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IEIIS Meeting minireview

Theroleof innate immunity in the pathogenesis of asthma:
evidence for the involvement of Toll-like receptor signaling

Nicolas W.J. SchroderMoshe Ardit?

1Department of Dermatology and Allergy, Allergie-Centrum-Charité/ECARF,
Charité Medical Center, Berlin, Germany
2Division of Pediatric Infectious Diseases and Immunology,
Cedars-Sinai Medical Center, Los Angeles, California, USA

Infectious diseases have a major impact on both the development and the severity of asthma. The
rise in incidence of asthma in industrialized countries over the last decades has been attributed to
increased hygiene standards as well as the concomitant usage of antibiotics, which together lower
the incidence of infections. Although this point of view is supported by both clinical studies and
experimental approaches in mice, an increasing body of evidence suggests that certain infectious
diseases may predispose for the development of asthma, thus challenging the ‘hygiene hypothesis’
in its classical form. Toll-like receptors (TLRs) are centrally involved in orchestrating immune
responses towards various micro-organisms. Because of this, it is tempting to speculate that
signaling through TLRs may be involved in mechanisms provoking Thl- or Th2-biased immune
responses and may, therefore, be an important factor in either preventing or promoting allergic
airway disease. This review summarizes clinical and experimental data from mouse models focused
on the impact of TLR-signaling on allergic asthma.

Keywords: Allergy, asthma, endotoxin, mouse models, polymorphisms, Toll-like receptors

