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Abstract
Purpose of review—Asthma prevalence has markedly increased over the past 30 years. While
atopy and exposure to environmental allergens is known to exacerbate asthma, recent literature
supports a causal role of indoor allergens in disease development.

Recent findings—High risk birth cohorts continue to point to atopy as the main risk factor for
developing asthma. Exposure to perennial allergens has also been linked to the development of
asthma, though with less consistency. Intervention at the level of exposure mediation and allergic
immune response is promising.

Summary—The current model of atopic asthma, the predominant phenotype, incorporates genetic
and environmental factors in the development of disease. While genetic factors are less malleable,
the environmental component lends itself to analysis and modification. For many, the development
of asthma starts with allergen exposure leading to atopic sensitization and subsequent disease. Several
studies support the progression from exposure to sensitization with the potential of extremely high
levels of exposure leading to tolerance. Likewise, the progression from atopy to asthma is well
documented, especially in genetically predisposed children. Recent intervention trials confirm these
findings and begin to show promise for the prevention of asthma by interrupting the allergen
exposure→allergen sensitization→atopic asthma pathway.
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Introduction
Asthma prevalence has markedly increased over the past three decades [1]. It is largely accepted
that gene-environment interactions are responsible for the development of asthma and that
since population genetic variability does not change with such rapidity, changing
environmental factors are likely responsible for this increase. For nearly two decades there has
been mounting evidence that perennial allergens play a causative role in the development of
asthma [2,3]. This review will describe the current evidence for the role of indoor allergens in
the development of asthma by investigating the causative effect of early childhood exposure
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and the efficacy of asthma prevention strategies aimed at interrupting the allergen
exposure→allergen-sensitization→atopic asthma pathway.

Allergen Exposure, Atopy, and Asthma
Sensitization to indoor allergens correlates well with indoor allergen exposure in young and
school age children [4,5,6,**7,8,*9]. In many cases, exposure and sensitivity follow a dose-
response relationship [6,*10,11,**12]. Evidence supporting this relationship is particularly
strong for HDM [*10,**12] and cat [**7,8,13,14]. The association between atopy and asthma
has been well documented[15,16], and recent national survey data in the United States shows
that the prevalence of atopy in asthmatics approaches 80% and may be the causative factor in
over 50% of asthma cases [15]. Allergen exposure in sensitized individuals with asthma has
clear implications on asthma severity, morbidity and utilization of health care resources [17,
18,19]. Furthermore, young children sensitized to aeroallergens are likely to have persistent
asthma symptoms into late childhood and adulthood and poorer lung function than those not
sensitized [16,20,**21,22,23]. The primary aeroallergens to which these children are sensitized
are house dust mite [HDM], furred pets (primarily cat and dog), cockroach, mold, and rodent
allergens, with regional variations. The magnitude of exposure is emphasized by U.S. national
survey data that shows Americans spend an average of 87% of their time indoors [24]. Infants
and toddlers likely spend an even greater proportion of time indoors between home and daycare
and are frequently in close proximity to the settled household dust which contains these
allergens. [25]

Indoor allergens on the development of Asthma
Several longitudinal birth cohort studies have shown early atopy to be associated with asthma
[16,20,**21,22,26]. General population studies have shown that early evidence of elevated
total IgE and sensitization by skin prick test (SPT) to aeroallergens separates the population
of persistent and late onset wheeze from those with early transient wheeze [16]. Children who
are identified as atopic early in life tend to have higher total IgE and larger wheal size compared
to those sensitized in later childhood [26] which may indicate a greater immunologic impact
of earlier exposure. This also appears to be specific for aeroallergen sensitization and not food
or seasonal allergies [20,27]. More recent population-based data from Australia confirms the
greater risk of asthma in children with atopy, independent of lower respiratory track infections
during infancy [28,29,30].

The strongest evidence of home allergen exposure and asthma development is in children of
allergic or asthmatic parents [27,30,31,32,33]. Several recent studies have confirmed the risk
of atopy in the development of asthma in high risk birth cohorts [**21,34,35]. The Childhood
Asthma Prevention study [**21]showed that even in those without early wheezing illness or
allergic manifestations, a positive SPT at 18 months old was strongly correlated with asthma
at 5 years old indicating that atopy, independent of early respiratory insult, was at least an
indicator of future asthma. Elevated IgE at 18 months also predicted SPT sensitization at 5
years old, echoing the Tucson birth cohort findings [16]. These associations between early
atopy and asthma are carried through to early adulthood [22].

The role of atopy in the development of asthma in high risk groups was punctuated in the
Multicentre Asthma Study [20] where 90% of the children with non-atopic wheeze in early
childhood had remission of their symptoms by age 13 years old in contrast to only 56% of the
atopic wheeze group.

While it is clear that atopic children have worse lung function throughout childhood [16,20],
exposure to high levels of the offending indoor allergens, measured in the homes of subjects,
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has an additional deleterious effect on lung function [20,36]. This may indicate early
remodeling or chronic inflammation secondary to exposure to sensitized allergen.

Recent analysis of high risk cohorts has identified viral lower respiratory tract infection in early
childhood as an independent risk factor [**21,28,35,37]. This new insight, however, seems to
lend more evidence to the risk of allergic sensitization in high risk children to develop asthma.
Kusel, et al. [**21] found current wheeze and current asthma at 5 years in association with
wheezy and/or febrile lower respiratory illness, but these findings were restricted to those
sensitized to allergens by two years old and not later.

Likewise, Chan-Yeung, et al. [35] found an association between RSV prior to 1 year of age
and physician diagnosis of asthma at age 7, but the strongest correlation was that of atopy
present at any age (tested at 1, 2, and 7years old).

While development of asthma has been clearly linked to early childhood atopy, the direct link
to allergen exposures has been more variable [**7,*10,**12,38]

House Dust Mite
House dust mite (HDM) allergy has been strongly associated with asthma [2,19,39,40], asthma
severity [41] and morbidity [42,43]. More than 50% of children and adolescents with asthma
are sensitized to HDM [44]. It is by far the best studied allergen in the development of asthma,
as well. In fact, independent of asthma, the development of sensitivity to HDM appears to
predict poorer lung function than those not sensitized [44].

