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KEYWORDS The prevalence of allergic diseases has been growing rapidly in industrial countries during
Allergic disease; recent decades. It is postulated that growing up with less microbial exposure may render
Antibiotics; the immune system susceptible to a T helper type 2 (Th2)-predominant allergic response—also
Asthma; known as the hygiene hypothesis. This review delineates recent epidemiological and experi-
Dendritic cells; mental evidence for the hygiene hypothesis, and integrates this hypothesis into the association
Hygiene hypothesis between early life exposure to antibiotics and the development of allergic diseases and

asthma. Several retrospective or prospective epidemiological studies reveal that early expo-
sure to antibiotics may be positively associated with the development of allergic diseases
and asthma. However, the conclusion is inconsistent. Experimental studies show that antibi-
otics may induce the Th2-skewed response by suppressing the T helper type 1 (Th1) response
through inhibition of Th1 cytokines and disruption of the natural course of infection, or by dis-
turbing the microflora of the gastrointestinal (Gl) tract and therefore jeopardizing the estab-
lishment of oral tolerance and regulatory T cell immune responses. The hygiene hypothesis
may not be the only explanation for the rapid increase in the prevalence of allergic diseases
and asthma. Further epidemiological and experimental studies addressing the issue of the
impact of environmental factors on the development of allergic diseases and the underlying
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mechanisms may unveil novel strategies for the prevention and treatment of allergic diseases

in the future.

Copyright © 2013, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. All rights

reserved.

Introduction

During the past two decades, allergic diseases have rapidly
grown to afflict more than 20% of the population in indus-
trial countries' and are associated with a large percentage
of allergy-related comorbidity.?> However, explanations
for the rapid and dramatic increase in the prevalence of
allergic diseases are still unsatisfying. Hypotheses assume
that the phenomenon may result from the emergence of
unidentified risk factors or the loss of protective factors in
modern lifestyles. Recently, the hygiene hypothesis pro-
vides clues to the answers and inspires the research
exploring the association between the use of antibiotics
and the development of allergic diseases. Numerous studies
have reported on the association between early life expo-
sure to antibiotics and subsequent allergic disease.*™®
However, the results are not completely consistent’"°
with many debates on the bias of the study design. In this
article, we review very recent epidemiological studies and
delineate the possible mechanisms from the perspective of
the hygiene hypothesis on the basis of current evidence
from cellular and animal studies.

Hygiene hypothesis

By means of the successful strategies for controlling in-
fectious diseases in modern society, there has been a great
improvement in human health and longevity, and the
threats to human health have changed from infectious
diseases to chronic diseases. Allergic diseases, such as
allergic rhinitis, atopic dermatitis, and allergic asthma, are
chronic inflammatory disorders resulting from the complex
interaction between the genetic background and the envi-
ronments. A marked steady increase in the prevalence of
allergic diseases has been noticed worldwide during recent
decades, " causing a great burden on medical resources. It
has been observed that the development of allergic dis-
eases is associated with modern lifestyle, and the increase
of allergic diseases is paralleled to the decrease of infec-
tious diseases during the same period.'? The decrease in
infectious diseases attributes to multiple factors including
the establishment of the public health system, the devel-
opment of vaccine and vaccination policy, and the use of
antibiotics. All of these factors contribute to a much more
hygienic living environment. Although the genetic back-
ground of humans over past decades is nearly identical, the
rapid increase in the prevalence of allergic diseases is most
likely associated with changes in environmental factors.
The hygiene hypothesis, proposed by Strachan in 1989,
provides a possible explanation that the lack of microbial
exposure as a result of very hygienic conditions in early life
may have an impact on the balance of the immune system,

which finally leads to the development of allergic diseases.
Although it may not be the sole explanation for the increase
in allergic diseases, the hygiene hypothesis has been sup-
ported by numerous epidemiological and experimental
studies.

Epidemiological evidence for the hygiene
hypothesis

The very early epidemiological study by Strachan suggests
an association between the prevalence of hay fever/atopic
dermatitis and the family size, which means that the higher
infection rate of children with more older siblings protects
against the development of allergic diseases.™ In concor-
dance with the family size study, day care attendance in
early life reduces the risk for asthma and wheezing in high-
risk children' and in children without a maternal history of
asthma.'® Epidemiological studies comparing the preva-
lence in rural and urban areas also provides support for the
hygiene hypothesis. Growing up in the farming environ-
ment, or even prenatal exposure to such a specific envi-
ronment, results in protection against the development of
atopy, wheezing, and asthma,’”~" and the conclusion is
further supported by identifying the responsible genes with
significant interactions with farm exposure for asthma or
atopy in the farming environment.°

Further evidence for the environmental impact on the
development of allergic disorders is from studies comparing
the prevalence of allergic diseases in the population with
an identical genetic background but with different life-
styles. For example, before the reunification of Germany,
the prevalences of asthma, wheezing, and allergic rhinitis
were quite low,?' and a similar condition was also found in
other countries of Eastern Europe.'"?%23 However, the
prevalence of allergic diseases rapidly increased after the
living condition became westernized.?* These epidemio-
logical studies have provided evidence for the imprinting
effect of infection in early life on the prevention of allergic
diseases later in life.

Experimental evidence for the hygiene hypothesis

During pregnancy, the environment of the fetus in the
mother is T helper type 2 (Th2)-predominant to protect
the fetus from being rejected. After birth, in very early life,
the immune system retains the Th2-predominant response
in continuation of the environment of the fetus.? In early
childhood, the immune system is challenged by infections
and gradually deviates to the T helper type 1 (Th1)
response, which helps to restore the balance between Th1
and Th2 responses later in life.?® Because allergy is pro-
posed as a typical Th2-predominant disease,?’ it is postu-
lated that the lack of microorganism exposure in early life
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prevents the deviation from the Th2 to Th1 response and
results in a persistent status of Th2 predominance. In the
murine asthma model, early administration of microor-
ganisms, including attenuated live bacteria (Bacillus
Calmette Guérin, BCG),? killed bacteria,?® components of
bacteria (such as CpG oligodeoxynucleotides),®® Chla-
mydia,*' virus,3? or even parasite,> has preventive or
inhibitory effects on the development of allergic diseases
and asthma. The cellular and molecular mechanisms ac-
counting for the phenomenon have been postulated from
the role of innate and adaptive immunity. In addition to the
lack of the Th1 response triggered by infection, the lack of
a regulatory immune response that limits the Th2 response
in preventing an allergic reaction may also be involved.

The induction of regulatory T cells (Tregs), which pro-
duce interleukin (IL)-10 as well as transforming growth
factor (TGF)-B and express the costimulatory molecule
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4),
plays a key role in regulatory immune responses.>*3> There
are two major groups of Tregs, the natural CD4"CD257
Tregs (nTregs) and the inducible Tregs (iTregs). Tregs inhibit
both Th1 and Th2 responses and are critical for regulating
allergic reaction and autoimmunity.3¢3” The inhibitory ef-
fect can be antigen-specific or antigen-nonspecific,
depending on the types of Tregs.*® The induction of Tregs
is an important one of the mechanisms by which the in-
fections with bacteria®**® or helminthes*' modulate and
attenuate the allergic responses and asthma.