The hygiene hypothesis both, increased hygiene standards, and the expanded
availability of antibiotics. This relationship between
During recent decades, asthma has become a major epifection and allergic diseases has led to the formation of
demic affecting up to 32% of the population in Westernthe hygiene hypothesid, and more recent studies
industrialized countries, and making a substantial impacttribute this relationship to a shift of balance between
on morbidity rates:? Such a dramatic rise in incidence effector T-cell subtypes towards Th2-helper cells in the
within a relatively short period of time cannot be attributedabsence of early exposure towards micréb€srtain
to genetic determinants alone. Hence, environmental fainfectious agents (e.g. hepatitis A virus) can actively
tors are thought to act as major risk factors for the develogkew the balance between Thl- and Th2-helper T-cells
ment of asthma. Thenverse relationship between towards the Thl subty@d-urthermore, epidemiological
infectious and atopic diseases in Western countries hasudies on a potential association between exposure
paralleled decreasing rates of serious infections due tmwards microbial compounds and the prevalence of
atopic diseases indicate an inverse relationship between
the presence of bacterial lipopolysaccharide (LPS) and
Received 11 May 2007 the development of asthma in childfénHowever,
Revised 14 August 2007 . . .
Accepted 28 August 2007 recent data indicate that certain pathogeng. (respira-
tory syncytial virus [RSV], influenza virus, Mycoplasma
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by results from experimental and epidemiological studin a Turkish populatiof Taken together, there is evi-
ies that show a positive correlation between LPS expadence that TLR4 variants may influence the pathogene-
sure and allergy incidence and sevéfify. These sis of atopy and asthma. The sometimes contradictory
observations suggest that, while the increase in theesults published so far may be due to the fact that endo-
prevalence of asthma may be generally linked to aoxin content in the patients’ environment may not have
decrease in infections, certain respiratory pathogens mayeen addresséd.In addition to TLR4, the impact of
actually enhance the development of asthma. 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
Evidence from studies on genetic variants and TLR2 (-16934) was identified as a major risk factor for
expression patterns of TLRs the development of asthma among children living on
farms¥® Furthermore, the Ser249Pro polymorphism of
The TLR family of pattern recognition receptors is aTLR6, which forms heterodimers with TLR2 to recog-
major component of the innate immune systéth. nize diacylated lipopeptides, was associated with a lower
Ligation of all TLRs (except TLR3) leads to the activa-risk of asthma in African Americarid.
tion of a MyD88-dependent signal transduction cas- Additional evidence linking TLR-function with sus-
cade'®?!Interaction of LPS with its receptor TLR4 can ceptibility towards the development of allergic diseases
also activate a distinct signaling pathway involvingwas presented by Lauener ef%ih 2002. Based on the
TRAM and TRIF (TIR domain-containing adaptor observation that children raised on farms during the first
inducing interferon-f{IFN-f]), leading to the induction year of life are at lower risk to develop allergic dis-
of IFN-a and IFN-Bvia activation of IRF-3 (interferon eases$® expression levels of TLR2, TLR4 and CD14 in
regulatory factor-3¥2-2* Activation of TLR3 by dou- samples derived from these probands were determined
ble-stranded RNA activates only the TRIF-dependentising RT-PCR. Here, significantly higher levels of CD14
pathway and does not involve MyD880On the other and TLR2, but not TLR4, were found among children
hand, activation of TLR9 by CpG DNA and binding of living on farms compared to contrdfsinterestingly,
single stranded RNA to TLR7 (in mice) or TLR8 (in these data are consistent withvitro studies showing
humans) both induce IFN-and IFN-Brelease via that LPS up-regulates expression of CD14 and TLR2 by
MyD8821:25 mouse macrophages but does not affect T¥RA4.
Genetic variants of Toll-like receptors and their Although direct links between up-regulation of TLRs,
impact on infectious, immunological and cardiovascularexposure towards microbial products, and the pathogen-
diseases have been extensively studfied.particular, esis of allergic diseases have yet to be established, these
the Asp299Gly polymorphism of human TLR4 co-seg-data support the notion that TLR signaling may be
regates with Thr399lle and is present among about 8%volved in the development of allergic sensitization
of individuals in Caucasian populatiotié’ This variant  and/or the severity of allergic symptoms. However, no
was discovered in the course of a study to determine whijhal conclusion regarding the mechanism leading to dis-
some individuals do not develop symptoms of bronease in an individual with impaired sensing of TLR-lig-
choconstriction after inhalation of LPSThe presence ands or increased expression of TLRs can be drawn as yet.
of this receptor variant was associated with decreased
inflammation bothin vivoandin vitro. This observation
prompted a series of studies investigating the potentidtxperimental evidence for a linkage of TLR-signaling
impact of this polymorphism on atopic diseases includand antigen sensitization
ing asthma. An initial report found no evidence for any
association of either the Asp299Gly or other variants oEpidemiological studies suggest that the TLR4 ligand LPS
TLR4 with the incidence of atopic disead&hpwever, can either promote or inhibit the development of asthma in
subsequent studies indicated that TLR4-variants magiumans:®'¢ Experimental evidence supporting a role for
indeed affect risk or severity of asthma. For example, imMLR4 in promoting allergic airway sensitization and airway
a population of British Caucasians, Asp299Gly wasinflammation after antigen challenge was obtained in stud-
associated with severity, but not incidence, of astima.ies with C3H/HeJ mice, which lack functional TLRA4.
Similarly, a study of Swedish children found a 4-fold Surprisingly, when sensitized withovalbumin (OVA) in
higher prevalence of asthma among Asp299Gly carrierslum by intraperitoneal injection, these mice exhibited less
and in a Finnish population, the presence of Asp299Glpronounced airway inflammation after intranasal OVA
in combination with C/T —590 of the IL-4 gene also challenge compared to control wild-type migeThe
showed an association with asthffiln contrast to these authors concluded that the effect of TLR4 was caused by a
results, Asp299Gly of TLR4 was found most frequentlydisturbed maturation of the immune system due to dimin-
in a group consisting of children with less severe asthmihed recognition of commensal microBes.
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epidemiological evidence for a link between endotoxin

exposure and asthma in childféhis study also pro-
Low Moderate Severe vided a potential explanation for seemingly conflicting
No stimulus stimulus  stimulus results’® A more recent study based on these observa-
stimulus minute amounts low doses high dQses . . .
of TLR-ligands of TLR-igands  of TLR-ligands tions showed that LPS effects on sensitization to OVA
| | il | required MyD88' The allergy-promoting effect of LPS
o ) . i in murine models of asthma was independently veri-
igen-specific Immunotolerance Allergic airway Th1 bias ) i R
immune responses through Tregs sensitization fied ! The fact that LPS, a |Igand that Usua”y induces
Thl-biased inflammatory respongéstriggers Th2