Analysis of HDM effect on the development of asthma attempts to delineate the connection
between exposure, sensitivity, and asthma. Though not unanimous [8] [3,39], there is strong
evidence for a dose-response relationship of exposure to HDM and sensitization in both cross-
sectional [11] [45,46] and prospective studies [3,*10,**12]. The evidence for HDM exposure
in general and high risk populations leading directly to asthma has had mixed results [3,47,
48]

Recent work by Tovey, et al. [**12] in a high risk cohort of children showed a non-linear
relationship between levels of HDM found in homes and the development of asthma at 5 years
of age. The trends showed increasing prevalence of sensitization and asthma correlating with
HDM exposure up to a critical point, achieving statistical significance and then sharply
dropping at the highest level of exposure (>23.40 µg Der p1/g dust). The immunologic
implications of attenuated disease development with high levels of exposure are unclear, but
may indicate high concentrations of non-allergenic immune modifiers such as endotoxin [49]
and beta-glucans from fungus [50] that may play a protective role and are known to accompany
HDM.

Celedon, et al. [*10] also found a dose response relationship between levels of HDM allergen
found in the beds of infants of atopic parents at age 2 to 3 months and asthma at school age.
These finding may not be disparate from those of Tovey [**12] in that the high allergen
threshold for this study was ≥ 10µg/g so the critical concentration found in Tovey’s study may
not have been attained by any of the subjects or the result folded into the broader group.

Counter to these findings, Torrent, et al [**7] did not find any relationship between home HDM
levels, allergic sensitization, or asthma in a prospective multicenter trial involving a general
population cohort. Subgroup analysis of high risk infants was similarly unremarkable.
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Pet
Clinically, cat allergen is the most insidious of the pet allergens, frequently appearing in dust
samples where a cat does not live [51]and in schools and daycares [52,53]. In fact, similar
prevalence of sensitivity is found in children who live with a cat and those who do not [40].
Cat allergen exposure in sensitized individuals is deleterious to lung function [36].

Data from the Asthma Multicentre Infant Cohort Study [**7,8,13] have strongly suggested
that cat allergen exposure is associated with the development of sensitivity and asthma.
Exposure to cat allergen measured during the child’s first 3 months of life and sensitivity and
asthma outcomes at 6years old showed a dose-dependent relationship up to a plateau of 1µg
fel d1/g of dust. Analysis of the high risk subgroup showed an even greater association with
asthma diagnosis at 6 years old with odds ratio over 18. This association is corroborated by
previously published data [2,13,54].

Similar to findings with HDM, there may be a non-linear correlation of exposure to sensitivity
and subsequent asthma [11,55]. In the German Multicentre Allergy Study [56] the infants
exposed to the highest levels of cat allergen (fel d1) had decreased cat specific IgE levels and
high IgG levels with corresponding low risk phenotype for wheeze. Early exposure to cat has
been found protective for asthma in other cohorts, as well [57,58], though the presence of
maternal atopy may adversely alter the risk [59].

There are fewer data for dog exposure and asthma. A recent meta-analysis by Takkouche, et
al. [58] noted a slightly increased, statistically significant, relative risk of asthma in pet owners,
not taking into account allergic sensitization. Other birth cohort studies have found no
association [59]

Mold
The presence of IgE-specific mold sensitivity in children approaches 50% [60,61,62].
Alternaria alternata is the best described in relation to immunologically based respiratory
symptoms in children and adults, though Cladosporium, aspergillus and penicillium have also
been implicated to varying degrees [63]. Alternaria sensitization is independently associated
with asthma [64] and responsible for asthma exacerbations and airway hyperresponsiveness
in sensitized asthmatic subjects [65,66,67].

The relationship to the development of asthma was suggested by Cantani and Ciaschi [68] in
a descriptive study of over 6000 atopic children in Italy. Halonen, et al. [60] provided
prospective evidence that Alternaria sensitization at age 6 was the only aeroallergen associated
with asthma at age 6 and 11 years old in a semiarid environment. Moreover, new asthma
(diagnosed after age 6 years old) was associated with Alternaria sensitivity at age six,
suggesting that sensitization to Alternaria was potentially responsible for the development of
asthma.

Cockroach and Mouse
Cockroach allergen has been associated with sensitivity and asthma, particularly in urban
environments [53,69]. Inner city children sensitized and exposed to cockroach suffer the
highest morbidity [4,70]. Cockroach exposure has been shown to increase the risk of wheeze
in children of atopic adults in longitudinal studies [71]. Though controversial [38], this effect
has been seen in both sensitized and non-sensitized children [72].

T-cell mediated allergic response to cockroach allergen correlates with exposure to elevated
levels at 3 months of life [73]. And, clinically, a dose response relationship has been shown
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between cockroach allergen exposure and asthma and recurrent wheeze in high risk children
[74].

Mouse allergen has also emerged as an important allergen affecting clinical outcomes of asthma
[5,75,76]. It is one of the few allergens to span environments from inner city to suburban homes
and schools [69,77,78].

Our recent analysis of the data collected as part of the Boston Home Allergens and Asthma
Study [*9], which included 500 infants of atopic parents, showed significant association
between current mouse exposure and current wheeze through 7 years of age, however early
exposure at 2–3 months did not predict wheeze or asthma at 7 years. While it is possible that
mouse exposure may influence respiratory status as an irritant [79], the association between
early exposure to mouse and prevalence of atopy at 7 years argues that an early life exposure
influences later disease through an allergic sensitization pathway [*9].

Further studies are necessary to determine if mouse allergen plays a role in asthma
development.

Timing of Sensitization
While it is clear that early sensitization to perennial allergens is associated with asthma in
school-age children, the actual timing of sensitization is debated.

There is evidence for T-cell priming in utero for maternal vaccination and fetal viral infection,
but it is likely that the immunogenicity of aeroallergens that could potentially pass through the
placental circulation is too weak to produce specific allergic immune response in the fetus
[80,81]. Circumstantial evidence for in utero sensitization has been reported by studying T-
cell reactivity in cord blood samples [82] but these have largely been refuted by the lack of
evidence of allergen specific cytokine and IgE proliferation, relation to exposed allergens [*
83] and correlation to childhood sensitization [**84].

