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The hygiene hypothesis

During recent decades, asthma has become a major epi-
demic affecting up to 32% of the population in Western
industrialized countries, and making a substantial impact
on morbidity rates.1,2 Such a dramatic rise in incidence
within a relatively short period of time cannot be attributed
to genetic determinants alone. Hence, environmental fac-
tors are thought to act as major risk factors for the develop-
ment of asthma. The inverse relationship between
infectious and atopic diseases in Western countries has
paralleled decreasing rates of serious infections due to

both, increased hygiene standards, and the expanded
availability of antibiotics. This relationship between
infection and allergic diseases has led to the formation of
the hygiene hypothesis,3,4 and more recent studies
attribute this relationship to a shift of balance between
effector T-cell subtypes towards Th2-helper cells in the
absence of early exposure towards microbes.5 Certain
infectious agents (e.g. hepatitis A virus) can actively
skew the balance between Th1- and Th2-helper T-cells
towards the Th1 subtype.6 Furthermore, epidemiological
studies on a potential association between exposure
towards microbial compounds and the prevalence of
atopic diseases indicate an inverse relationship between
the presence of bacterial lipopolysaccharide (LPS) and
the development of asthma in children.7,8 However,
recent data indicate that certain pathogens (e.g. respira-
tory syncytial virus [RSV], influenza virus, Mycoplasma
pneumoniaeand Chlamydophila pneumoniae) can either
promote the development of asthma or exacerbate pre-
existing asthma.9–14 The paradigm that microbial com-
pounds inhibit allergic diseases has also been challenged
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by results from experimental and epidemiological stud-
ies that show a positive correlation between LPS expo-
sure and allergy incidence and severity.15,16 These
observations suggest that, while the increase in the
prevalence of asthma may be generally linked to a
decrease in infections, certain respiratory pathogens may
actually enhance the development of asthma.

Evidence from studies on genetic variants and
expression patterns of TLRs

The TLR family of pattern recognition receptors is a
major component of the innate immune system.17,18

Ligation of all TLRs (except TLR3) leads to the activa-
tion of a MyD88-dependent signal transduction cas-
cade.19–21 Interaction of LPS with its receptor TLR4 can
also activate a distinct signaling pathway involving
TRAM and TRIF (TIR domain-containing adaptor
inducing interferon-β[IFN-β]), leading to the induction
of IFN-α and IFN-βvia activation of IRF-3 (interferon
regulatory factor-3).22–24 Activation of TLR3 by dou-
ble-stranded RNA activates only the TRIF-dependent
pathway and does not involve MyD88.19 On the other
hand, activation of TLR9 by CpG DNA and binding of
single stranded RNA to TLR7 (in mice) or TLR8 (in
humans) both induce IFN-α and IFN-β release via
MyD88.21,25

Genetic variants of Toll-like receptors and their
impact on infectious, immunological and cardiovascular
diseases have been extensively studied.26 In particular,
the Asp299Gly polymorphism of human TLR4 co-seg-
regates with Thr399Ile and is present among about 8%
of individuals in Caucasian populations.26,27 This variant
was discovered in the course of a study to determine why
some individuals do not develop symptoms of bron-
choconstriction after inhalation of LPS.27 The presence
of this receptor variant was associated with decreased
inflammation both in vivoand in vitro. This observation
prompted a series of studies investigating the potential
impact of this polymorphism on atopic diseases includ-
ing asthma. An initial report found no evidence for any
association of either the Asp299Gly or other variants of
TLR4 with the incidence of atopic diseases;28 however,
subsequent studies indicated that TLR4-variants may
indeed affect risk or severity of asthma. For example, in
a population of British Caucasians, Asp299Gly was
associated with severity, but not incidence, of asthma.29

Similarly, a study of Swedish children found a 4-fold
higher prevalence of asthma among Asp299Gly carriers,
and in a Finnish population, the presence of Asp299Gly
in combination with C/T –590 of the IL-4 gene also
showed an association with asthma.30 In contrast to these
results, Asp299Gly of TLR4 was found most frequently
in a group consisting of children with less severe asthma

in a Turkish population.31 Taken together, there is evi-
dence that TLR4 variants may influence the pathogene-
sis of atopy and asthma. The sometimes contradictory
results published so far may be due to the fact that endo-
toxin content in the patients’ environment may not have
been addressed.32 In addition to TLR4, the impact of
polymorphisms of the TLR2 receptor on the pathogene-
sis of atopic diseases has been also been investigated.
Here, a polymorphism within the promoter region of
TLR2 (–16934) was identified as a major risk factor for
the development of asthma among children living on
farms.30 Furthermore, the Ser249Pro polymorphism of
TLR6, which forms heterodimers with TLR2 to recog-
nize diacylated lipopeptides, was associated with a lower
risk of asthma in African Americans.33