Fig. 2. Dose dependency of the effects of LPS on allergic sensitization. '€Sponses is surprising, but not unprecedented. For
Published data suggest that moderate doses of LPS administered togetheexample, Leishmaniainfection can cause Th2-biased
with an antigen induce Th2-biased antigen sensitization, but high levels ofnflammation in the lung but, in other body compart-
) o oo ®"ments, the paihogenGauses Thibiased _immune
" response$ Hence, modulation of TLR-dependent
immune responses in the lungs may differ from those of
However, a subsequent study was able to establishather organs (Fig. 2A,B).
direct link between LPS exposure and allergic sensitiza- Tri-acylated lipopeptide is a ligand for heterodimers of
tion employing a model based on intranasal immunizaTLR2 and TLR1. When applied in a murine model that
tion of BALB/c mice with LPS-depleted OVA, with or involves subcutaneous injection of OVA, tri-aclylated
without added LP&’ Here, mice only developed airway lipopeptide promoted antigen sensitizatibiMice sensi-
inflammation if LPS was added to OVA during the sensi-tized with OVA in the presence of lipopeptide exhibited ele-
tization period” The induction of pulmonary Th2-cell vated OVA-specific IgE and IgGlevels and enhanced
responses was dose dependent (Fig 1). LPS doses 10@@way resistance after metacholine challenge compared to
fold higher than those promoting Th2-cell responsegontrols that received OVA alone. Thus, evidence indi-
induced a Thl-cell bias and prevented allergic airwayates that signaling through TLR2 or TLR4 can promote
sensitizatior?® Thus, these data provide evidence thathe development of asthma. In contrast, subcutaneous
LPS promotes development of asthma, and thus suppaapplication of a TLR9 ligand (CpG-DNA) during antigen

A B c
Intestine Lung Lung
® ® @) ® O o
Antigen O.' LPS Antigen O.' LPS Antigen Ooo CpG DNA
[ ] [ ] O o
TLR-4 TLR-4
LR-9
TRIF  MyD88 e MyD88
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interferons IL-6 etc. IL-6 etc. interferons

T 17 mm
¢ ©

Th1-effector T-cells Th2-effector T-cells Th1-effector T-cells

Fig. 1. Effects of TLR-activation on development and shaping of adaptive immune responses in the lung. In most body compartinemtsestine),
LPS-mediated activation of TLR4 favors the generation of a Thl-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 | interferons by LPS would promote Th2-
biased adaptive immune responses. However, MyD88-dependent class | interferon induction by TLR9 ligands is still intact, which may explain why CpG-
DNA can shape a Thl-biased immune response in the lung.
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sensitization inhibited the development of allergicthat influenza enhances airway inflammation in mice

responses following antigen-challerfje Furthermore, sensitized and challenged with O¥A%” Activation of

intraperitoneal administration of TLR3 and TLR7 ligandsantigen-presenting cells, in particular airway dendritic

led to decreased OVA-sensitizatiSrTherefore, different cells (DCs), appears to be a hallmark event in the mech-

TLRs affect antigen sensitization in divergent ways, possianisms involved in allergic sensitizati#h®’ TLR sig-

bly due to the fact that activation of TLR9, TLR3, andnaling critically impacts DC maturation and

TLR7 strongly induces class | interferons, which mayactivation$®°but whether DC activation during allergic

counteract Th2-biased immune respoises. sensitization is mediated by TLRs responding to viral
antigen&%! or endogenous ligands released during
infection remains to be clarified.