In addition to T cells, dendritic cells (DCs) are also
important in regulatory immune responses. DCs are pro-
fessional antigen-presenting cells that induce T cell acti-
vation and orchestrate T cell polarization. DCs are
heterogenous in phenotype and character, and the function
of DCs depends on the production of cytokines, the syn-
thesis of intracellular enzymes, and the expression of cos-
timulatory molecules. DCs have been proven to play an
important role in the pathogenesis of allergic diseases.*
DCs respond to common inhaled aeroallergens** and lead
to the Th2 response by polarizing the expression of cyto-
kines and costimulatory molecules.** We and others have
demonstrated that the modulatory effect of some potent
anti-asthmatic medications on the function of DCs is an
important mechanism to inhibit allergic inflammations. 4>
The critical role of DCs in the modulatory effects of early
life infection on allergic responses has been proposed in
recent studies.*”~*° These studies reveal that DCs can be
educated by types of microorganisms to become mature
and promote the Th1 response that subsequently inhibits
the Th2 response of allergy.

DCs can be induced to have a tolerogenic function. The
tolerogenic DCs can induce tolerance of T cells by produc-
ing IL-10 to induce T cell anergy,>® by expressing Fas ligand
to cause T cell apoptosis,' and by inducing differentiation
of Tregs. There are several mechanisms by which tolero-
genic DCs induce Tregs. Tolerogenic DCs can produce IL-10,
TGF-B or interferon (IFN)-a, either alone or in combination,
to induce Tregs.>? The synthesis of intracellular enzyme
indoleamine 2,3-dioxypgenase (IDO) in tolerogenic DCs
participates in inducing Tregs.>> The expression of cos-
timulatory molecules, such as OX-2 (CD200) or inducible
costimulatory ligand (ICOS-L), in DCs is involved in the
development of Tregs.>*

In contrast to T cells, which use the specific T cell re-
ceptors to recognize pathogen, DCs use the pattern
recognition receptors, such as Toll-like receptors (TLR), to
recognize various types of pathogens. The signaling acti-
vated by different types of pattern recognition receptors,
mainly TLRs, may influence the expression of cytokines,
intracellular enzymes, and costimulatory molecules in DCs.
Accordingly, the signaling alters the function and pheno-
type of DCs and subsequently prevents the development of
allergic diseases.®®> The modulatory effects of activated
pattern recognition receptors on the function of DCs may
be a basis for cellular and molecular mechanisms by which
microorganism infection can modulate the allergic
response. Studies have reported that DCs from mice
infected with bacteria suppress allergic inflammation by
increasing IFN-y and IL-12 (the Th1-related cytokines) and
decreasing IL-4, IL-5, IL-9, and IL-13 (the Th2-related cy-
tokines),*® or by producing IL-10 to induce Tregs.>® The
expression of TLRs is not limited to innate immune cells but
can be found in epithelial cells, B cells, or T cells. Inter-
estingly, TLR2 is recently reported to regulate the prolif-
eration of Tregs and affect the suppressive activity of
Tregs.’® These proposed mechanisms by which infection
modulate allergic responses via DCs/T cells are summarized
in Fig. 1.

Early life exposure to antibiotics and the
development of allergic diseases and asthma

Although there were regional variations in prescription
rates, the use of antibiotics in early childhood were mark-
edly increased in the late 1980s and early 1990s.>” This
phenomenon coincides with the increase in the prevalence
of allergic diseases during the past decades, creating
speculation on its causal association. Based on the hygiene
hypothesis, it is rational to propose that the increase of
early life exposure to antibiotics reduces the exposure
of microorganisms and subsequently promotes Th2-
predominant allergic immune responses. Therefore,
numerous retrospective or prospective epidemiological
studies have been performed to evaluate the association
between early life exposure to antibiotics and the devel-
opment of allergic diseases and asthma. We have reviewed
and summarized these studies in Table 1, and delineate the
mechanisms by which antibiotics modulate allergic re-
sponses according to current evidence from in vitro and
in vivo experiments (Fig. 2).

Epidemiologic evidence

Initially, the results from most retrospective studies
consistently reveal a positive association between the early
life exposure to antibiotics and the development of allergic
diseases.*>%® However, the conclusion becomes conflicting
in later prospective studies.”? The inconsistence reflects
the discrepancy of study design, the methods of analysis,
and the adjustment for confounding factors between these
investigations.

It is criticized that most retrospective studies require
questionnaires that have to be completed by parents, and
the results from these studies can be affected by recall bias
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Figure 1. Dendritic cells (DCs) are involved in the modulatory effect of infection on T helper 2 (Th2)-predominant allergic re-

sponses. DCs are activated by microorganisms via pathogen recognition receptors and become mature, and promote the T helper 1
(Th1) response by producing interferon (IFN)-y and interleukin (IL)-12 that subsequently inhibit Th2 responses. DCs also inhibit the
Th2 response by producing IL-10 and interacting with the costimulatory molecule cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) of the T cell to induce T cell anergy, or by expressing Fas ligand (FasL) to induce T cell apoptosis. DCs can differentiate into
tolerogenic DCs, which can produce IL-10 and transforming growth factor (TGF)-B, synthesize intracellular enzyme indoleamine
2,3-dioxypgenase (IDO), and express specific costimulatory molecules such as OX-2 (CD200) or inducible costimulatory ligand (ICOS-
L) to induce regulatory T cells (Tregs), which subsequently inhibit the Th2 response.

because parents of asthmatic children may have more
medical visits and are more likely to report the early life
use of antibiotics. In addition, the diagnosis of allergic
diseases and asthma in the retrospective studies may not be
ascertained according to just the statement of the parents
but rather from objective medical records. In order to
verify the hypothesis ideally, prospective birth cohort
studies are carried out. In a meta-analysis report by Marra
et al,® most of the prospective studies cannot yield a pos-
itive association,”’®>® except for the results from the study
by McKeever et al,'® which enrolled 21,129 subjects and
found a positive association between early life exposure to
antibiotics and the development of asthma. In case-control
studies, the results are also conflicting. Thomas et al®
report a positive association between antibiotics use
within the first years of life and subsequent wheezing as
well as atopy, whereas Mullooly et al®' report a negative
association between the early life use of antibiotics and
atopy. Even in very recent studies within 5 years, the
conclusion is still controversial, regardless of the retro-
spective or prospective design. The largest retrospective
study enrolling 193,412 subjects®? and the largest pro-
spective study enrolling 251,817 subjects®® both reveal a
positive association. However, others reveal a null associ-
ation after adjustment for some confounding factors,

