
CI = confidence interval; IL = interleukin; OR = odds ratio; Th1 = T helper lymphocyte 1; Th2 = T helper lymphocyte 2.
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Introduction
In 1989, David Strachan described decreases in the
prevalence of childhood hay fever and atopic dermatitis in
association with the presence of older siblings [1]. He
concluded that “declining family size, improved household
amenities, and higher standards of personal cleanliness
have reduced the opportunities for cross-infection in
young families. This may have resulted in more wide-
spread clinical expression of atopic disease” [1]. This, and
subsequent observations, led to the formulation of the
‘hygiene hypothesis’. The biological basis for the hygiene
hypothesis lies in the induction of a T helper lymphocyte 1
(Th1) population by bacterial and viral infections, and the
resultant deviation from the T helper lymphocyte 2 (Th2)
immune responses involved in IgE-mediated allergy [2].

Asthma can be defined as a combination of airway inflam-
mation, often as a result of allergic sensitization, and
airway hyperresponsiveness. While family size and child-

hood infections have generally not been associated with
airway responsiveness, because of its close relationship
with atopy the risk for childhood asthma has also been
hypothesized to relate to these factors. Family size and/or
attendance at daycare have consistently been associated
with decrements in the relative risk of asthma [3–5],
although a few studies have demonstrated increased
asthma risk with daycare, probably due to an increased
prevalence of lower respiratory tract infections [6]. Lower
respiratory tract infections in early childhood have uni-
formly been associated with an increased risk of subse-
quent asthma [3,5,7]. While the association of
non-respiratory childhood infections and the risk of asthma
have been generally supportive of a protective effect, the
evidence remains inconclusive. In a case–control study of
1659 Italian military cadets, the relative risk of atopy
decreased with exposure to orofecal microbes, including
Helicobacter pylori, Toxoplasma gondii, and hepatitis A
virus, as diagnosed by serology [8]. Allergic asthma was
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present in only one of the 245 cadets positive for at least
two of these serologies. A decreased risk of atopy was not
noted in relation to the airborne respiratory viral serologies
evaluated. While exposure to measles [4] and Mycobac-
terium tuberculosis [9] have also been reported to protect
against asthma development, no specific infection to date
has consistently been demonstrated to support the tenets
of the hygiene hypothesis.

The focus article
The article by Illi et al [10] provides convincing data in
support of the hygiene hypothesis. In a longitudinal birth
cohort of 1314 children followed to the age of 7 years, Illi
et al compared the prevalence of doctor-diagnosed
asthma, current wheeze, and airway hyperresponsiveness
with the occurrence of various categories of infection
during the first 3 years of life. As expected, lower respira-
tory tract infections were positively associated with
asthma (odds ratio [OR] = 4.46, 95% confidence interval
[CI] = 2.07–9.64 for four or more infections versus one or
no infection), wheeze (OR = 3.97, 95% CI = 2.06–7.64),
and airway responsiveness (OR = 2.14, 95% CI =
1.03–4.43). As a group, however, non-lower respiratory
viral infections demonstrated a strong protective effect
against the same outcomes (i.e. asthma [OR = 0.16, 95%
CI = 0.05–0.54 for eight or more infections versus one or
no infection], wheeze [OR = 0.46, 95% CI = 0.14–1.49],
and airway responsiveness [OR = 0.24, 95% CI =
0.09–0.68]). The effect was strongest for rhinorrhea and
herpetic infections, and was not noted with bacterial,
fungal, or gastrointestinal infections. The limitations of this
study included follow-up of only 71% of infants (allowing
for potential bias) and no direct measures of infectious
burden. Additionally, the cohort’s primary study design
was to evaluate infants at high risk for atopy, potentially
limiting the generalizability of the results. Nevertheless,
this was a well-designed study, the particular strengths of
which included consistency of associations across several
asthma phenotypes, including airway hyperresponsive-
ness. Moreover, the associations noted were strong and
there appeared to be a dose–response effect between the
number of infections and the outcome. For instance, the
relative odds for airway responsiveness were 0.50 for two
to four viral infections versus one or no infections, 0.34 for
five to seven infections, and 0.24 for eight or more infec-
tions.