Additional evidence linking TLR-function with sus-
ceptibility towards the development of allergic diseases
was presented by Lauener et al.34 in 2002. Based on the
observation that children raised on farms during the first
year of life are at lower risk to develop allergic dis-
eases,35 expression levels of TLR2, TLR4 and CD14 in
samples derived from these probands were determined
using RT-PCR. Here, significantly higher levels of CD14
and TLR2, but not TLR4, were found among children
living on farms compared to controls.34 Interestingly,
these data are consistent with in vitro studies showing
that LPS up-regulates expression of CD14 and TLR2 by
mouse macrophages but does not affect TLR4.36

Although direct links between up-regulation of TLRs,
exposure towards microbial products, and the pathogen-
esis of allergic diseases have yet to be established, these
data support the notion that TLR signaling may be
involved in the development of allergic sensitization
and/or the severity of allergic symptoms. However, no
final conclusion regarding the mechanism leading to dis-
ease in an individual with impaired sensing of TLR-lig-
ands or increased expression of TLRs can be drawn as yet.

Experimental evidence for a linkage of TLR-signaling
and antigen sensitization

Epidemiological studies suggest that the TLR4 ligand LPS
can either promote or inhibit the development of asthma in
humans.7,8,16 Experimental evidence supporting a role for
TLR4 in promoting allergic airway sensitization and airway
inflammation after antigen challenge was obtained in stud-
ies with C3H/HeJ mice, which lack functional TLR4.37

Surprisingly, when sensitized withovalbumin (OVA) in
alum by intraperitoneal injection, these mice exhibited less
pronounced airway inflammation after intranasal OVA
challenge compared to control wild-type mice.38 The
authors concluded that the effect of TLR4 was caused by a
disturbed maturation of the immune system due to dimin-
ished recognition of commensal microbes.38
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However, a subsequent study was able to establish a
direct link between LPS exposure and allergic sensitiza-
tion employing a model based on intranasal immuniza-
tion of BALB/c mice with LPS-depleted OVA, with or
without added LPS.39 Here, mice only developed airway
inflammation if LPS was added to OVA during the sensi-
tization period.39 The induction of pulmonary Th2-cell
responses was dose dependent (Fig 1). LPS doses 1000-
fold higher than those promoting Th2-cell responses
induced a Th1-cell bias and prevented allergic airway
sensitization.39 Thus, these data provide evidence that
LPS promotes development of asthma, and thus support

epidemiological evidence for a link between endotoxin
exposure and asthma in children.16 This study also pro-
vided a potential explanation for seemingly conflicting
results.7,8 A more recent study based on these observa-
tions showed that LPS effects on sensitization to OVA
required MyD88.40 The allergy-promoting effect of LPS
in murine models of asthma was independently veri-
fied.41 The fact that LPS, a ligand that usually induces
Th1-biased inflammatory responses,42 triggers Th2
responses is surprising, but not unprecedented. For
example, Leishmania infection can cause Th2-biased
inflammation in the lung but, in other body compart-
ments, the pathogen causes Th1-biased immune
responses.43 Hence, modulation of TLR-dependent
immune responses in the lungs may differ from those of
other organs (Fig. 2A,B).

Tri-acylated lipopeptide is a ligand for heterodimers of
TLR2 and TLR1. When applied in a murine model that
involves subcutaneous injection of OVA, tri-aclylated
lipopeptide promoted antigen sensitization.44 Mice sensi-
tized with OVA in the presence of lipopeptide exhibited ele-
vated OVA-specific IgE and IgG1 levels and enhanced
airway resistance after metacholine challenge compared to
controls that received OVA alone. Thus, evidence indi-
cates that signaling through TLR2 or TLR4 can promote
the development of asthma. In contrast, subcutaneous
application of a TLR9 ligand (CpG-DNA) during antigen

Innate immunity and the pathogenesis of asthma: Toll-like receptor signaling307

Fig. 1. Effects of TLR-activation on development and shaping of adaptive immune responses in the lung. In most body compartments (i.e. the intestine),
LPS-mediated activation of TLR4 favors the generation of a Th1-biased immune response. However, in the lung LPS-mediated activation can cause a Th2-
biased allergic sensitization. This may be explained by down-modulation of TRIF-dependent signal transduction and the lack of LPS-mediated interferon
induction in the lung, by mechanisms that remain unclear. In such a setting, the diminished induction of class I interferons by LPS would promote Th2-
biased adaptive immune responses. However, MyD88-dependent class I interferon induction by TLR9 ligands is still intact, which may explain why CpG-
DNA can shape a Th1-biased immune response in the lung.