particular early life respiratory infection®*%> and medical

visits.®® The most debated issue on the positive association
between early life exposure to antibiotics and development
of allergic diseases is the protopathic bias, which indicates
that the early symptoms of asthma, such as prolonged
productive cough, may be the reasons for the use of anti-
biotics. In a birth cohort study, the association between
antibiotic use during the first year of life and development
of wheezing and asthma at the age of 4 years is still sig-
nificant even after adjustment for respiratory infections,®
but the significant association fades away when analyzing
the subgroup of the children without allergic signs in the
first year of life. Similarly, in other studies, the association
is weaker in children with asthma diagnosed after the age
of 3 years than in children with asthma diagnosed earlier.’
In a large database study from Canada, the age at which
asthma is diagnosed has no influence on the association.®?
Some studies have several strategies to reduce the bias.
For example, in a very recent prospective study,®” the
exposure to antibiotics occurring near the onset of asthma
symptoms is excluded, and only the antibiotics used for
indications other than asthma-like symptoms is included.
The results show a strong association between antibiotics
exposure before 6 months of age and asthma diagnosed
after the age of 3 years, and this strong association is found
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Table 1  Studies investigating the association between early life exposure to antibiotics and the subsequent development of allergic diseases in the pediatric population from

2001 to 2011

Author Year Country Study design N Age (y) Conclusion Ref.

Risnes 2011 us Prospective 1401 0—6 Antibiotics use within the first 6 months of life is positively associated with /
asthma and allergy at 6 years

Mai 2010 Sweden Prospective 3306 0-8 Antibiotics within the first year of life is NOT associated with wheezing and e
eczema after adjustment for the respiratory infection

Su 2010 us Prospective 424 0-5 Antibiotics within the first 9 months of life is NOT associated with asthma 66
after adjustment for number of illness visits

Garcia- 2010 Spain Retrospective 13,908 6—7 Antibiotics use within the first year of life is positively associated with 77

Marcos eczema
Foliaki 2009 Multiple Retrospective 193,412 6—7 Antibiotics use within the first year of life is positively associated with 2
countries asthma, rhinoconjuntivitis, and eczema

Marra 2009 Canada Prospective 251817 0-9 Antibiotics use within the first year of life is positively associated with 3
asthma

Verhulst 2008 Belgium Prospective 154 0—1 Antibiotics use within the first year of life is positively associated with 9%
wheezing, but the effect is probably due to reverse causation

Wickens 2008 New Zealand Prospective 986 0—4 Antibiotics use within the first 3 and 15 months of life is NOT associated with Cs
asthma and atopy after adjustment for respiratory infection

Kusel 2008 Australia Prospective 198 0-5 Antibiotics use within the first year of life is NOT associated with asthma 69
and atopy after propensity score adjustment

Alm 2008 Sweden Prospective 4921 —1 Antibiotics use in neonatal period is positively associated with wheezing 97

Mullooly 2007 us Retrospective 1074 6—16 Antibiotics use with the first 2 years of life is NEGATIVELY associated with 61
atopy

Kozyrskyj 2007 Canada Prospective 13,116 0-7 Antibiotics use with the first year of life is positively associated with atopy 68

Thomas 2006 UK Retrospective 74 3-5 Antibiotics use within the first year of life is positively associated with €0
wheezing and atopy

Ahn 2005 Korea Retrospective 26,400 7—12 Antibiotics use within the first year of life is positively associated with 98
asthma

Johnson 2005 us Prospective 448 0—7 Antibiotics use within the first year of life is positively associated with atopy 2>

Celedon 2004 us Prospective 4408 0-5 Antibiotics use within the first year of life is NOT associated with asthma o

Cohet 2004 New Zealand Retrospective 1584 8—9 Antibiotics use within the first year of life is positively associated with C
asthma

Celedon 2002 us Prospective 448 0-5 Antibiotics use within the first year of life is NOT associated with asthma 7
and atopy

McKeever 2002 UK Prospective 29,238 0—11 Antibiotics use within the first year of life is positively associated with i
asthma, eczema, and hay fever

Wist 2001 Germany Retrospective 1149 5—14 Antibiotics use within the first year of life is positively associated with 28

asthma, but the effect is probably due to reverse causation
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6 C.-H. Kuo et al.
i _Hygienic_ i Microbial Stimulation —p Th1 IMMmune Response
Living Condition (IFN-7/IL-12)
p
' 4 Th2 Immune Response |
- (L4 /1L-5 / IL-13) N
Antibiotics \ j
Exposure 1 ,
Intestinal —— AIIerglc
Microflora \“lel. > < Diseases <
Disruption j N
\ Treg Immune Response
(IL-10 / TGF-8)
Figure 2. The proposed model for the induction of allergic diseases. Hygienic environments (Westernized lifestyle) and early life

exposure to antibiotics result in the decrease of microbial stimulation and the subsequent reduction of the T helper 1 (Th1)
response. Meanwhile, the use of antibiotics disrupts intestinal microflora, causing polarization towards the T helper 2 (Th2)
response. In addition, the disruption of intestinal microflora by antibiotics suppresses the Treg response, leading to upregulation of
the Th2 response. These processes contribute to the deviation towards the Th2 response and the development of allergic diseases.

particularly in children who did not have lower respiratory
tract infection in their first year of life.

The dose—response relationship between early life
exposure to antibiotics and the development of asthma
supports the conclusion of positive association. Three large
prospective studies investigating the connection and the
dose—response relationship reveal that the more courses of
antibiotics taken during the first year of life, the more
likely the risk of developing asthma.'®®*%® |n most studies
the information about the types of antibiotics are not well
clarified. It is believed that broad-spectrum antibiotics are
more potent in reducing microbial exposure and altering
microflora in the gut than narrow-spectrum antibiotics, and
some studies have verified that the association between
early life exposure to broad-spectrum antibiotics and the
development of allergic diseases is stronger than that be-
tween early life exposure to narrow-spectrum antibiotics
and the development of allergic diseases,'®®® supporting
the hypothesis that the effect of antibiotics on the devel-
opment of allergic diseases is by decreasing the exposure to
microorganisms and by changing the microflora of the gut.
Among the categories of antibiotics, all kinds of antibiotics
are associated with an increased risk of developing asthma
but the use of macrolides in particular has the strongest
association. 3

The association of early life exposure to antibiotics and
development of allergic diseases and asthma seems more
prominent in children without family history of atopy or
asthma.®”®® Many studies have also addressed the rela-
tionship between early life exposure to antibiotics and the
alternation of immune responses, with methods such as the
measurement of immunoglobulin E levels®#%® and the skin
prick test.* However, all of these studies do not find a sig-
nificant association. Because antibiotics do not change the

immune response in children with a family history of atopy
or asthma, it is reasonable to explain the null association in
studies that only include children with a family history of
asthma.”"®?

