NKT cells seem to regulate inflammation through the production of anti-

inflammatory cytokines (IL-10, transforming-growth factor-b) [53]. Although

information regarding the development of these cells in humans is just begin-



Table 2

Toll-like receptor ligands

TLR Ligands Organism or origin

TLR 1 Triacyl lipopeptides Bacteria, mycobacteria

Soluble factors Neisseria meningitides

TLR 2 Atypical lipopolysaccharide Leptospira or porphyromonas

Lipoproteins or lipopeptides Multiple pathogens

Peptidoglycan Gram-positive bacteria

Lipoarabinomannan Mycobacteria

Mannosylated phosphatidylinositol Mycobacteria

Glycolipids Treponema

Glycophosphatidylinositol anchors Trypanosomes

Lipoteichoic acid Gram-positive bacteria

Porins Neisseria

Heat shock proteins Host

Zymosan Fungi

A phenol-soluble modulin Staphylococcus epidermidis

Yeast cell walls Yeast

TLR 3 Double-stranded RNA Viruses

TLR 4 Lipopolysaccharide Gram-negative bacteria

Taxol Plants

Fusion protein RSV

Lipoteichoic acid

Fungal components Aspergillus fumigatus,

Cryptococcus neoformans

Heat shock proteins Chlamydia, host

Oligosaccharides of hyaluronic acid Host

Fibrinogen or fibronectin Host

Polysaccharide fragments of heparan sulfate Host

TLR 5 Flagellin Bacteria

TLR 6 Zymosan

Mycoplasmal macrophage-activating

lipopeptide 2

Mycoplasma

Lipoproteins M tuberculosis, Borrelia

burgdorferi, Staphylococcus

epidermidis

Diacyl lipopeptides Mycoplasma

TLR 7 Viral RNA Viruses

TLR 8 Imidazoquinoline R848

TLR 9 CpG-DNA Bacteria, protozoans

TLR 10 Under investigation

Abbreviations: RSV, respiratory syncytial virus; TLR, toll-like receptor.

Adapted from Takeda K, Kaisho T, Akira S. Toll-like receptors [review]. Annu Rev Immunol 2003;

21:335–76; Dalpke A, Heeg K. Signal integration following toll-like receptor triggering. Crit Rev

Immunol 2002;22:217–50.
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ning to accumulate, it seems as if TR cells are functionally immature and continue

to differentiate during early infancy. Collectively, these findings suggest that

immature (reduced) TR cell function during infancy is associated with an

increased risk for recurrent wheezing, allergies, and asthma. Of interest relevant

to the hygiene hypothesis is that pathogen-associated molecular patterns can
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activate specific subsets of dendritic cells that can drive the development of

TR cells [53]. This observation has important implications for respiratory allergy,

as has been demonstrated by Akbari et al [54] in a murine model of respiratory

allergy, in which dendritic cells were shown to influence the development of

TR cells in mice. After allergen challenge, pulmonary dendritic cells secreted

IL-10, and adoptive transfer of these cells stimulated the development of CD4+

TR cells that also produced high levels of IL-10 [54]. Furthermore, dendritic cells

from IL-10(+/+), but not IL-10(�/�), mice induced antigen-specific tolerance in

the recipient mice. These results suggest the possibility that stimuli, such as the

microbial product LPS, which induces dendritic cell IL-10 production, could

promote the development of specific TR cells on exposure to allergens. There

are currently a number of clinical studies to evaluate the relationship between

microbial exposure, the development of TR cells, and the incidence of atopic

disease in children.
Genetics

Recent studies have shown that an individual’s response to environmental

and microbial exposures is partially dependent on genetic polymorphisms that

alter immune responses to environmental stimuli. Interestingly, many of the ge-

netic factors linked to allergic outcomes are genes involved in responses to

LPS (Fig. 2) and other microbial products. For example, Baldini et al [55]

identified polymorphisms in the gene for CD14, a high-affinity receptor for LPS,

in subjects enrolled in the Tucson Children’s Respiratory Study prospective birth

cohort. A C-to-T transition in the promoter region of the gene (CD14/-159) was

identified, and TT homozygotes had higher levels of soluble CD14 (sCD14) than

the CC or CT genotypes. This polymorphism is associated with specific

alterations in adaptive immune responses. For example, sCD14 levels positively

correlated with IFN-g production and negatively correlated with IL-4 production

by PBMCs stimulated with concanavalin A and phorbol myristate. In addition,

the TT genotype was associated with lower levels of serum IgE in skin prick–

positive children than the CC or CT genotypes [55]. In addition, Koppelman

et al [56] demonstrated an increase in hay fever, allergic rhinitis symptoms, posi-

tive skin tests, and serum IgE in adults with the CD14/-159 CC genotype versus

the CT and TT genotypes. Finally, in the COAST prospective birth cohort study,

children with the CD14/-159TT genotype were less likely to develop atopic

dermatitis in infancy if there was a dog in the home [37]. These findings strongly

implicate a mechanism involving CD14 in determining the risk for atopic disease.

Three polymorphisms in caspase recruitment domain-containing protein 15

(CARD15), an intracellular LPS receptor that promotes apoptosis, have been

associated with increased risk of allergic rhinitis, atopic dermatitis, or allergic

sensitization; however, no associations have been made between these poly-

morphisms and asthma [57]. This protein is of great interest because it has been

identified as an intracellular receptor for some forms of endotoxin. Finally,
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Fig. 2. The role of CD14, TLR4, and CARD15 in the innate immune response to LPS.
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polymorphisms in the gene for TLR4, an endotoxin receptor expressed on the

surface of cells, have been associated with a decreased response to LPS stimu-

lation in humans [58]. The Asp299Gly TLR4 polymorphism is associated with

reduced production of IL-12 and IL-10 by LPS-stimulated PBMCs and a fourfold

increase in the risk of asthma in school-age children [59].
Summary and clinical implications

The hygiene hypothesis originated from epidemiologic observations relating

exposure to other children to a reduced risk of allergy. Knowledge regarding

other environmental factors associated with this protection has blossomed, and

has led to a number of testable hypotheses related to mechanisms associated with

modification of personal risk for allergy and asthma. Concurrent with this activity

has been an expansion in knowledge about innate immune responses, T regu-

latory mechanisms, immune development in early childhood, and the genetics

that affect each of these processes. Studies are now in progress in a number of

laboratories worldwide to incorporate these new advances in immunology into

models linking environmental exposures to the induction of tolerance. Although

treatments based on these principles have not yet reached the community al-
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lergist, as this work progresses one can look forward to new strategies for the

treatment and prevention of allergies and asthma.
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