Effects of TLR-signaling in the previously sensitized host

Studies done on the impact of isolated TLR-ligands, irEvidence for an impact of TLR activation prior to antigen
particular LPS, on the severity of asthma in alreadycontact on subsequent antigen-specific responses
sensitized individuals point towards a positive impact of
endotoxin exposure on the severity of clinical features ofn addition to data presented above showing effects of
asthma®+’ In particular, it was observed that endotoxinimmune activation simultaneously with antigen expo-
concentration in bio-aerosols present in the environmergure on allergic responses, there is also evidence that
exhibited a much stronger positive correlation withexposure to microbeprior to the encounter with an
asthma severity compared to the concentration of comantigen may influence risk for development of allergies
mon allergeng®4”However, studies on the effect of LPS towards those same antigens upon subsequent encounter.
and other TLR ligands during antigen challenge inBased on the inverse relationship between endotoxin
murine models have yielded conflicting results: bothexposure and allergié$studies in mice were performed
intranasal and systemic administration of LPS to OVA-to assess the effect of LPS on the development of Th2-
sensitized mice during antigen challenge was reported toiased responses towards OVA. Here, LPS administra-
inhibit airway inflammatiorf®4° In line with these data, tion to mice prior to antigen sensitization significantly
i.p. administration of a TLR2 ligand during intranasal suppressed allergic responses, including IgE levels and
antigen challenge also inhibited allergic respoitsasd  eosinophiligf2%2 This was associated with general bias
intranasal administration of a combined TLR2/4 ligandtowards Thl responses, and could be blocked by anti-
had similar effect&? In contrast, a recent study address-bodies against interleukin-12 (IL-1%)The inhibitory
ing the issue of endotoxin contamination of commer-effect of LPS exposure on subsequent antigen sensitiza-
cially available OVA-preparations found that LPS cantion was also demonstrated in newborn ffiead in a
enhance airway inflammation in a murine model thatmodel of prenatal exposufeThus, there is evidence
employed TLR4-deficient mic®. Furthermore, that TLR4-dependent signalingrior to the first
intranasal administration of peptidoglycan, in contrast teencounter with an antigen prevents subsequent allergic
CpG, also enhanced allergic airway inflammafibn ~ sensitization in a non-antigen specific manner, possibly
sum, the evidence from animal studies does not concluhrough the induction of a Th1-immune phenotype.
sively answer the question whether, or how, TLR ligands
may enhance or ameliorate allergic asthma. During sen-
sitization, LPS can induce diametrically opposedA potential role for TLR signaling in immunotolerance
immune responses depending on the dose used, with Idnduction
levels promoting Th2 responses and high levels promot-
ing Thl response8.Therefore, it is tempting to specu- According to the hygiene hypothesis, infections in early
late that comparable mechanisms apply for immunéife inhibit development of atopic diseases by shaping
reactions in previously sensitized individuals as wellthe immune system towards a Thl-biased phenotype.
and may also account for the discrepancies observed owever, there is also an increasing body of evidence
animal studies. that tolerization against antigens present in the environ-
In contrast to the controversy on the effect of LPS orment is an important step in preventing allergic
asthma, clinical data unequivocally demonstrate a corresponses. Recent studies on Foxp3-deficient mice con-
nection between both viral and bacterial respiratorynect these observations with the development of
infections and exacerbations of asthma, but the mech&D25Foxp3 regulatory T cells (Tregsy:?” Tregs have
nisms leading to deterioration of disease are not comrbeen extensively studied in relation to autoimmune dis-
pletely understooéf>* Recent studies investigating the eases and organ transplant rejection, and several lines of
role of influenza virus infection on asthma in murine evidence suggest that Tregs also play a major role in the
models have provided experimental proof-of-principleregulation of allergic diseases. One study reported that
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bee workers who are regularly stung possess antigewated that TLR9 is the receptor for non-methylated CpG-
specific Tregs that secrete IL-10 upon antigen stimulabNA. The strong induction of Thl responses by CpG-
tionin vitro.%8 Also, there is a strong negative correlationDNA, mediated by TLR9-dependent release of class |
between the presence of IL-10 secreting T-cells and clininterferons, was also demonstrated to inhibit allergic
ical symptoms of atopy in probands sensitized towards mflammation in murine asthma modé§°The fact that
variety of allergen&’ Although these data have not yet TLR9 ligands can redirect allergic responses is most
been independently confirmed, they provide the first linkikely related to the strong induction of class | interfer-
between the presence of antigen-specific Tregs and prons, in particular by plasmacytoid dendritic cells (pDCs)
tection from allergic responses. Data from mouse studiethat are involved in immune defense against viral and
indicate that naturally occurring, non antigen-specificintracellular pathogerfd:#2 However, it should also be
Tregs that develop in the thymus also inhibit the develnoted that there are differences in TLR9 expression pat-
opment of asthm®. Interestingly, development and terns between mice and primates. Primate TLR9 is
function of these Tregs have been linked to TLR2 signalexclusively expressed on B cells and pDCs, but mice
ing. Total numbers of Tregs are lower in TLR2-deficientalso express TLR9 on myeloid dendritic cells and mono-
mice than in wild-type controls, and activation of Tregscytes®® Consistent with this concept, a recent study
by TLR2 ligands attenuates inhibitory effects in modelsshowed relatively weak immune responses towards vac-
of infectious diseas®."* Whether these interactions of cines in the presence of CpG-motifs in rhesus
TLR-ligands with Tregs play a role in allergic disease asnacaque&® However, repeated injection of CpG ligands
well remains to be studied. causes severe immunopathology in nifcEhus, it may
The exact mechanism by which antigen-specific Tregsot be appropriate to extrapolate murine results on the
that secrete IL-10 are generated remains unknowrsafety and effectiveness of TLR9-directed therapies to
Induction of tolerance by intranasal exposure of micehumans. However, initial clinical trials on an allergy
towards OVA prior to systemic sensitization generatevaccine based on coupling of a CpG-DNA motif to rag-
antigen-specific Tregs, but this depends on induction ofveed demonstrated anti-allergic effects of treatment in
IL-10 by DCs exposed to antigen in the absence of prgaatients, which indicates a redirection of established
inflammatory stimul2”*However, these studies did not antigen-specific Th2 responses to Thl respofises.
address potential endotoxin contamination of the antigeRurthermore, TLR9 ligands are not only effective as
preparations used. Later studies found that OVA prepaadjuvants in treating allergies, but also exert effects on
rations free of any endotoxin contamination are morallergic responses when administered alone without an
effective in sensitizing naive mice compared to pureantigerf! In fact, inhaled CpG monotherapy can prevent
preparation$? These findings indicate that LPS at traceallergic reactions in experimental models in both fice
concentrations possesses inhibitory properties. It is n@nd primate$?
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 CONCLUSIONS
with OVA in the presence of heat-killadsteria mono-
cytogenesled to the induction of antigen-specific Clinical, epidemiological, and experimental studies have
Tregs?® which suggests that low-level TLR stimulation elucidated the relationship between exposure of an indi-
may exert tolerizing effects. Interestingly, a recent reporvidual towards TLR ligands and the development of
indicates LPS can induce IL-10 producing Trégsut  atopic disease. The original hygiene hypothesis predicts
the potential impact on allergic diseases has not yet be¢hat exposure towards microbial stimuli should protect
studied. 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
TLR-ligands as a therapeutic approach in asthma patientsgenerally act against the development of Th2-biased
immune reactions. However, recent data indicate that
Protective effects of TLR ligands in the context ofthis notion should be re-evaluated. Results obtained
asthma and allergy were first demonstrated for microbialrom experimental mouse models are still conflicting,
DNA in 199977 shortly after the initial report on perhaps due to differences in protocols. The same is true
immunoreactive properties of non-methylated CpG-or studies investigating the potential impact of TLR
DNA in a murine sepsis mod&lVaccination of mice variants on development and course of allergic diseases,
with plasmid-delivered antigen (in contrast to expresseavhich suggest a role of TLRs in asthma. Still, some
and purified antigen) led to a Thl-biased, antigen-speaspects of the interaction of TLR ligands with the
cific immune response that was induced by plasmidmmune system to induce, shape or inhibit atopic disease
DNA.7" Later studies in genetic knock-out mice indi- are strongly supported by published data.
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Studies performed in mice clearly show that LPS pro- ACKNOWLEDGEMENTS