Mechanism 1—Immunomodulatory effects of
antibiotics

Antibiotics with potential anti-inflammatory effects were
widely discovered during recent decades. The immune re-
sponses induced by infection include the recruitment of
inflammatory cells as well as the production of proin-
flammatory mediators. Some antibiotics, particularly mac-
rolides, are found to exert an anti-inflammatory effect not
only by inducing apoptosis of inflammatory cells but also by
modulating the production of proinflammatory mediators.”®
Moreover, macrolides inhibit IL-8 expression by human
bronchial epithelial cells’' and prevent neutrophil infiltra-
tion into the lung tissue.”? The key mediators of the Th1
response, such as TNF-a, IL-6, and IL-1B, can be suppressed
by macrolides and quinolones.”® A clinical study reveals
that early life exposure to macrolides in particular have the
strongest association for the development of allergic dis-
eases.® Although there is no direct evidence to prove the
cause-and-effect relationship, it can be speculated that the
suppression of Th1 mediators by antibiotics may result in
the deviation towards the Th2 response and, accordingly,
promote the development of allergic diseases.

Another possible mechanism by which antibiotics sup-
press the Th1 response is that the use of antibiotics in-
terferes with the natural course of infection. The fever and
infection episodes are found to be inversely related to the
prevalence of atopy and bronchial hyperresponsiveness.”
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Infections in the first year of life frequently induce fever
and the synthesis of IFN-y.”> Although IFN-v is the hallmark
of the Th1 response, frequent use of antipyretics and an-
tibiotics may prevent the production of IFN-y and result in
the deviation towards the Th2 response.”®”” Whether the
frequency or the type of the infection can protect the
development of asthma is still inconclusive. The proposed
mechanism is summarized in Fig. 2.

Mechanism 2—Role of antibiotics in intestinal
microbiota and immune tolerance

The gastrointestinal (Gl) tract is the largest immune organ
and plays a pivotal role in antigen processing and immune
regulation. The perturbation of commensal bacteria of the
Gl tract can be induced by environmental factors’® and is a
common side effect of antibiotics. It is reported that anti-
biotic use during infancy disturbs the quantity and quality
of intestinal microflora and thereby prevents postnatal
maturation of the Th1 response, and further results in the
deviation towards the Th2 response.”® Evidence shows that
an anthroposophic lifestyle influences the composition of
the gut flora, which may contribute to the lower prevalence
of atopic disease in children of these families.® The normal
bacterial microflora in the Gl tract generally controls the
colonization and growth of fungus, such as Candida albi-
cans. Noverr and colleagues found that C. albicans and
other fungi can secrete prostaglandin (PGD)-like molecules
de novo or convert exogenous arachidonic acid to PGD.8"8?
Because some PGDs, like PGD, or PGl,, can promote the Th2
response and inhibit the Th1 response,?38* the increase of
fungi in the gut may upregulate the Th2 response to foreign
antigens. Namely, overgrowth of fungi in the microflora of
the gut caused by antibiotic therapy may promote Th2
polarization and trigger pulmonary allergic responses.®®

Although the Gl tract serves as a sensor to ingested al-
lergens, the development of oral tolerance has been asso-
ciated with the modulation of the Th2 response.®¢ Oral
tolerance helps downregulate the antigen-specific Th2
response in the airway by inducing Tregs.?”-8 It is postu-
lated that a lack of certain bacteria, inappropriate strain
colonization, and limited bacterial turnover delay the
development of immune tolerance in infancy.®® The
perturbation of the Gl microbiota by antibiotics and
the delay in the establishment of oral tolerance may cause
the defect in the Treg response, resulting in the uncon-
trollable Th2 response to antigens. The proposed mecha-
nism is summarized in Fig. 2.

The hygiene hypothesis provides a credible explanation
for the rapid increase in the prevalence of allergic diseases
in industrial countries during recent decades. However, it
may not be the sole reason for the phenomenon, and is still
facing numerous challenges. For example, some particular
inner city populations with poor hygienic living conditions
unexpectedly have the highest incidence of asthma.®
Therefore, studies addressing the issue of the impact of
environmental factors, such as early life exposure to
antibiotics or the environmental endocrine-disrupting
chemicals,”'™ on the development of allergic diseases
and the underlying mechanisms are important. The infor-
mation may implicate the approaches for treatment or

prevention of allergic diseases. A good example is the way
to manage allergic diseases by avoiding allergen exposure
until the allergen tolerance has been established. Recently,
great interest has been focused on the effects of probiotics
to treat or prevent allergic diseases.®* Although antibiotics
reduce the exogenous infectious stimuli and disturb the
commensal microflora of the intestine, probiotics may offer
a safe alternative microbial stimulation. However, current
clinical trials do not consistently recommend probiotics as a
standard treatment or prevention for the allergic diseases
of children.®> The efforts in exploring the underlying
mechanisms may ultimately lead to new strategies for
treating and preventing allergic diseases in the future.

Conflicts of interest

All authors declare that they have no conflict of interest in
the manuscript.

References

1. Wu WF, Wan KS, Wang SJ, Yang W, Liu WL. Prevalence,
severity, and time trends of allergic conditions in 6-to-7-year-
old school children in Taipei. J Investig Allergol Clin Immunol
2011;21:556—62.

2. Tsao SM, Ko YK, Chen MZ, Chiu MH, Lin CS, Lin MS, et al. A
survey of allergic rhinitis in Taiwanese asthma patients.
J Microbiol Immunol Infect 2011;44:139—43.

3. Shyu CS, Lin HK, Lin CH, Fu LS. Prevalence of attention-
deficit/hyperactivity disorder in patients with pediatric
allergic disorders: a nationwide, population-based study.
J Microbiol Immunol Infect 2012;45:237—42.

4. Droste JH, Wieringa MH, Weyler JJ, Nelen VJ, Vermeire PA,
Van Bever HP. Does the use of antibiotics in early childhood
increase the risk of asthma and allergic disease? Clin Exp Al-
lergy 2000;30:1547—53.

5. Wickens K, Pearce N, Crane J, Beasley R. Antibiotic use in
early childhood and the development of asthma. Clin Exp
Allergy 1999;29:766—71.

6. Cohet C, Cheng S, MacDonald C, Baker M, Foliaki S,
Huntington N, et al. Infections, medication use, and the
prevalence of symptoms of asthma, rhinitis, and eczema in
childhood. J Epidemiol Community Health 2004;58:852—7.

7. Celedon JC, Litonjua AA, Ryan L, Weiss ST, Gold DR. Lack of
association between antibiotic use in the first year of life and
asthma, allergic rhinitis, or eczema at age 5 years. Am J
Respir Crit Care Med 2002;166:72—5.

8. Marra F, Lynd L, Coombes M, Richardson K, Legal M,
Fitzgerald JM, et al. Does antibiotic exposure during infancy
lead to development of asthma?: a systematic review and
metaanalysis. Chest 2006;129:610—8.

9. Celedon JC, Fuhlbrigge A, Rifas-Shiman S, Weiss ST,
Finkelstein JA. Antibiotic use in the first year of life and
asthma in early childhood. Clin Exp Allergy 2004;34:1011—6.

10. McKeever TM, Lewis SA, Smith C, Collins J, Heatlie H,
Frischer M, et al. Early exposure to infections and antibiotics
and the incidence of allergic disease: a birth cohort study
with the West Midlands General Practice Research Database.
J Allergy Clin Immunol 2002;109:43—50.