In contrast, elevated IgE levels at 6 months have been shown to predict future allergic
sensitization [**84] and at 9 months is associated with persistent asthma outcome [16].
Estimates for the critical window within which allergic sensitization leads to asthma range
from birth to 8 years old [*10,20,27,85,86,*87]. More recent data has shown that T-cell induced
IL-5 proliferation in response to allergen in 18 month olds neither predicted asthma in this
cohort nor was repeatable at age 3 and 5 years old suggesting that early transient sensitization
may occur and does not necessarily prognosticate for allergic disease [*87].

Perhaps the most compelling argument for early sensitization is presented by Kusel, et al.
[**21] who found significant asthma outcomes in children sensitized by age 2 years old. This
is further supported by laboratory evidence of strong TH2 cytokine response in 11 year olds
who showed atopy early in life [88].

Prevention of Asthma
If the exposure to indoor allergens and subsequent sensitization lead to the development of
asthma, it would be expected that intervention at the level of exposure and/or sensitization
would mitigate the final outcome.

Allergen remediation
Secondary prevention of asthma morbidity and severity has been repeatedly shown by
removing subjects from their sensitized exposures or remediation of the exposure in their
environment [89,90]. Sensitized subjects may also convert their SPT to negative in the absence
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of allergen exposure [91]. Based on these findings, allergen avoidance in early life may be
expected to reduce or delay the onset of asthma.

The allergen content of homes can be substantially decreased with allergen remediation
strategies [92] directed at cat, dog [90], mold, mouse [93]and cockroach [89,94]. Single
interventions to reduce allergen exposure have reduced the levels of HDM [95,96,97], and
seemed to improve outcomes at early ages. However, long term analyses of single HDM
interventions have not prevented allergy and asthma [*87,98]. Some multifaceted interventions
were similarly disappointing [86] [99].

Recent meta-analyses have shown multifaceted allergen remediation programs to be protective
[*100,**101] against the development of asthma with statistically significant odds ratios
between 0.52 and 0.79. The most protective effect was seen in children with greater than 5
years of follow-up [**101], indicating a true decrease in risk to those prone to develop atopic
asthma. Macdonald, et al.[*100] found that the decrease in physician diagnosed asthma did
not carry over to the outcome of parental report of wheeze. This divergence of findings between
physician and parental findings may be more indicative of mitigation of severity rather than
prevention of disease. Those without physician diagnosis may not have presented with such
significant symptoms to warrant asthma diagnosis.

The single study that has shown the best preventative effect of allergen avoidance was the
Canadian Childhood Asthma Primary Prevention Study [102], a multifaceted intervention
program in a high risk birth cohort, studied by randomized controlled trial. The interventions
were avoidance of house dust mite, pets, and environmental tobacco smoke starting prenatally,
and encouragement of breastfeeding with delayed introduction of solids. HDM interventions
included encasing parents’ and infants’ mattresses and box springs, weekly hot water wash of
all bedding and application of benzyl benzoate to carpets and upholstery before birth and at 4
and 8 months postnatally. At 7 years old, children in the intervention group had significantly
less physician diagnoses of asthma, wheeze in the past 12 months and wheeze apart from colds.
The protective effect on physician diagnosed asthma was a relative risk of 0.44 (95% CI 0.25–
0.79; P=0.006). Interestingly, there was no difference between the groups for the outcome of
atopy despite reduced allergen levels during the intervention [103]. Arshad, et al. [104] also
observed significantly fewer asthma symptoms at age 8 years old in a high risk birth cohort
intervention focused on HDM and food allergen avoidance in early life, but this cohort did
show a significant decrease in atopy at the 8 year time point.

The effectiveness, or lack thereof, of these intervention studies, may not be a decisive verdict
of the efficacy of avoidance. First, while many studies show that allergen reduction is possible
[99,105], the level of reduction may not be low enough to avoid an allergen mediated immune
reaction [106]. Second, several prospective studies used educational programs to enforce their
interventions which may have allowed for poor compliance with the stringent avoidance
regimens [107]. Finally, in the high risk cohorts that were prospectively studied, it is likely
that control group families actively avoid allergen exposures as a consequence of public
knowledge and their own allergic tendencies [108].

Immunomodulator evidence for indoor allergens
While mediating indoor allergens has met with variable success in the prevention of asthma,
many researchers aim to intervene at a later stage of the atopic march [109].

Specific immunotherapy (SIT) has shown to be effective in preventing the development of
asthma in children with seasonal allergies at both 5 and 10 year follow-up of the Preventive
Allergy Treatment (PAT) study. This preventative effect continued up to 7 years after the
completion of the intervention [**110,111]. In the PAT study, there was no significant
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difference in development of SPT sensitivity to HDM between those who did and did not
develop asthma, however, other authors have recently reported SITs ability to prevent new
sensitization to other allergens in those with monosensitization to HDM [112] or pollen
[113]. Sublingual immunotherapy (SLIT) is also promising, but more work needs to be done
to prove this modality [114]. All of these studies, however, are not double-blind placebo
controlled, and a randomized controlled trial of SLIT is underway to evaluate this question
[**115].

The PAT study lower age limit for inclusion was 6 years old. As many children with persistent
wheeze and asthma will have developed disease or sensitization prior to school age, it will
necessary to study SIT in younger children.

Conclusion
Asthma development depends on complex relationships between genetic predisposition and
environmental modifiers of immune function. Persistent wheeze and asthma into the school
age, as well as overall decreased lung function, can largely be predicted by phenotypic
assessment in early life. While the role of viral infection in this pathway has recently gained
significant attention, the role of early and persistent atopy currently remains most important in
the development of asthma and asthma severity. Intervention to eliminate exposure to perennial
allergens and the ability to temper the allergic tendencies of the immune system with SIT are
proven to alleviate allergy and asthma symptoms and are promising, but not definitive, in their
role in the prevention of asthma. Further research needs to be done on the role of early
environmental exposures in the home and other environments and the development of atopic
diseases and asthma in order to design effective primary prevention measures for these diseases.