motes the development of antigen-specific IgE and Th2-

biased T-cell§*% One study also found a This work was supported by NIH grants Al 067995, Al
dose-dependent effect of LPS, with higher doses inhibito58128, and HL66436 to MA and German Research
ing development of asthniad.These results may help Foundation (DFG) grant SPP1110 Schr 726/1-3 to

reconcile conflicting results obtained from epidemiolog-NWJS. We thank Terence Doherty for his valuable edi-

ical studies on the association of endotoxin withtorial suggestions.

atopy®1® 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 CpGl-'
DNA induces type | interferons, can prevent the patho-,
genesis of asthma and may, therefore, be potentially
useful as a therapeutic agent in established di§ease3.
These findings appear to be contradictory since LPS,
like CpG-DNA, also strongly induces type | interferons. 4
However, activation of TLR4 induces interferon via a g
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
TLRY/TLR7 ligands may be due to different cytokine
patterns induced by these ligands. This could indicaté
that activation of the MyD88-dependent signal transduc-
tion pathway could favor the development of Th2-biaseds.
immune responses.

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 patterni2.

induced after activation may be important contributors.
In contrast to the divergent effects of TLR-activation
observed during sensitization/exacerbation,
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 diverge
effects on severity of atopic diseases depending on the
timing of exposure. This magxplain why the same

viral infection can protect against development of15.

allergic disease when encountered during early life,
yet still exacerbate established allergic diséage.
Another question is whether LPS or other TLR ligands
can also induce immunotolerance. This issue has not

yet been directly addressed in murine models of7.

asthma and allergy, but published data suggest that

trace contaminants of LPS may prevent antigen senst®
tization/* and that LPS can also induce Trégs. ;g

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

studiegy
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