11. Asher MI, Montefort S, Bjorksten B, Lai CK, Strachan DP,
Weiland SK, et al. Worldwide time trends in the prevalence of
symptoms of asthma, allergic rhinoconjunctivitis, and eczema
in childhood: ISAAC Phases One and Three repeat multi-
country cross-sectional surveys. Lancet 2006;368:733—43.

§.jmii.2013.04.005

Please cite this article in press as: Kuo C-H, et al., Early life exposure to antibiotics and the risk of childhood allergic diseases: An update
from the perspective of the hygiene hypothesis, Journal of Microbiology, Immunology and Infection (2013), http://dx.doi.org/10.1016/



http://refhub.elsevier.com/S1684-1182(13)00074-1/sref1
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref1
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref1
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref1
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref1
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref2
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref2
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref2
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref2
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref3
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref3
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref3
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref3
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref3
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref4
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref4
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref4
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref4
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref4
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref5
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref5
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref5
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref5
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref6
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref6
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref6
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref6
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref6
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref7
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref7
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref7
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref7
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref7
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref8
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref8
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref8
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref8
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref8
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref9
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref9
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref9
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref9
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref10
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref11

C.-H. Kuo et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bach JF. The effect of infections on susceptibility to autoim-
mune and allergic diseases. N Engl J Med 2002;347:911—-20.
Strachan DP. Hay fever, hygiene, and household size. BMJ
1989;299:1259—60.

Strachan DP. Allergy and family size: a riddle worth solving.
Clin Exp Allergy 1997;27:235—6.

Lemanske Jr RF. The childhood origins of asthma (COAST)
study. Pediatr Allergy Immunol 2002;13:38—43.

Celedon JC, Wright RJ, Litonjua AA, Sredl D, Ryan L, Weiss ST,
et al. Day care attendance in early life, maternal history of
asthma, and asthma at the age of 6 years. Am J Respir Crit
Care Med 2003;167:1239—43.

Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson WO,
Braun-Fahrlander C, et al. Exposure to environmental micro-
organisms and childhood asthma. N Engl J Med 2011;364:
701-9.

Braun-Fahrlander C, Gassner M, Grize L, Neu U,
Sennhauser FH, Varonier HS, et al. Prevalence of hay fever
and allergic sensitization in farmer’s children and their peers
living in the same rural community. SCARPOL team. Swiss
Study on Childhood Allergy and Respiratory Symptoms with
Respect to Air Pollution. Clin Exp Allergy 1999;29:28—34.
Von Ehrenstein 0S, 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—93.

Ege MJ, Strachan DP, Cookson WO, Moffatt MF, Gut I,
Lathrop M, et al. Gene-environment interaction for childhood
asthma and exposure to farming in Central Europe. J Allergy
Clin Immunol 2011;127:138—44.

von Mutius E, Martinez FD, Fritzsch C, Nicolai T, Roell G,
Thiemann HH. Prevalence of asthma and atopy in two areas of
West and East Germany. Am J Respir Crit Care Med 1994;149:
358—64.

Bjorksten B, Dumitrascu D, Foucard T, Khetsuriani N,
Khaitov R, Leja M, et al. Prevalence of childhood asthma,
rhinitis and eczema in Scandinavia and Eastern Europe. Eur
Respir J 1998;12:432—7.

Kramer MS, Matush L, Bogdanovich N, Dahhou M, Platt RW,
Mazer B. The low prevalence of allergic disease in Eastern
Europe: are risk factors consistent with the hygiene hypoth-
esis? Clin Exp Allergy 2009;39:708—16.

Heinrich J, Hoelscher B, Frye C, Meyer I, Wijst M,
Wichmann HE. Trends in prevalence of atopic diseases and
allergic sensitization in children in Eastern Germany. Eur
Respir J 2002;19:1040—6.

Wegmann TG, Lin H, Guilbert L, Mosmann TR. Bidirectional
cytokine interactions in the maternal-fetal relationship: is
successful pregnancy a TH2 phenomenon? Immunol Today
1993;14:353—6.

Holt PG, O’Keeffe P, Holt BJ, Upham JW, Baron-Hay MJ,
Suphioglu C, et al. T-cell "priming" against environmental al-
lergens in human neonates: sequential deletion of food an-
tigen reactivity during infancy with concomitant expansion of
responses to ubiquitous inhalant allergens. Pediatr Allergy
Immunol 1995;6:85—90.

Chu YT, Chiang W, Wang TN, Hung CH, Jong YJ, Wu JR.
Changes in serum eotaxin and eosinophil cationic protein
levels, and eosinophil count during treatment of childhood
asthma. J Microbiol Immunol Infect 2007;40:162—7.

Tsai JJ, Liu YH, Shen HD, Huang SH, Han SH. Prevention of Der
p2-induced allergic airway inflammation by Mycobacterium-
bacillus Calmette Guerin. J Microbiol Immunol Infect 2002;
35:152-8.

Hansen G, Yeung VP, Berry G, Umetsu DT, DeKruyff RH.
Vaccination with heat-killed Listeria as adjuvant reverses
established allergen-induced airway hyperreactivity and
inflammation: role of CD8+ T cells and IL-18. J Immunol 2000;
164:223—-30.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1.

42.

43.

44,

45.

46.

Kline JN, Waldschmidt TJ, Businga TR, Lemish JE,
Weinstock JV, Thorne PS, et al. Modulation of airway
inflammation by CpG oligodeoxynucleotides in a murine
model of asthma. J Immunol 1998;160:2555—9.

Bilenki L, Wang S, Fan Y, Yang J, Han X, Yang X. Chlamydia
trachomatis infection inhibits airway eosinophilic inflamma-
tion induced by ragweed. Clin Immunol 2002;102:28—36.
Stampfli MR, Ritz SA, Neigh GS, Sime PJ, Lei XF, Xing Z, et al.
Adenoviral infection inhibits allergic airways inflammation in
mice. Clin Exp Allergy 1998;28:1581—90.

Dittrich AM, Erbacher A, Specht S, Diesner F, Krokowski M,
Avagyan A, et al. Helminth infection with Litomosoides sig-
modontis induces regulatory T cells and inhibits allergic
sensitization, airway inflammation, and hyperreactivity in a
murine asthma model. J Immunol 2008;180:1792—9.

Kao SL, Yu HR, Kuo HC, Tsui KY, Wu CC, Chang LS, et al. Higher
levels of soluble Fas ligand and transforming growth factor-
beta after omalizumab treatment: a case report. J Micro-
biol Immunol Infect 2012;45:69—71.

Klimenko OV. Regulation of immune responses, apoptosis, and
tumorigenesis by separate FOXP-3-dependent genes:
connection with clinical manifestations. J Microbiol Immunol
Infect 2011;44:412—7.