Acknowledgements
Dr. Phipatanakul is supported by an NIH K-23 grant (AI-054972) and an NIH R-01 grant (AI-073964)

REFERENCES
1. Moorman JE, Rudd RA, Johnson CA, et al. National surveillance for asthma--United States 1980–

2004. MMWR. Surveill. Summ 2007;56:1–54. [PubMed: 17947969]
2. Sears MR, Herbison GP, Holdaway MD, et al. The relative risks of sensitivity to grass pollen, house

dust mite and cat dander in the development of childhood asthma. Clin. Exp. Allergy 1989;19:419–
424. [PubMed: 2758355]

3. Sporik R, Holgate ST, Platts-Mills TA, et al. Exposure to house-dust mite allergen (Der p I) and the
development of asthma in childhood. A prospective study. N. Engl. J. Med 1990;323:502–507.
[PubMed: 2377175]

4. Gruchalla RS, Pongracic J, Plaut M, et al. Inner City Asthma Study: relationships among sensitivity,
allergen exposure, and asthma morbidity. J. Allergy Clin. Immunol 2005;115:478–485. [PubMed:
15753892]

5. Phipatanakul W, Eggleston PA, Wright EC, et al. Mouse allergen. II. The relationship of mouse allergen
exposure to mouse sensitization and asthma morbidity in inner-city children with asthma. J. Allergy
Clin. Immunol 2000;106:1075–1080. [PubMed: 11112889]

6. Eggleston PA, Rosenstreich D, Lynn H, et al. Relationship of indoor allergen exposure to skin test
sensitivity in inner-city children with asthma. J. Allergy Clin. Immunol 1998;102:563–570. [PubMed:
9802363]

7. Torrent M, Sunyer J, Garcia R, et al. Early-life allergen exposure and atopy, asthma, and wheeze up
to 6 years of age. Am. J. Respir. Crit. Care Med 2007;176:446–453.453 [PubMed: 17575100] **This
prospective birth cohort illustrates the relationship between exposure, sensitization and asthma in the
general population. Especially poignant for Cat allergen. However, contrary to many other studies,
these authors found no significant relationship between HDM and any allergic outcome.

Gaffin and Phipatanakul Page 7

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. Torrent M, Sunyer J, Munoz L, et al. Early-life domestic aeroallergen exposure and IgE sensitization
at age 4 years. J. Allergy Clin. Immunol 2006;118:742–748. [PubMed: 16950296]

9. Phipatanakul W, Celedon JC, Hoffman EB, et al. Mouse allergen exposure, wheeze and atopy in the
first seven years of life. Allergy 2008;63:1512–1518.1518 [PubMed: 18616677] *New addition to
mounting evidence that mouse exposure leads to atopy and is important in asthma and wheeze. Despite
this, it suggests that mouse exposure does not significantly influence asthma development.

10. Celedon JC, Milton DK, Ramsey CD, et al. Exposure to dust mite allergen and endotoxin in early
life and asthma and atopy in childhood. J. Allergy Clin. Immunol 2007;120:144–149.149 [PubMed:
17507083] *This paper illustrates the dose response relationship between HDM exposure in infancy
and asthma at school age.

11. Platts-Mills T, Vaughan J, Squillace S, et al. Sensitisation, asthma, and a modified Th2 response in
children exposed to cat allergen: a population-based cross-sectional study. Lancet 2001;357:752–
756. [PubMed: 11253969]

12. Tovey ER, Almqvist C, Li Q, et al. Nonlinear relationship of mite allergen exposure to mite
sensitization and asthma in a birth cohort. J. Allergy Clin. Immunol 2008;122:114–118.118 118
e111-115. [PubMed: 18602569] **This is the first report of the non-linear relationship between HDM
exposure and the development of sensitization and asthma. The highest concentration of HDM was
not associated with risk of allergic outcome despite the dose-response trend leading up to it. This
may lend support to the hygeine hypothesis of environmental tolerance.

13. Polk S, Sunyer J, Munoz-Ortiz L, et al. A prospective study of Fel d1 and Der p1 exposure in infancy
and childhood wheezing. Am J. Respir. Crit. Care Med 2004;170:273–278. [PubMed: 15117746]

14. Wahn U, Lau S, Bergmann R, et al. Indoor allergen exposure is a risk factor for sensitization during
the first three years of life. J. Allergy Clin. Immunol 1997;99:763–769. [PubMed: 9215243]

15. Arbes SJ Jr, Gergen PJ, Vaughn B, et al. Asthma cases attributable to atopy: results from the Third
National Health and Nutrition Examination Survey. J. Allergy Clin. Immunol 2007;120:1139–1145.
[PubMed: 17889931]

16. Martinez FD, Wright AL, Taussig LM, et al. The Group Health Medical Associates. Asthma and
wheezing in the first six years of life. N. Engl. J. Med 1995;332:133–138. [PubMed: 7800004]

17. Platts-Mills T, Leung DY, Schatz M. The role of allergens in asthma. Am. Fam. Physician
2007;76:675–680. [PubMed: 17894137]

18. Platts-Mills TA, Vervloet D, Thomas WR, et al. Indoor allergens and asthma: report of the Third
International Workshop. J. Allergy Clin. Immunol 1997;100:S2–S24. [PubMed: 9438476]

19. Squillace SP, Sporik RB, Rakes G, et al. Sensitization to dust mites as a dominant risk factor for
asthma among adolescents living in central Virginia. Multiple regression analysis of a population-
based study. Am. J. Respir. Crit. Care Med 1997;156:1760–1764. [PubMed: 9412552]

20. Illi S, von Mutius E, Lau S, et al. Perennial allergen sensitisation early in life and chronic asthma in
children: a birth cohort study. Lancet 2006;368:763–770. [PubMed: 16935687]

21. Kusel MM, de Klerk NH, Kebadze T, et al. Early-life respiratory viral infections, atopic sensitization,
and risk of subsequent development of persistent asthma. J. Allergy Clin. Immunol 2007;119:1105–
1110.1110 [PubMed: 17353039] **This is a very important paper describing the role of atopy and
viral infections early in life and subsequent asthma in a high risk cohort. The asthma outcomes were
restricted to children sensitized by 2 years of age. One of the most interesting, though not primary,
findings was the association of early atopy in children who had never wheezed and the later
development of asthma.