A broader paradigm for asthma development
While early exposure to infectious burden may affect the
Th1/Th2 balance in the developing neonate, other environ-
mental risk factors for the development of childhood
asthma may also affect immune system ontogeny. These
risk factors include the protective effect of early exposures
to farm animals (via endotoxin) [11] and to household pets
(via immune tolerance) [12], and the increased asthma risk
associated with antibiotic usage (via suppression of the

gut flora) [13]. However, other early childhood exposures
increasing risk for the development of asthma, such as
household polyvinylchloride exposure and environmental
tobacco smoke, do not have readily apparent effects on
the immune system. Overall, it is clear that variations in
early life environment are significant risk factors for the
development of childhood asthma, but that these varia-
tions are not sufficient to cause asthma by themselves.
The evolving paradigm supports a combination of genet-
ics, in utero development, and early life environment in the
origin of asthma (Fig. 1).

The idea that fetal programming can affect the subsequent
development of chronic disease was popularized by
Barker and colleagues [14], and it is often referred to as
the Barker hypothesis. This hypothesis of fetal origins pro-
poses that these diseases originate through adaptations
that the fetus makes when it is undernourished. Such dis-
eases may be consequences of ‘programming’, whereby a
stimulus or insult at a critical, sensitive period of early life
results in long-term changes in physiology or metabolism
[15]. A prominent example of this is the increased risk of
asthma in low birth weight infants [7,16]. While the Barker
hypothesis focuses on alterations in the developing fetus
due to nutrition, there is evolving evidence that many other
factors involving the in utero environment and fetal gene
by environment interactions can affect fetal programming
and the subsequent development of disease.

The maternal–fetal interface appears to play a particularly
prominent role in the subsequent development of asthma;
risk of childhood asthma is greater for infants with a mater-
nal history of asthma than those with a paternal history of
asthma [17]. Whether this maternal influence is primarily
genetic, environmental, or both has yet to be fully eluci-
dated. Maternal imprinting, a phenomenon whereby the
maternal genes are preferentially expressed in the fetus,
has been noted in linkage studies of atopy [18] and
asthma [19], and probably explains the familial aggrega-
tion pattern of pulmonary function noted within asthmatics
[20]. Maternal environmental characteristics, as they relate
to the fetus, including smoking [21] and infections [22]
during pregnancy, have also been strongly associated with
subsequent asthma development.

Within the developing fetus, a weak Th2 response nor-
mally develops as a result of fetal priming to help maintain
pregnancy. In utero exposure to allergens may significantly
enhance the Th2 response [23,24]. The critical period for
this programmed response of the fetus to allergens is
thought to be from 5 to 7 months of gestation [25]. The
fetal response to allergens may also vary according to
genetic predisposition. In a recent study of fetal IgE pro-
duction, endogenous production of IgE was noted at as
early as 8 weeks’ gestation, but only in those fetuses with
at least one IL4RA*A1902G allele [26]. This genotype
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would predispose to early elevations of IgE levels, which
have been correlated with asthma and atopy risk [27].

The result of interactions between genetics and the in
utero environment is a Th2 skewed immunophenotype in
the neonate. Those infants with IL-13 producing Th2 lym-
phocytes may be particularly predisposed to develop
asthma [28]. The risk of atopy and asthma is related to
failure of the neonate to generate interferon-γ and the
resultant failure to transition from the Th2 to the Th1
immunophenotype [29,30]. This failure to transition proba-
bly occurs only within genetically susceptible individuals
[29], under environmental influences from both the in
utero and postnatal state (Table 1). One common hypoth-
esis to support this gene by environment interaction in the
neonate has been the role of endotoxin and polymor-
phisms of the CD14 gene. Endotoxin is a component of
Gram-negative bacterial cell walls, is fairly ubiquitous in
nature, and is an accurate indicator of the cleanliness of
indoor environments in urban areas. CD14 recognizes and
binds to the endotoxin. A C → T polymorphism at position
159 of the 5′ flanking region of the CD14 gene has been
identified. The homozygous TT genotype has been associ-
ated with increases in the serum CD14 level, decreases in
serum IgE concentrations, and decreases in the number of
positive skin tests in atopic individuals [31]. Whether this
association is also true in the development of asthma is
under active investigation.