Lu LY, Chu JJ, Lu PJ, Sung PK, Hsu CM, Tseng JC. Expression of
intracellular transforming growth factor-beta1 in CD4+CD25+
cells in patients with systemic lupus erythematosus.
J Microbiol Immunol Infect 2008;41:165—73.

Wei CM, Lee JH, Wang LC, Yang YH, Chang LY, Chiang BL.
Frequency and phenotypic analysis of CD4+CD25+ regulatory
T cells in children with juvenile idiopathic arthritis. J Micro-
biol Immunol Infect 2008;41:78—87.

Akbari O, Freeman GJ, Meyer EH, Greenfield EA, Chang TT,
Sharpe AH, et al. Antigen-specific regulatory T cells develop
via the ICOS-ICOS-ligand pathway and inhibit allergen-
induced airway hyperreactivity. Nat Med 2002;8:1024—32.
McGuirk P, McCann C, Mills KH. Pathogen-specific T regula-
tory 1 cells induced in the respiratory tract by a bacterial
molecule that stimulates interleukin 10 production by
dendritic cells: a novel strategy for evasion of protective T
helper type 1 responses by Bordetella pertussis. J Exp Med
2002;195:221-31.

Zuany-Amorim C, Sawicka E, Manlius C, Le Moine A,
Brunet LR, Kemeny DM, et al. Suppression of airway eosino-
philia by killed Mycobacterium vaccae-induced allergen-
specific regulatory T-cells. Nat Med 2002;8:625—9.

Wilson MS, Taylor MD, Balic A, Finney CA, Lamb JR, Maizels RM.
Suppression of allergic airway inflammation by helminth-
induced regulatory T cells. J Exp Med 2005;202:1199—-212.
Lambrecht BN, Hammad H. Taking our breath away: dendritic
cells in the pathogenesis of asthma. Nat Rev Immunol 2003;3:
994—1003.

Hsu SC, Chen CH, Tsai SH, Kawasaki H, Hung CH, Chu YT, et al.
Functional interaction of common allergens and a C-type
lectin receptor, dendritic cell-specific ICAM3-grabbing non-
integrin (DC-SIGN), on human dendritic cells. J Biol Chem
2010;285:7903—10.

Charbonnier AS, Hammad H, Gosset P, Stewart GA, Alkan S,
Tonnel AB, et al. Der p 1-pulsed myeloid and plasmacytoid
dendritic cells from house dust mite-sensitized allergic pa-
tients dysregulate the T cell response. J Leukoc Biol 2003;73:
91-9.

Kuo CH, Wang WL, Chu YT, Lee MS, Hung CH. Sublingual
immunotherapy in children: an updated review. Pediatr
Neonatol 2009;50:44—9.

Kuo CH, Jan RL, Chu YT, Wang WL, Huang MY, Huang CH, et al.
Prostaglandin 1(2) analogues enhance growth-related onco-
gene-alpha expression in human monocyte-derived dendritic
cells. Inflammation 2010;33:334—43.

Please cite this article in press as: Kuo C-H, et al., Early life exposure to antibiotics and the risk of childhood allergic diseases: An update
from the perspective of the hygiene hypothesis, Journal of Microbiology, Immunology and Infection (2013), http://dx.doi.org/10.1016/

§.jmii.2013.04.005



http://refhub.elsevier.com/S1684-1182(13)00074-1/sref12
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref12
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref12
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref13
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref13
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref13
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref14
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref14
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref14
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref15
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref15
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref15
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref16
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref16
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref16
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref16
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref16
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref17
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref17
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref17
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref17
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref17
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref18
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref19
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref19
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref19
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref19
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref20
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref20
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref20
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref20
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref20
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref21
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref21
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref21
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref21
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref21
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref22
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref22
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref22
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref22
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref22
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref23
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref23
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref23
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref23
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref23
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref24
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref24
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref24
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref24
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref24
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref25
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref25
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref25
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref25
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref25
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref26
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref27
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref27
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref27
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref27
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref27
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref28
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref28
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref28
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref28
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref28
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref29
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref30
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref30
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref30
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref30
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref30
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref31
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref31
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref31
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref31
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref32
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref32
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref32
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref32
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref33
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref34
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref34
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref34
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref34
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref34
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref35
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref35
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref35
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref35
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref35
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref36
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref37
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref38
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref38
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref38
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref38
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref38
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref39
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref40
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref40
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref40
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref40
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref40
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref41
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref41
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref41
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref41
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref42
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref42
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref42
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref42
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref43
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref44
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref45
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref45
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref45
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref45
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref46
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref46
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref46
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref46
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref46

Antibiotic exposure and childhood allergic disease

9

47.

48.

49.

50.

51.

52.

53.

54.

35.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Jiao L, Han X, Wang S, Fan Y, Yang M, Qiu H, et al. Imprinted
DC mediate the immune-educating effect of early-life mi-
crobial exposure. Eur J Immunol 2009;39:469—80.

Bilenki L, Gao X, Wang S, Yang J, Fan Y, Han X, et al. Dendritic
cells from mycobacteria-infected mice inhibits established
allergic airway inflammatory responses to ragweed via IL-10-
and IL-12-secreting mechanisms. J Immunol 2010;184:
7288—96.

Kuo CH, Lin CH, Yang SN, Huang MY, Chen HL, Kuo PL, et al.
Effect of prostaglandin 12 analogs on cytokine expression in
human myeloid dendritic cells via epigenetic regulation. Mol
Med 2012;18:433—44.

Rutella S, Danese S, Leone G. Tolerogenic dendritic cells:
cytokine modulation comes of age. Blood 2006;108:1435—40.
Suss G, Shortman K. A subclass of dendritic cells kills CD4 T
cells via Fas/Fas-ligand-induced apoptosis. J Exp Med 1996;
183:1789—96.

Levings MK, Sangregorio R, Galbiati F, Squadrone S. de Waal
Malefyt R, Roncarolo MG. IFN-alpha and IL-10 induce the
differentiation of human type 1 T regulatory cells. J Immunol
2001;166:5530—9.

Baban B, Chandler PR, Sharma MD, Pihkala J, Koni PA,
Munn DH, et al. IDO activates regulatory T cells and blocks
their conversion into Th17-like T cells. J Immunol 2009;183:
2475-83.

Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic den-
dritic cells. Annu Rev Immunol 2003;21:685—711.
Vandenbulcke L, Bachert C, Van Cauwenberge P, Claeys S.
The innate immune system and its role in allergic disorders.
Int Arch Allergy Immunol 2006;139:159—65.

Sutmuller RP, Morgan ME, Netea MG, Grauer O, Adema GJ.
Toll-like receptors on regulatory T cells: expanding immune
regulation. Trends Immunol 2006;27:387—93.