Fig. 2. Dose dependency of the effects of LPS on allergic sensitization.
Published data suggest that moderate doses of LPS administered together
with an antigen induce Th2-biased antigen sensitization, but high levels of
LPS induce Th1 responses that counteract allergy development. However,
some data suggest that LPS can also induce antigen-specific Tregs.
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sensitization inhibited the development of allergic
responses following antigen-challenge.44 Furthermore,
intraperitoneal administration of TLR3 and TLR7 ligands
led to decreased OVA-sensitization.45 Therefore, different
TLRs affect antigen sensitization in divergent ways, possi-
bly due to the fact that activation of TLR9, TLR3, and
TLR7 strongly induces class I interferons, which may
counteract Th2-biased immune responses.21

Effects of TLR-signaling in the previously sensitized host

Studies done on the impact of isolated TLR-ligands, in
particular LPS, on the severity of asthma in already
sensitized individuals point towards a positive impact of
endotoxin exposure on the severity of clinical features of
asthma.46,47 In particular, it was observed that endotoxin
concentration in bio-aerosols present in the environment
exhibited a much stronger positive correlation with
asthma severity compared to the concentration of com-
mon allergens.46,47However, studies on the effect of LPS
and other TLR ligands during antigen challenge in
murine models have yielded conflicting results: both
intranasal and systemic administration of LPS to OVA-
sensitized mice during antigen challenge was reported to
inhibit airway inflammation.48,49 In line with these data,
i.p. administration of a TLR2 ligand during intranasal
antigen challenge also inhibited allergic responses,44 and
intranasal administration of a combined TLR2/4 ligand
had similar effects.50 In contrast, a recent study address-
ing the issue of endotoxin contamination of commer-
cially available OVA-preparations found that LPS can
enhance airway inflammation in a murine model that
employed TLR4-deficient mice.51 Furthermore,
intranasal administration of peptidoglycan, in contrast to
CpG, also enhanced allergic airway inflammation.52 In
sum, the evidence from animal studies does not conclu-
sively answer the question whether, or how, TLR ligands
may enhance or ameliorate allergic asthma. During sen-
sitization, LPS can induce diametrically opposed
immune responses depending on the dose used, with low
levels promoting Th2 responses and high levels promot-
ing Th1 responses.39 Therefore, it is tempting to specu-
late that comparable mechanisms apply for immune
reactions in previously sensitized individuals as well,
and may also account for the discrepancies observed in
animal studies.

In contrast to the controversy on the effect of LPS on
asthma, clinical data unequivocally demonstrate a con-
nection between both viral and bacterial respiratory
infections and exacerbations of asthma, but the mecha-
nisms leading to deterioration of disease are not com-
pletely understood.53,54 Recent studies investigating the
role of influenza virus infection on asthma in murine
models have provided experimental proof-of-principle

that influenza enhances airway inflammation in mice
sensitized and challenged with OVA.55–57 Activation of
antigen-presenting cells, in particular airway dendritic
cells (DCs), appears to be a hallmark event in the mech-
anisms involved in allergic sensitization.55–57 TLR sig-
naling critically impacts DC maturation and
activation,58,59 but whether DC activation during allergic
sensitization is mediated by TLRs responding to viral
antigens60,61 or endogenous ligands released during
infection remains to be clarified.

Evidence for an impact of TLR activation prior to antigen
contact on subsequent antigen-specific responses

In addition to data presented above showing effects of
immune activation simultaneously with antigen expo-
sure on allergic responses, there is also evidence that
exposure to microbes prior to the encounter with an
antigen may influence risk for development of allergies
towards those same antigens upon subsequent encounter.
Based on the inverse relationship between endotoxin
exposure and allergies,7,8 studies in mice were performed
to assess the effect of LPS on the development of Th2-
biased responses towards OVA. Here, LPS administra-
tion to mice prior to antigen sensitization significantly
suppressed allergic responses, including IgE levels and
eosinophilia.62,63 This was associated with general bias
towards Th1 responses, and could be blocked by anti-
bodies against interleukin-12 (IL-12).63 The inhibitory
effect of LPS exposure on subsequent antigen sensitiza-
tion was also demonstrated in newborn mice64 and in a
model of prenatal exposure.65 Thus, there is evidence
that TLR4-dependent signaling prior to the first
encounter with an antigen prevents subsequent allergic
sensitization in a non-antigen specific manner, possibly
through the induction of a Th1-immune phenotype.