22. Rhodes HL, Thomas P, Sporik R, et al. A birth cohort study of subjects at risk of atopy: twenty-two-
year follow-up of wheeze and atopic status. Am. J. Respir. Crit. Care Med 2002;165:176–180.
[PubMed: 11790650]

23. Henderson J, Granell R, Heron J, et al. Associations of wheezing phenotypes in the first 6 years of
life with atopy, lung function and airway responsiveness in mid-childhood. Thorax 2008;63:974–
980. [PubMed: 18678704]

24. Klepeis NE, Nelson WC, Ott WR, et al. The National Human Activity Pattern Survey (NHAPS): a
resource for assessing exposure to environmental pollutants. J. Expo. Anal. Environ. Epidemiol
2001;11:231–252. [PubMed: 11477521]

Gaffin and Phipatanakul Page 8

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Arbes SJ, Sever M, Mehta J, et al. Exposure to indoor allergens in day-care facilities: results from 2
North Carolina counties. J. Allergy Clin. Immunol 2005;116:133–139. [PubMed: 15990786]

26. Sherrill D, Stein R, Kurzius-Spencer M, et al. On early sensitization to allergens and development of
respiratory symptoms. Clin. Exp. Allergy 1999;29:905–911. [PubMed: 10383590]

27. Illi S, von Mutius E, Lau S, et al. The pattern of atopic sensitization is associated with the development
of asthma in childhood. J. Allergy Clin. Immunol 2001;108:709–714. [PubMed: 11692093]

28. Oddy WH, de Klerk NH, Sly PD, et al. The effects of respiratory infections, atopy, and breastfeeding
on childhood asthma. Eur. Respir. J 2002;19:899–905. [PubMed: 12030731]

29. Ly NP, Gold DR, Weiss ST, et al. Recurrent wheeze in early childhood and asthma among children
at risk for atopy. Pediatrics 2006;117:e1132–e1138. [PubMed: 16740815]

30. Xuan W, Marks GB, Toelle BG, et al. Risk factors for onset and remission of atopy, wheeze, and
airway hyperresponsiveness. Thorax 2002;57:104–109. [PubMed: 11828037]

31. Withers NJ, Low L, Holgate ST, et al. The natural history of respiratory symptoms in a cohort of
adolescents. Am. J. Respir. Crit. Care Med 1998;158:352–357. [PubMed: 9700106]

32. Gern JE, Lemanske RF Jr, Busse WW. Early life origins of asthma. J. Clin. Invest 1999;104:837–
843. [PubMed: 10510321]

33. Gray L, Peat JK, Belousova E, et al. Family patterns of asthma, atopy and airway hyperresponsiveness:
an epidemiological study. Clin. Exp. Allergy 2000;30:393–399. [PubMed: 10691898]

34. Almqvist C, Li Q, Britton WJ, et al. Early predictors for developing allergic disease and asthma:
examining separate steps in the 'allergic march'. Clin. Exp. Allergy 2007;37:1296–1302. [PubMed:
17845409]

35. Chan-Yeung M, Hegele RG, Dimich-Ward H, et al. Early environmental determinants of asthma risk
in a high-risk birth cohort. Pediatr. Allergy Immunol 2008;19:482–489. [PubMed: 18266835]

36. Lowe LA, Woodcock A, Murray CS, et al. Lung function at age 3 years: effect of pet ownership and
exposure to indoor allergens. Arch. Pediatr. Adolesc. Med 2004;158:996–1001. [PubMed:
15466689]

37. Ramsey CD, Gold DR, Litonjua AA, et al. Respiratory illnesses in early life and asthma and atopy
in childhood. J. Allergy Clin. Immunol 2007;119:150–156. [PubMed: 17208596]

38. Tepas EC, Litonjua AA, Celedon JC, et al. Sensitization to aeroallergens and airway
hyperresponsiveness at 7 years of age. Chest 2006;129:1500–1508. [PubMed: 16778267]

39. Carter PM, Peterson EL, Ownby DR, et al. Relationship of house-dust mite allergen exposure in
children's bedrooms in infancy to bronchial hyperresponsiveness and asthma diagnosis by age 6 to
7. Ann. Allergy. Asthma. Immunol 2003;90:41–44. [PubMed: 12546336]

40. Arshad SH, Tariq SM, Matthews S, et al. Sensitization to common allergens and its association with
allergic disorders at age 4 years: a whole population birth cohort study. Pediatrics 2001;108:E33.
[PubMed: 11483843]

41. Kovac K, Dodig S, Tjesic-Drinkovic D, et al. Correlation between asthma severity and serum IgE in
asthmatic children sensitized to Dermatophagoides pteronyssinus. Arch. Med. Res 2007;38:99–105.
[PubMed: 17174732]

42. Langley SJ, Goldthorpe S, Craven M, et al. Relationship between exposure to domestic allergens and
bronchial hyperresponsiveness in non-sensitised, atopic asthmatic subjects. Thorax 2005;60:17–21.
[PubMed: 15618577]

43. Niu CK, Chen WY, Huang JL, et al. Efficacy of sublingual immunotherapy with high-dose mite
extracts in asthma: a multi-center, double-blind, randomized, and placebo-controlled study in
Taiwan. Respir. Med 2006;100:1374–1383. [PubMed: 16403616]

44. Ulrik CS, Backer V. Markers of impaired growth of pulmonary function in children and adolescents.
Am. J. Respir. Crit. Care Med 1999;160:40–44. [PubMed: 10390377]

45. Dotterud LK, Van TD, Kvammen B, et al. Allergen content in dust from homes and schools in northern
Norway in relation to sensitization and allergy symptoms in schoolchildren. Clin. Exp. Allergy
1997;27:252–261. [PubMed: 9088651]

46. Sporik R, Squillace SP, Ingram JM, et al. Mite, cat, and cockroach exposure, allergen sensitisation,
and asthma in children: a case-control study of three schools. Thorax 1999;54:675–680. [PubMed:
10413718]