Sharland M. The use of antibacterials in children: a report of
the Specialist Advisory Committee on Antimicrobial Resis-
tance (SACAR) Paediatric Subgroup. J Antimicrob Chemother
2007;60:i15—26.

Wjst M, Hoelscher B, Frye C, Wichmann HE, Dold S, Heinrich J.
Early antibiotic treatment and later asthma. Eur J Med Res
2001;6:263—71.

Ili S, von Mutius E, Lau S, Bergmann R, Niggemann B,
Sommerfeld C, et al. Early childhood infectious diseases and
the development of asthma up to school age: a birth cohort
study. BMJ 2001;322:390-5.

Thomas M, Custovic A, Woodcock A, Morris J, Simpson A,
Murray CS. Atopic wheezing and early life antibiotic exposure:
a nested case-control study. Pediatr Allergy Immunol 2006;
17:184-8.

Mullooly JP, Schuler R, Barrett M, Maher JE. Vaccines, anti-
biotics, and atopy. Pharmacoepidemiol Drug Saf 2007;16:
275-88.

Foliaki S, Pearce N, Bjorksten B, Mallol J, Montefort S, von
Mutius E. Antibiotic use in infancy and symptoms of asthma,
rhinoconjunctivitis, and eczema in children 6 and 7 years old:
International Study of Asthma and Allergies in Childhood
Phase Ill. J Allergy Clin Immunol 2009;124:982—9.

Marra F, Marra CA, Richardson K, Lynd LD, Kozyrskyj A,
Patrick DM, et al. Antibiotic use in children is associated with
increased risk of asthma. Pediatrics 2009;123:1003—10.

Mai XM, Kull I, Wickman M, Bergstrom A. Antibiotic use in
early life and development of allergic diseases: respiratory
infection as the explanation. Clin Exp Allergy 2010;40:
1230-7.

Wickens K, Ingham T, Epton M, Pattemore P, Town I,
Fishwick D, et al. The association of early life exposure to
antibiotics and the development of asthma, eczema and
atopy in a birth cohort: confounding or causality? Clin Exp
Allergy 2008;38:1318—24.

66.

67.

68.

69.

70.

.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Su Y, Rothers J, Stern DA, Halonen M, Wright AL. Relation of
early antibiotic use to childhood asthma: confounding by
indication? Clin Exp Allergy 2010;40:1222—-9.

Risnes KR, Belanger K, Murk W, Bracken MB. Antibiotic exposure
by 6 months and asthma and allergy at 6 years: findings in a
cohort of 1,401 US children. Am J Epidemiol 2011;173:310—8.
Kozyrskyj AL, Ernst P, Becker AB. Increased risk of childhood
asthma from antibiotic use in early life. Chest 2007;131:1753—9.
Kusel MM, de Klerk N, Holt PG, Sly PD. Antibiotic use in the
first year of life and risk of atopic disease in early childhood.
Clin Exp Allergy 2008;38:1921—8.

Buret AG. Immuno-modulation and anti-inflammatory benefits
of antibiotics: the example of tilmicosin. Can J Vet Res 2010;
74:1—10.

Takizawa H, Desaki M, Ohtoshi T, Kawasaki S, Kohyama T,
Sato M, et al. Erythromycin modulates IL-8 expression in
normal and inflamed human bronchial epithelial cells. Am J
Respir Crit Care Med 1997;156:266—71.

Tsai WC, Rodriguez ML, Young KS, Deng JC, Thannickal VJ,
Tateda K, et al. Azithromycin blocks neutrophil recruitment in
Pseudomonas endobronchial infection. Am J Respir Crit Care
Med 2004;170:1331-9.

Shalit I, Halperin D, Haite D, Levitov A, Romano J, Osherov N,
et al. Anti-inflammatory effects of moxifloxacin on IL-8, IL-
1beta and TNF-alpha secretion and NFkappaB and MAP-kinase
activation in human monocytes stimulated with Aspergillus
fumigatus. J Antimicrob Chemother 2006;57:230-5.

von Mutius E, Illi S, Hirsch T, Leupold W, Keil U, Weiland SK.
Frequency of infections and risk of asthma, atopy and airway
hyperresponsiveness in children. Eur Respir J 1999;14:4—11.
Downing JF, Martinez-Valdez H, Elizondo RS, Walker EB,
Taylor MW. Hyperthermia in humans enhances interferon-
gamma synthesis and alters the peripheral lymphocyte pop-
ulation. J Interferon Res 1988;8:143—50.

Calvani Jr M, Alessandri C, Bonci E. Fever episodes in early life
and the development of atopy in children with asthma. Eur
Respir J 2002;20:391—6.

Garcia-Marcos L, Gonzalez-Diaz C, Garvajal-Uruena |, Pac-
Sa MR, Busquets-Monge RM, Suarez-Varela MM, et al. Early
exposure to paracetamol or to antibiotics and eczema at
school age: modification by asthma and rhinoconjunctivitis.
Pediatr Allergy Immunol 2010;21:1036—42.

Hsu WT, Lin TH, Chang EE, Hung CH, Huang AL, Wu TC, et al.
The effect of nonylphenol on the growth of Lactobacillus
acidophilus and Bifidobacterium bifidum. J Microbiol Immu-
nol Infect 2009;42:451—6.

Oyama N, Sudo N, Sogawa H, Kubo C. Antibiotic use during
infancy promotes a shift in the T(H)1/T(H)2 balance toward
T(H)2-dominant immunity in mice. J Allergy Clin Immunol
2001;107:153—9.

Alm JS, Swartz J, Bjorksten B, Engstrand L, Engstrom J,
Kuhn |, et al. An anthroposophic lifestyle and intestinal
microflora in infancy. Pediatr Allergy Immunol 2002;13:
402—11.

Noverr MC, Phare SM, Toews GB, Coffey MJ, Huffnagle GB.
Pathogenic yeasts Cryptococcus neoformans and Candida
albicans produce immunomodulatory prostaglandins. Infect
Immun 2001;69:2957—63.

Noverr MC, Toews GB, Huffnagle GB. Production of prosta-
glandins and leukotrienes by pathogenic fungi. Infect Immun
2002;70:400—-2.

Matsuoka T, Hirata M, Tanaka H, Takahashi Y, Murata T,
Kabashima K, et al. Prostaglandin D2 as a mediator of allergic
asthma. Science 2000;287:2013—7.

Kuo CH, Ko YC, Yang SN, Chu YT, Wang WL, Huang SK, et al.
Effects of PGI2 analogues on Th1- and Th2-related chemo-
kines in monocytes via epigenetic regulation. J Mol Med (Berl)
2011;89:29—41.