A potential role for TLR signaling in immunotolerance
induction

According to the hygiene hypothesis, infections in early
life inhibit development of atopic diseases by shaping
the immune system towards a Th1-biased phenotype.
However, there is also an increasing body of evidence
that tolerization against antigens present in the environ-
ment is an important step in preventing allergic
responses. Recent studies on Foxp3-deficient mice con-
nect these observations with the development of
CD25+Foxp3+ regulatory T cells (Tregs).66,67 Tregs have
been extensively studied in relation to autoimmune dis-
eases and organ transplant rejection, and several lines of
evidence suggest that Tregs also play a major role in the
regulation of allergic diseases. One study reported that
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bee workers who are regularly stung possess antigen-
specific Tregs that secrete IL-10 upon antigen stimula-
tion in vitro.68 Also, there is a strong negative correlation
between the presence of IL-10 secreting T-cells and clin-
ical symptoms of atopy in probands sensitized towards a
variety of allergens.67 Although these data have not yet
been independently confirmed, they provide the first link
between the presence of antigen-specific Tregs and pro-
tection from allergic responses. Data from mouse studies
indicate that naturally occurring, non antigen-specific
Tregs that develop in the thymus also inhibit the devel-
opment of asthma.69 Interestingly, development and
function of these Tregs have been linked to TLR2 signal-
ing. Total numbers of Tregs are lower in TLR2-deficient
mice than in wild-type controls, and activation of Tregs
by TLR2 ligands attenuates inhibitory effects in models
of infectious disease.70,71 Whether these interactions of
TLR-ligands with Tregs play a role in allergic disease as
well remains to be studied.

The exact mechanism by which antigen-specific Tregs
that secrete IL-10 are generated remains unknown.
Induction of tolerance by intranasal exposure of mice
towards OVA prior to systemic sensitization generates
antigen-specific Tregs, but this depends on induction of
IL-10 by DCs exposed to antigen in the absence of pro-
inflammatory stimuli.72,73However, these studies did not
address potential endotoxin contamination of the antigen
preparations used. Later studies found that OVA prepa-
rations free of any endotoxin contamination are more
effective in sensitizing naïve mice compared to pure
preparations.74 These findings indicate that LPS at trace
concentrations possesses inhibitory properties. It is not
yet entirely clear whether these inhibitory effects are due
to LPS or possibly other contaminants. However, a
recent study reported that intranasal treatment of mice
with OVA in the presence of heat-killed Listeria mono-
cytogenes led to the induction of antigen-specific
Tregs,75 which suggests that low-level TLR stimulation
may exert tolerizing effects. Interestingly, a recent report
indicates LPS can induce IL-10 producing Tregs,76 but
the potential impact on allergic diseases has not yet been
studied.

TLR-ligands as a therapeutic approach in asthma patients

Protective effects of TLR ligands in the context of
asthma and allergy were first demonstrated for microbial
DNA in 1999,77 shortly after the initial report on
immunoreactive properties of non-methylated CpG-
DNA in a murine sepsis model.78 Vaccination of mice
with plasmid-delivered antigen (in contrast to expressed
and purified antigen) led to a Th1-biased, antigen-spe-
cific immune response that was induced by plasmid
DNA.77 Later studies in genetic knock-out mice indi-