Conclusion
Overall, there appears to be supportive evidence for the
role of early exposure to non-respiratory infections as a
protective factor against the development of childhood
asthma. However, this is likely to be only one of several
independent environmental risk factors for asthma in the
neonate. Moreover, these postnatal environmental risk
factors are themselves only part of a greater scheme that
includes fetal development and genetic predisposition.
Together, these three broad influences (developmental,

genetic, and environmental), along with their complex
interactions, are currently the most important factors in the
ontogeny of childhood asthma.

Acknowledgement
Dr Tantisira is supported by the National Institutes of Health: 2T32
HL07427, Clinical Epidemiology of Lung Diseases.

References
1. Strachan DP: Hay fever, hygiene, and household size. BMJ

1989, 299:1259-1260.
2. Romagnani S: Human TH1 and TH2 subsets: regulation of dif-

ferentiation and role in protection and immunopathology. Int
Arch Allergy Immunol 1992, 98:279-285.

3. Nafstad P, Magnus P, Jaakkola JJ: Early respiratory infections
and childhood asthma. Pediatrics 2000, 106:E38.

4. Bodner C, Anderson WJ, Reid TS, Godden DJ: Childhood expo-
sure to infection and risk of adult onset wheeze and atopy.
Thorax 2000, 55:383-387.

5. Ponsonby AL, Couper D, Dwyer T, Carmichael A, Kemp A: Rela-
tionship between early life respiratory illness, family size over
time, and the development of asthma and hay fever: a seven
year follow up study. Thorax 1999, 54:664-669.

6. Nystad W, Skrondal A, Magnus P: Day care attendance, recur-
rent respiratory tract infections and asthma. Int J Epidemiol
1999, 28:882-887.

7. Gold DR, Burge HA, Carey V, Milton DK, Platts-Mills T, Weiss ST:
Predictors of repeated wheeze in the first year of life: the rela-
tive roles of cockroach, birth weight, acute lower respiratory
illness, and maternal smoking. Am J Respir Crit Care Med
1999, 160:227-236.

8. Matricardi PM, Rosmini F, Riondino S, Fortini M, Ferrigno L,
Rapicetta M, Bonini S: Exposure to foodborne and orofecal
microbes versus airborne viruses in relation to atopy and aller-
gic asthma: epidemiological study. BMJ 2000, 320:412-417.

9. von Hertzen LC: Puzzling associations between childhood
infections and the later occurrence of asthma and atopy. Ann
Med 2000, 32:397-400.

10. Illi S, von Mutius E, Lau S, Bergmann R, Niggemann B, Sommer-
feld C, Wahn U: Early childhood infectious diseases and the
development of asthma up to school age: a birth cohort
study. BMJ 2001, 322:390-395.

11. Von Ehrenstein OS, Von Mutius E, Illi S, Baumann L, Bohm O, von
Kries R: Reduced risk of hay fever and asthma among children
of farmers. Clin Exp Allergy 2000, 30:187-193.

12. Nafstad P, Magnus P, Gaarder PI, Jaakkola JJ: Exposure to pets
and atopy-related diseases in the first 4 years of life. Allergy
2001, 56:307-312.

13. von Mutius E, Illi S, Hirsch T, Leupold W, Keil U, Weiland SK: Fre-
quency of infections and risk of asthma, atopy and airway
hyperresponsiveness in children. Eur Respir J 1999, 14:4-11.

Figure 1

Overview of the development of childhood asthma. Fetal environmental
and genetic influences lead to a specific immunophenotype in the
newborn. Subsequent interactions with external environmental
exposures (including infections), in conjunction with genetic
predisposition, lead to the development of asthma. It is probable that
all three components (developmental, genetic, and environmental) are
necessary for asthma to occur.

Table 1

Environmental risk factors in the development of asthma

In utero environmental factors Postnatal environmental factors

Maternal diet Infant diet (breast versus bottle)

Maternal/fetal infections Maternal smoking

Bacterial Allergens

Viral Endotoxin

Parasitic Daycare

Maternal smoking Farm animals

Allergens Antibiotics

Endotoxin



Available online http://respiratory-research.com/content/2/6/324

com
m

entary
review

reports
research article

14. Barker DJ, Martyn CN: The maternal and fetal origins of cardio-
vascular disease. J Epidemiol Community Health 1992, 46:8-
11.