Please cite this article in press as: Kuo C-H, et al., Early life exposure to antibiotics and the risk of childhood allergic diseases: An update
from the perspective of the hygiene hypothesis, Journal of Microbiology, Immunology and Infection (2013), http://dx.doi.org/10.1016/
j.jmii.2013.04.005



http://refhub.elsevier.com/S1684-1182(13)00074-1/sref47
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref47
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref47
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref47
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref48
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref49
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref49
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref49
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref49
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref49
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref50
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref50
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref50
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref51
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref51
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref51
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref51
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref52
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref52
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref52
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref52
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref52
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref53
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref53
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref53
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref53
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref53
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref54
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref54
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref54
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref55
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref55
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref55
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref55
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref56
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref56
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref56
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref56
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref57
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref57
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref57
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref57
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref57
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref58
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref58
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref58
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref58
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref59
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref59
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref59
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref59
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref59
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref60
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref60
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref60
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref60
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref60
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref61
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref61
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref61
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref61
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref62
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref63
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref63
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref63
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref63
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref64
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref64
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref64
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref64
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref64
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref65
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref66
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref66
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref66
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref66
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref67
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref67
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref67
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref67
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref68
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref68
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref68
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref69
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref69
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref69
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref69
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref70
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref70
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref70
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref70
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref71
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref71
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref71
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref71
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref71
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref72
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref72
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref72
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref72
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref72
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref73
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref74
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref74
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref74
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref74
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref75
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref75
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref75
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref75
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref75
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref76
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref76
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref76
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref76
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref77
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref78
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref78
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref78
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref78
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref78
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref79
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref79
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref79
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref79
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref79
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref80
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref80
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref80
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref80
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref80
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref81
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref81
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref81
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref81
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref81
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref82
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref82
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref82
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref82
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref83
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref83
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref83
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref83
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref84
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref84
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref84
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref84
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref84

10

C.-H. Kuo et al.

85

86.

87.

88.

89.

90.

91.

92.

93.

Noverr MC, Noggle RM, Toews GB, Huffnagle GB. Role of an-
tibiotics and fungal microbiota in driving pulmonary allergic
responses. Infect Immun 2004;72:4996—5003.

Madsen C. Where are we in risk assessment of food allergens?
The regulatory view. Allergy 2001;56:91-3.

Russo M, Nahori MA, Lefort J, Gomes E, de Castro Keller A,
Rodriguez D, et al. Suppression of asthma-like responses in
different mouse strains by oral tolerance. Am J Respir Cell
Mol Biol 2001;24:518—26.

Zhang X, lzikson L, Liu L, Weiner HL. Activation of CD25(+)
CD4(+) regulatory T cells by oral antigen administration.
J Immunol 2001;167:4245—-53.

Wold AE. The hygiene hypothesis revised: is the rising fre-
quency of allergy due to changes in the intestinal flora?
Allergy 1998;53:20-5.

Webber MP, Carpiniello KE, Oruwariye T, Appel DK. Prevalence
of asthma and asthma-like symptoms in inner-city elementary
schoolchildren. Pediatr Pulmonol 2002;34:105—11.
Chalubinski M, Kowalski ML. Endocrine disrupters—potential
modulators of the immune system and allergic response.
Allergy 2006;61:1326—35.

Kuo CH, Yang SN, Kuo PL, Hung CH. Immunomodulatory ef-
fects of environmental endocrine disrupting chemicals.
Kaohsiung J Med Sci 2012;28:537—42.

Hung CH, Yang SN, Kuo PL, Chu YT, Chang HW, Wei WJ, et al.
Modulation of cytokine expression in human myeloid dendritic

94.

95.

96.

97.

98.

99.

cells by environmental endocrine-disrupting chemicals in-
volves epigenetic regulation. Environ Health Perspect 2010;
118:67—-72.

Kalliomaki M, Salminen S, Arvilommi H, Kero P, Koskinen P,
Isolauri E. Probiotics in primary prevention of atopic disease:
a randomised placebo-controlled trial. Lancet 2001;357:
1076—9.

Pan SJ, Kuo CH, Lam KP, Chu YT, Wang WL, Hung CH. Pro-
biotics and allergy in children—an update review. Pediatr
Allergy Immunol 2010;21:e659—66.

Verhulst SL, Vael C, Beunckens C, Nelen V, Goossens H,
Desager K. A longitudinal analysis on the association between
antibiotic use, intestinal microflora, and wheezing during the
first year of life. J Asthma 2008;45:828—32.

Alm B, Erdes L, Mollborg P, Pettersson R, Norvenius SG,
Aberg N, et al. Neonatal antibiotic treatment is a risk factor
for early wheezing. Pediatrics 2008;121:697—702.

Ahn KM, Lee MS, Hong SJ, Lim DH, Ahn YM, Lee HR,
et al. Fever, use of antibiotics, and acute gastroenteritis
during infancy as risk factors for the development of
asthma in Korean school-age children. J Asthma 2005;
42:745-50.

Johnson CC, Ownby DR, Alford SH, Havstad SL, Williams LK,
Zoratti EM, et al. Antibiotic exposure in early infancy and
risk for childhood atopy. J Allergy Clin Immunol 2005;115:
1218—-24.

Please cite this article in press as: Kuo C-H, et al., Early life exposure to antibiotics and the risk of childhood allergic diseases: An update
from the perspective of the hygiene hypothesis, Journal of Microbiology, Immunology and Infection (2013), http://dx.doi.org/10.1016/

§.jmii.2013.04.005



http://refhub.elsevier.com/S1684-1182(13)00074-1/sref85
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref85
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref85
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref85
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref86
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref86
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref86
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref87
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref87
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref87
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref87
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref87
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref88
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref89
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref89
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref89
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref89
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref90
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref90
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref90
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref90
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref91
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref91
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref91
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref91
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref91
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref92
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref92
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref92
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref92
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref93
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref94
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref94
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref94
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref94
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref94
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref95
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref95
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref95
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref95
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref95
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref96
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref96
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref96
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref96
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref96
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref97
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref97
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref97
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref97
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref98
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref99
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref99
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref99
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref99
http://refhub.elsevier.com/S1684-1182(13)00074-1/sref99

	Early life exposure to antibiotics and the risk of childhood allergic diseases: An update from the perspective of the hygie ...
	Introduction
	Hygiene hypothesis
	Epidemiological evidence for the hygiene hypothesis
	Experimental evidence for the hygiene hypothesis
	Early life exposure to antibiotics and the development of allergic diseases and asthma
	Epidemiologic evidence
	Mechanism 1—Immunomodulatory effects of antibiotics
	Mechanism 2—Role of antibiotics in intestinal microbiota and immune tolerance

	Conflicts of interest
	References