Gaffin and Phipatanakul Page 9

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



47. Lau S, Illi S, Sommerfeld C, et al. Multicentre Allergy Study Group. Early exposure to house-dust
mite and cat allergens and development of childhood asthma: a cohort study. Lancet 2000;356:1392–
1397. [PubMed: 11052581]

48. Pearce N, Douwes J, Beasley R. Is allergen exposure the major primary cause of asthma? Thorax
2000;55:424–431. [PubMed: 10770825]

49. Simpson A, John SL, Jury F, et al. Endotoxin exposure, CD14, and allergic disease: an interaction
between genes and the environment. Am. J. Respir. Crit. Care Med 2006;174:386–392. [PubMed:
16614348]

50. Douwes J, van Strien R, Doekes G, et al. Does early indoor microbial exposure reduce the risk of
asthma? The Prevention and Incidence of Asthma and Mite Allergy birth cohort study. J. Allergy
Clin. Immunol 2006;117:1067–1073. [PubMed: 16675334]

51. Giovannangelo M, Gehring U, Nordling E, et al. Childhood cat allergen exposure in three European
countries: The AIRALLERG study. Sci. Total Environ 2006;369:82–90. [PubMed: 16757015]

52. Instanes C, Hetland G, Berntsen S, et al. Allergens and endotoxin in settled dust from day-care centers
and schools in Oslo, Norway. Indoor Air 2005;15:356–362. [PubMed: 16108908]

53. Amr S, Bollinger ME, Myers M, et al. Environmental allergens and asthma in urban elementary
schools. Ann. Allergy. Asthma. Immunol 2003;90:34–40. [PubMed: 12546335]

54. Roost HP, Kunzli N, Schindler C, et al. Role of current and childhood exposure to cat and atopic
sensitization. European Community Respiratory Health Survey. J. Allergy Clin. Immunol
1999;104:941–947. [PubMed: 10550736]

55. Platts-Mills TA, Vaughan JW, Blumenthal K, et al. Serum IgG and IgG4 antibodies to Fel d 1 among
children exposed to 20 microg Fel d 1 at home: relevance of a nonallergic modified Th2 response.
Int. Arch. Allergy Immunol 2001;124:126–129. [PubMed: 11306947]

56. Lau S, Illi S, Platts-Mills TA, et al. Longitudinal study on the relationship between cat allergen and
endotoxin exposure, sensitization, cat-specific IgG and development of asthma in childhood--report
of the German Multicentre Allergy Study (MAS 90). Allergy 2005;60:766–773. [PubMed:
15876306]

57. Hesselmar B, Aberg N, Aberg B, et al. Does early exposure to cat or dog protect against later allergy
development? Clin. Exp. Allergy 1999;29:611–617. [PubMed: 10231320]

58. Takkouche B, Gonzalez-Barcala FJ, Etminan M, et al. Exposure to furry pets and the risk of asthma
and allergic rhinitis: a meta-analysis. Allergy 2008;63:857–864.864 [PubMed: 18588551] *This
meta-analysis accounts for most of the relevant studies regarding pet allergen exposure and allergic
outcomes.

59. Celedon JC, Litonjua AA, Ryan L, et al. Exposure to cat allergen, maternal history of asthma, and
wheezing in first 5 years of life. Lancet 2002;360:781–782. [PubMed: 12241839]

60. Halonen M, Stern DA, Wright AL, et al. Alternaria as a major allergen for asthma in children raised
in a desert environment. Am. J. Respir. Crit. Care Med 1997;155:1356–1361. [PubMed: 9105079]

61. O'Connor GT, Walter M, Mitchell H, et al. Airborne fungi in the homes of children with asthma in
low-income urban communities: The Inner-City Asthma Study. J. Allergy Clin. Immunol
2004;114:599–606. [PubMed: 15356564]

62. Taskinen T, Hyvarinen A, Meklin T, et al. Asthma and respiratory infections in school children with
special reference to moisture and mold problems in the school. Acta Paediatr 1999;88:1373–1379.
[PubMed: 10626525]

63. Seltzer JM, Fedoruk MJ. Health effects of mold in children. Pediatr. Clin. North Am 2007;54:309–
333. [PubMed: 17448362]viii-ix

64. Perzanowski MS, Sporik R, Squillace SP, et al. Association of sensitization to Alternaria allergens
with asthma among school-age children. J. Allergy Clin. Immunol 1998;101:626–632. [PubMed:
9600499]

65. Bush RK, Prochnau JJ. Alternaria-induced asthma. J. Allergy Clin. Immunol 2004;113:227–234.
[PubMed: 14767434]

66. Pulimood TB, Corden JM, Bryden C, et al. Epidemic asthma and the role of the fungal mold Alternaria
alternata. J. Allergy Clin. Immunol 2007;120:610–617. [PubMed: 17624415]

Gaffin and Phipatanakul Page 10

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



67. Nelson HS, Szefler SJ, Jacobs J, et al. The relationships among environmental allergen sensitization,
allergen exposure, pulmonary function, and bronchial hyperresponsiveness in the Childhood Asthma
Management Program. J. Allergy Clin. Immunol 1999;104:775–785. [PubMed: 10518821]

68. Cantani A, Ciaschi V. Epidemiology of alternaria alternata allergy: a prospective study in 6840 Italian
asthmatic children. Eur. Rev. Med. Pharmacol. Sci 2004;8:289–294. [PubMed: 15745389]

69. Crain EF, Walter M, O'Connor GT, et al. Home and allergic characteristics of children with asthma
in seven U.S. urban communities and design of an environmental intervention: the Inner-City Asthma
Study. Environ. Health Perspect 2002;110:939–945. [PubMed: 12204830]

70. Rosenstreich DL, Eggleston P, Kattan M, et al. The role of cockroach allergy and exposure to
cockroach allergen in causing morbidity among inner-city children with asthma. N. Engl. J. Med
1997;336:1356–1363. [PubMed: 9134876]

71. Litonjua AA, Milton DK, Celedon JC, et al. A longitudinal analysis of wheezing in young children:
the independent effects of early life exposure to house dust endotoxin, allergens, and pets. J. Allergy
Clin. Immunol 2002;110:736–742. [PubMed: 12417882]