cated that TLR9 is the receptor for non-methylated CpG-
DNA. The strong induction of Th1 responses by CpG-
DNA, mediated by TLR9-dependent release of class I
interferons, was also demonstrated to inhibit allergic
inflammation in murine asthma models.79,80The fact that
TLR9 ligands can redirect allergic responses is most
likely related to the strong induction of class I interfer-
ons, in particular by plasmacytoid dendritic cells (pDCs)
that are involved in immune defense against viral and
intracellular pathogens.81,82 However, it should also be
noted that there are differences in TLR9 expression pat-
terns between mice and primates. Primate TLR9 is
exclusively expressed on B cells and pDCs, but mice
also express TLR9 on myeloid dendritic cells and mono-
cytes.81 Consistent with this concept, a recent study
showed relatively weak immune responses towards vac-
cines in the presence of CpG-motifs in rhesus
macaques.83 However, repeated injection of CpG ligands
causes severe immunopathology in mice.84 Thus, it may
not be appropriate to extrapolate murine results on the
safety and effectiveness of TLR9-directed therapies to
humans. However, initial clinical trials on an allergy
vaccine based on coupling of a CpG-DNA motif to rag-
weed demonstrated anti-allergic effects of treatment in
patients, which indicates a redirection of established
antigen-specific Th2 responses to Th1 responses.85,86

Furthermore, TLR9 ligands are not only effective as
adjuvants in treating allergies, but also exert effects on
allergic responses when administered alone without an
antigen.81 In fact, inhaled CpG monotherapy can prevent
allergic reactions in experimental models in both mice87

and primates.88

CONCLUSIONS

Clinical, epidemiological, and experimental studies have
elucidated the relationship between exposure of an indi-
vidual towards TLR ligands and the development of
atopic disease. The original hygiene hypothesis predicts
that exposure towards microbial stimuli should protect
against asthma and other diseases related to a Th2-
immune phenotype. Since first reports on LPS and atopy
supported this notion, it was concluded that TLR ligands
generally act against the development of Th2-biased
immune reactions. However, recent data indicate that
this notion should be re-evaluated. Results obtained
from experimental mouse models are still conflicting,
perhaps due to differences in protocols. The same is true
for studies investigating the potential impact of TLR
variants on development and course of allergic diseases,
which suggest a role of TLRs in asthma. Still, some
aspects of the interaction of TLR ligands with the
immune system to induce, shape or inhibit atopic disease
are strongly supported by published data.

Innate immunity and the pathogenesis of asthma: Toll-like receptor signaling309
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Studies performed in mice clearly show that LPS pro-
motes the development of antigen-specific IgE and Th2-
biased T-cells.39–41 One study also found a
dose-dependent effect of LPS, with higher doses inhibit-
ing development of asthma.39 These results may help
reconcile conflicting results obtained from epidemiolog-
ical studies on the association of endotoxin with
atopy,8,16 which could be due to differing levels of LPS
exposure to subjects participating in these studies. On
the other hand, data obtained from mouse studies on the
effect of TLR9 signaling are consistent with clinical
studies. These mouse studies clearly show that CpG-
DNA induces type I interferons, can prevent the patho-
genesis of asthma and may, therefore, be potentially
useful as a therapeutic agent in established disease.81

These findings appear to be contradictory since LPS,
like CpG-DNA, also strongly induces type I interferons.
However, activation of TLR4 induces interferon via a
pathway involving TRIF and IRF3, but TLR9 induces
interferons via MyD88 and the transcription factor IRF-
7.25 Induction of interferons in the lung by LPS, in con-
trast to CpG DNA or single-stranded RNA, may be
impaired, probably due to inhibition of TRIF-dependent
signal transduction by unknown mechanisms (Fig.
2A–C). Thus, the opposing effects of TLR4 and
TLR9/TLR7 ligands may be due to different cytokine
patterns induced by these ligands. This could indicate
that activation of the MyD88-dependent signal transduc-
tion pathway could favor the development of Th2-biased
immune responses.44

Currently available data on the effect of TLR stimula-
tion during allergic sensitization and/or exacerbation
of allergic disease are still controversial. Therefore,
this issue will await further investigation. Both the
intensity of TLR stimulation and the cytokine pattern
induced after activation may be important contributors.
In contrast to the divergent effects of TLR-activation
observed during sensitization/exacerbation, studies
investigating the effect of TLR activation prior to anti-
gen exposure unequivocally showed an inhibition of
subsequent symptoms of allergies. These observations
suggest that the same stimulus can exert divergent
effects on severity of atopic diseases depending on the
timing of exposure. This mayexplain why the same
viral infection can protect against development of
allergic disease when encountered during early life,
yet still exacerbate established allergic disease.89,90

Another question is whether LPS or other TLR ligands
can also induce immunotolerance. This issue has not
yet been directly addressed in murine models of
asthma and allergy, but published data suggest that
trace contaminants of LPS may prevent antigen sensi-
tization,74 and that LPS can also induce Tregs.76

Further studies will be needed to provide clear answers
to these important questions.
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