15. Barker DJ: In utero programming of chronic disease. Clin Sci
(Colch) 1998, 95:115-128.

16. Brooks AM, Byrd RS, Weitzman M, Auinger P, McBride JT:
Impact of low birth weight on early childhood asthma in the
United States. Arch Pediatr Adolesc Med 2001, 155:401-406.

17. Litonjua AA, Carey VJ, Burge HA, Weiss ST, Gold DR: Parental
history and the risk for childhood asthma. Does mother
confer more risk than father? Am J Respir Crit Care Med 1998,
158:176-181.

18. Kurz T, Strauch K, Heinzmann A, Braun S, Jung M, Ruschendorf F,
Moffatt MF, Cookson WO, Inacio F, Ruffilli A, Nordskov-Hansen
G, Peltre G, Forster J, Kuehr J, Reis A, Wienker TF, Deichmann
KA: A European study on the genetics of mite sensitization. J
Allergy Clin Immunol 2000, 106:925-932.

19. Daniels SE, Bhattacharrya S, James A, Leaves NI, Young A, Hill
MR, Faux JA, Ryan GF, le Souef PN, Lathrop GM, Musk AW,
Cookson WO: A genome-wide search for quantitative trait loci
underlying asthma. Nature 1996, 383:247-250.

20. Holberg CJ, Morgan WJ, Wright AL, Martinez FD: Differences in
familial segregation of FEV1 between asthmatic and nonasth-
matic families. Role of a maternal component. Am J Respir Crit
Care Med 1998, 158:162-169.

21. Weitzman M, Gortmaker S, Walker DK, Sobol A: Maternal
smoking and childhood asthma. Pediatrics 1990, 85:505-511.

22. Xu B, Pekkanen J, Jarvelin MR, Olsen P, Hartikainen AL: Maternal
infections in pregnancy and the development of asthma
among offspring. Int J Epidemiol 1999, 28:723-727.

23. Jones AC, Miles EA, Warner JO, Colwell BM, Bryant TN, Warner
JA: Fetal peripheral blood mononuclear cell proliferative
responses to mitogenic and allergenic stimuli during gesta-
tion. Pediatr Allergy Immunol 1996, 7:109-116.

24. Piccinni MP, Mecacci F, Sampognaro S, Manetti R, Parronchi P,
Maggi E, Romagnani S: Aeroallergen sensitization can occur
during fetal life. Int Arch Allergy Immunol 1993, 102:301-303.

25. Donovan CE, Finn PW: Immune mechanisms of childhood
asthma. Thorax 1999, 54:938-946.

26. Lima JO, Zhang L, Atkinson TP, Philips J, Dasanayake AP,
Schroeder HW Jr: Early expression of iepsilon, CD23 (Fcep-
silonRII), IL-4Ralpha, and IgE in the human fetus. J Allergy Clin
Immunol 2000, 106:911-917.

27. Hansen LG, Halken S, Host A, Moller K, Osterballe O: Prediction
of allergy from family history and cord blood IgE levels. A
follow-up at the age of 5 years. Cord blood IgE. IV. Pediatr
Allergy Immunol 1993, 4:34-40.

28. Spinozzi F, Agea E, Russano A, Bistoni O, Minelli L, Bologni D,
Bertotto A, de Benedictis FM: CD4+IL13+ T lymphocytes at
birth and the development of wheezing and/or asthma during
the 1st year of life. Int Arch Allergy Immunol 2001, 124:497-
501.

29. Holt PG, Macaubas C, Prescott SL, Sly PD: Primary sensitiza-
tion to inhalant allergens. Am J Respir Crit Care Med 2000,
162:S91-S94.

30. Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt
PG: Development of allergen-specific T-cell memory in atopic
and normal children. Lancet 1999, 353:196-200.

31. Baldini M, Lohman IC, Halonen M, Erickson RP, Holt PG, Martinez
FD: A Polymorphism* in the 5′ flanking region of the CD14
gene is associated with circulating soluble CD14 levels and
with total serum immunoglobulin E. Am J Respir Cell Mol Biol
1999, 20:976-983.