72. Silva JM, Camara AA, Tobias KR, et al. A prospective study of wheezing in young children: the
independent effects of cockroach exposure, breast-feeding and allergic sensitization. Pediatr. Allergy
Immunol 2005;16:393–401. [PubMed: 16101931]

73. Finn PW, Boudreau JO, He H, et al. Children at risk for asthma: home allergen levels, lymphocyte
proliferation, and wheeze. J. Allergy Clin. Immunol 2000;105:933–942. [PubMed: 10808174]

74. Litonjua AA, Carey VJ, Burge HA, et al. Exposure to cockroach allergen in the home is associated
with incident doctor-diagnosed asthma and recurrent wheezing. J. Allergy Clin. Immunol
2001;107:41–47. [PubMed: 11149989]

75. Phipatanakul W. Rodent allergens. Current allergy and asthma reports 2002;2:412–416. [PubMed:
12165208]

76. Matsui EC, Eggleston PA, Buckley TJ, et al. Household mouse allergen exposure and asthma
morbidity in inner-city preschool children. Ann. Allergy. Asthma. Immunol 2006;97:514–520.
[PubMed: 17069107]

77. Phipatanakul W, Eggleston PA, Wright EC, et al. Mouse allergen. I. The prevalence of mouse allergen
in inner-city homes. The National Cooperative Inner-City Asthma Study. J. Allergy Clin. Immunol
2000;106:1070–1074. [PubMed: 11112888]

78. Sheehan WJRP, Muilenberg ML, Rogers CA, Otsu K, Rivard DV, Lane JP, Hoffman EB, Gold DR,
Israel E, Phipatanakul W. Mouse Allergens in Urban Elementary Schools and Homes of Children
with Asthma. Ann. Allergy. Asthma. Immunol. 2009in press

79. Gautrin D, Ghezzo H, Infante-Rivard C, et al. Natural history of sensitization, symptoms and
occupational diseases in apprentices exposed to laboratory animals. Eur. Respir. J 2001;17:904–908.
[PubMed: 11488324]

80. Holt PG, Sly PD. Prevention of allergic respiratory disease in infants: current aspects and future
perspectives. Current opinion in allergy and clinical immunology 2007;7:547–555. [PubMed:
17989533]

81. Platts-Mills TA, Blumenthal K, Perzanowski M, et al. Determinants of clinical allergic disease. The
relevance of indoor allergens to the increase in asthma. Am. J. Respir. Crit. Care Med 2000;162:S128–
S133. [PubMed: 10988167]

82. Miller RL, Chew GL, Bell CA, et al. Prenatal exposure, maternal sensitization, and sensitization in
utero to indoor allergens in an inner-city cohort. Am. J. Respir. Crit. Care Med 2001;164:995–1001.
[PubMed: 11587985]

83. Lendor C, Johnson A, Perzanowski M, et al. Effects of winter birth season and prenatal cockroach
and mouse allergen exposure on indoor allergen-specific cord blood mononuclear cell proliferation
and cytokine production. Ann. Allergy. Asthma. Immunol 2008;101:193–199.199 [PubMed:
18727476] *This paper provides evidence that in utero allergen exposures are likely not related to
asthma development

84. Rowe J, Kusel M, Holt BJ, et al. Prenatal versus postnatal sensitization to environmental allergens
in a high-risk birth cohort. J. Allergy Clin. Immunol 2007;119:1164–1173.1173 [PubMed: 17412403]
**This paper strongly suggests that allergic sensitization occurs postnatally. The study prospectively
measured biochemical allergic markers in children at high risk for allergic sensitization. While the

Gaffin and Phipatanakul Page 11

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



authors found HDM-induced T-cell responses in cord blood commonly, they showed no correlation
between these findings and subequent sensitization. This effectively refutes earlier claims of in
utero sensitization.

85. Chan-Yeung M, Dimich-Ward H, Becker A. Atopy in early life and effect of a primary prevention
program for asthma in a high-risk cohort. J. Allergy Clin. Immunol 2007;120:1221–1223. [PubMed:
17919706]

86. Peat JK, Mihrshahi S, Kemp AS, et al. Three-year outcomes of dietary fatty acid modification and
house dust mite reduction in the Childhood Asthma Prevention Study. J. Allergy Clin. Immunol
2004;114:807–813. [PubMed: 15480319]

87. Weber-Chrysochoou C, Crisafulli D, Almqvist C, et al. IL-5 T-cell responses to house dust mite are
associated with the development of allergen-specific IgE responses and asthma in the first 5 years of
life. J. Allergy Clin. Immunol 2007;120:286–292.292 [PubMed: 17666216] *This papers finding's
show that early sensitization may be transient. This implies that early (at 18 months old) sensitization,
alone, may not be predictive, rather early sustained or later preshool-aged sensitization is important
to development of allergic outcomes.

88. Turner SW, Heaton T, Rowe J, et al. Early-onset atopy is associated with enhanced lymphocyte
cytokine responses in 11-year-old children. Clin. Exp. Allergy 2007;37:371–380. [PubMed:
17359387]

89. Eggleston PA, Butz A, Rand C, et al. Home environmental intervention in inner-city asthma: a
randomized controlled clinical trial. Ann. Allergy. Asthma. Immunol 2005;95:518–524. [PubMed:
16400889]

90. Popplewell EJ, Innes VA, Lloyd-Hughes S, et al. The effect of high-efficiency and standard vacuum-
cleaners on mite, cat and dog allergen levels and clinical progress. Pediatr. Allergy Immunol
2000;11:142–148. [PubMed: 10981523]

91. Wickman M, Korsgaard J. Transient sensitization to house-dust mites: a study on the influence of
mite exposure and sex. Allergy 1996;51:511–513. [PubMed: 8863929]

92. Adgate JL, Ramachandran G, Cho SJ, et al. Allergen levels in inner city homes: baseline
concentrations and evaluation of intervention effectiveness. Journal of exposure science &
environmental epidemiology 2008;18:430–440. [PubMed: 18059423]

93. Pongracic JA, Visness CM, Gruchalla RS, et al. Effect of mouse allergen and rodent environmental
intervention on asthma in inner-city children. Ann. Allergy. Asthma. Immunol 2008;101:35–41.
[PubMed: 18681082]

94. Phipatanakul W, Cronin B, Wood RA, et al. Effect of environmental intervention on mouse allergen
levels in homes of inner-city Boston children with asthma. Ann. Allergy. Asthma. Immunol
2004;92:420–425. [PubMed: 15104193]

95. Koopman LP, van Strien RT, Kerkhof M, et al. Placebo-controlled trial of house dust mite-
impermeable mattress covers: effect on symptoms in early childhood. Am. J. Respir. Crit. Care Med
2002;166:307–313. [PubMed: 12153962]

96. van Strien RT, Koopman LP, Kerkhof M, et al. Mattress encasings and mite allergen levels in the
Prevention and Incidence of Asthma and Mite Allergy study. Clin. Exp. Allergy 2003;33:490–495.
[PubMed: 12680865]

97. Halmerbauer G, Gartner C, Schierl M, et al. Study on the Prevention of Allergy in Children in Europe
(SPACE): allergic sensitization at 1 year of age in a controlled trial of allergen avoidance from birth.
Pediatr. Allergy Immunol 2003;14:10–17. [PubMed: 12603706]

98. Corver K, Kerkhof M, Brussee JE, et al. House dust mite allergen reduction and allergy at 4 yr: follow
up of the PIAMA-study. Pediatr. Allergy Immunol 2006;17:329–336. [PubMed: 16846450]

99. Marks GB, Mihrshahi S, Kemp AS, et al. Prevention of asthma during the first 5 years of life: a
randomized controlled trial. J. Allergy Clin. Immunol 2006;118:53–61. [PubMed: 16815138]

100. MacDonald C, Sternberg A, Hunter PR. A systematic review and meta-analysis of interventions
used to reduce exposure to house dust and their effect on the development and severity of asthma.
Environ. Health Perspect 2007;115:1691–1695.1695 [PubMed: 18087584] *This recent meta-
analysis supports the role of multifaceted allergen interventions in the prevention of asthma.

101. van Schayck OC, Maas T, Kaper J, et al. Is there any role for allergen avoidance in the primary
prevention of childhood asthma? J. Allergy Clin. Immunol 2007;119:1323–1328.1328 [PubMed:

Gaffin and Phipatanakul Page 12

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17399772] **This meta-analysis lends evidence for the efficacy of multifaceted allergen
intervention to reduce the risk of asthma. Notably, those followed longer, age > 5 years old, showed
the greatest protective effect.

102. Chan-Yeung M, Ferguson A, Watson W, et al. The Canadian Childhood Asthma Primary Prevention
Study: outcomes at 7 years of age. J. Allergy Clin. Immunol 2005;116:49–55. [PubMed: 15990772]

103. Chan-Yeung M, Manfreda J, Dimich-Ward H, et al. A randomized controlled study on the
effectiveness of a multifaceted intervention program in the primary prevention of asthma in high-
risk infants. Arch. Pediatr. Adolesc. Med 2000;154:657–663. [PubMed: 10891016]

104. Arshad SH, Bateman B, Matthews SM. Primary prevention of asthma and atopy during childhood
by allergen avoidance in infancy: a randomised controlled study. Thorax 2003;58:489–493.
[PubMed: 12775858]

105. Custovic A, Simpson BM, Simpson A, et al. Manchester Asthma and Allergy Study: low-allergen
environment can be achieved and maintained during pregnancy and in early life. J. Allergy Clin.
Immunol 2000;105:252–258. [PubMed: 10669844]

106. Munir AK, Kjellman NI, Bjorksten B. Exposure to indoor allergens in early infancy and sensitization.
J. Allergy Clin. Immunol 1997;100:177–181. [PubMed: 9275137]

107. Mihrshahi S, Webb K, Almqvist C, et al. Adherence to allergy prevention recommendations in
children with a family history of asthma. Pediatr. Allergy Immunol 2008;19:355–362. [PubMed:
18221465]

108. Halken S. Prevention of allergic disease in childhood: clinical and epidemiological aspects of
primary and secondary allergy prevention. Pediatr. Allergy Immunol 2004;15:4–5. 9–32. [PubMed:
15125698]

109. Corren J. The connection between allergic rhinitis and bronchial asthma. Curr. Opin. Pulm. Med
2007;13:13–18. [PubMed: 17133119]

110. Jacobsen L, Niggemann B, Dreborg S, et al. Specific immunotherapy has long-term preventive effect
of seasonal and perennial asthma: 10-year follow-up on the PAT study. Allergy 2007;62:943–
948.948 [PubMed: 17620073] **This study has exciting prospects of preventing asthma in children
who already have an allergic disease. While this is not a randomized, double blind, placebo
controlled trial, the outcomes are impressive and long lasting. It also shows that temporary
interventions, at presumably critical periods of immune development, can have long lasting effects.

111. Niggemann B, Jacobsen L, Dreborg S, et al. Five-year follow-up on the PAT study: specific
immunotherapy and long-term prevention of asthma in children. Allergy 2006;61:855–859.
[PubMed: 16792584]

112. Inal A, Altintas DU, Yilmaz M, et al. Prevention of new sensitizations by specific immunotherapy
in children with rhinitis and/or asthma monosensitized to house dust mite. J. Investig. Allergol.
Clin. Immunol 2007;17:85–91.

113. Reha CM, Ebru A. Specific immunotherapy is effective in the prevention of new sensitivities.
Allergol. Immunopathol. (Madr) 2007;35:44–51. [PubMed: 17428399]

114. Marogna M, Tomassetti D, Bernasconi A, et al. Preventive effects of sublingual immunotherapy in
childhood: an open randomized controlled study. Ann. Allergy. Asthma. Immunol 2008;101:206–
211. [PubMed: 18727478]

115. Holt PG. Prophylaxis of atopy and asthma in children. [Accessed November 17, 2008]; Available
at http://www.immunetolerance.org/research/allergy/trials/holt.html. **This double-blind
randomized controlled trial of sublingual immunotherapy will be important to define this
interventions efficacy in preventing asthma in children at high risk of developing asthma.

Gaffin and Phipatanakul Page 13

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2009 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.immunetolerance.org/research/allergy/trials/holt.html

