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Purpose of review

The neonate is born with a distinct immune system that is biased against the
production of T-helper cell 1 (Th1) cytokines. Birth imposes a great challenge on the
neonatal immune system, which is confronted with an outside world rich in foreign
antigens. Exposure to these antigens shapes the developing neonatal immune
system. Inducing Th-1 or Th-2 polarized responses that may extend beyond the
neonatal age and counteract or promote allergic sensitization. This review describes
how engagement of the innate immune system might contribute to the development
of allergy in children.

Recent findings

The exact role of innate immune stimulation in the development of allergies is a
controversial area. Epidemiological literature suggests that microbial exposure in early
childhood protects against the development of allergies, whereas a large amount of
experimental data demonstrates that innate immune stimulation enhances Th2
responses upon primary and secondary antigen exposure.

Summary

Dose, site and timing of allergen exposure are likely to modulate the innate immune
response, polarizing the maturing neonatal immune system towards Th1 or Th2-type
responses, thereby protecting from or predisposing to asthma and allergies. Modulation
of neonatal innate immune responses may be a novel approach to prevent asthma and
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Introduction

Neonatal immunity is immature. Adaptive immune
responses are impaired at birth by lack of preexisting
memory and low frequency and impaired function of
effector B cells and T cells [1]. Therefore, the neonate
is largely dependent on passively acquired antibodies and
innate immune responses in the defense against micro-
organisms. It is also well documented that neonatal
innate immunity is distinct from that of adults in its
response to bacterial and viral pathogens [1,2]. Perinatal
life is characterized by massive and constant exposure to
new antigens, predominantly in the mucosa of the diges-
tive and respiratory tract. The neonatal impairment in
production of proinflammatory/T-helper cell 1 (Th1)-
polarizing cytokines is believed to prevent potentially
harmful hyperinflammation caused by these antigens. In
addition, during this period, tolerance to many new
allergens is induced, which is the key mechanism to
prevent the development of allergy. This process is
orchestrated by cells from the innate immune system.
The distinct characteristics of the neonatal innate
immune system may be essential in the induction of
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tolerance. Here, we review the role of the distinct neo-
natal innate immune system in the development
of allergy.

Neonatal innate immunity

Quantitative and qualitative differences between the
neonatal and adult innate immune system may contribute
to neonatal Th2 polarization. Although cord blood con-
tains a higher number of monocytes than adult venous
blood, many phenotypic differences have been
described, including lower baseline human leukocyte
antigen (HLLA)-DR expression and decreased upregula-
tion of CD40 on ex-vivo stimulation with lipopolysac-
charide (ILPS) [3]. Cord blood also contains a higher ratio
of plasmacytoid dendritic cells (pDCs) over myeloid
dendritic cells (mDCs) compared with adult blood. Acti-
vation of pDC generally leads to production of Th2-
polarizing cytokines, whereas mDCs are associated with
Thl-type responses [4°5]. In addition, neonatal cord
blood contains lower numbers of differentiated natural
killer T (NK'T) cells than adults [6]. Because of their
central role in the induction and polarization of the
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Table 1 Evidence for distinct neonatal toll-like receptor-mediated cytokine responses

Culture system

TLR Whole blood PBMC Monocytes mDC moDC Ref.
1 TNFa (]) [7,8]
2 TNFa (]) IL-23 (=) [7-9]
IL-6 (1)
3 IL-12p70 (]) IL-12p35 (]) TNFa (=) IL-12p40 () [4°9-11]
IL-10 (=) IL-1B (=)
IL-6 (=)
IL-8 (=)
4 IL-12p70 (|) IL-6 (1) IL-12p35 (|) IL-12p35 (|) IFNB (]) [3,4%,7-9,11,12,13°14,15]
IL-10 (=)
TNFa (=/])
IL-107 IL-23 (1) TNF« () IL-12p40 (=) TNFa (])
TNFa (]/=) IL-1a (=) IL-23 (1)
IL-8 (=) IL-12p40 (]) IL-1a (=)
IFNy (=) TNFe (1)
6 TNFa (]) (7]
7 IL-10 (=) IL-12p70 (]) [4°,71
TNFa (]) TNFa (])
IFNa (]
8 TNFa (=) IL-23 (1) [7,9,186]
9 TNFa (]) [4°,171
IFNa (=/])

Cytokine concentrations after in-vitro stimulation with TLR agonists are depicted. (|) decreased compared with adults, (=) similar to adults, ()
increased compared with adults. IFN, interferon; IL, interleukin; mDC, myeloid dendritic cells; moDC, monocyte-derived dendritic cells; PBMC,
peripheral blood mononuclear cells; TLR, toll-like receptor; TNFa, tumor necrosis factor alpha.

immune response, most studies [17,18] on neconatal
innate immunity have focused on antigen-presenting
cells (APCs) and toll-like receptors (TLRs). Upon stimu-
lation with various TLR agonists, human neonatal cord
blood, as well as cord blood-derived monocytes and
APCGCs, generally produces decreased amounts of Thl-
polarizing cytokines compared with adules (Table 1)
[3,4°,7-9,11,12,13°,14-16,19].

The inability to produce Thl-polarizing cytokines per-
sists throughout the neonatal period [4°]. In contrast, cord
blood demonstrates similar or increased production of the
Th2-polarizing cytokine interleukin (I1.)-6 and elevated
production of IL.-10 upon stimulation with agonists for
TLR2, TLR4 or TLLR7 [4°,8]. An interesting exception is
"TLLR8 agonists, such as single-stranded RNAs and imi-
dazoquinolines, which induce a similar magnitude of
Thl-polarizing responses in newborn and adult blood,
monocytes and APCs [16].

Multiple mechanisms have been reported to contribute
to decreased cord blood TLR agonist-induced cytokine
production. First, studies investigating neonatal TLR
expression report that TLLR4 expression in cord blood
monocytes from preterm neonates is lower than adult
expression but increases during gestational aging [20]. At
birth, newborn and adult blood monocytes express similar
basal levels for various TLRs [7]. However, a study [21]
investigating in-vitro stimulus-induced TL.R4 expression
reported an elevated LPS-induced expression of TL.R4
in cord blood monocytes compared with adult monocytes.
The differential regulation of stimulus-induced TLR

expression in neonates and adults remains to be deter-
mined. Second, neonates demonstrate defects in signal-
ing pathways downstream of TLRs. LLPS-induced phos-
phorylation of p38 mitogen-activated protein kinase
(MAPK) is decreased in whole cord blood, suggesting
that the mechanism for impaired neonatal TLR
responses is localized at the level of, or upstream of,
kinase phosphorylation [7,22]. Expression of the MyD88
adapter, which is used by all TLRs except for TLLR3, is
decreased in cord blood monocytes compared with adults
[12]. Cord blood MyD88-independent signaling is also
impaired, as illustrated by decreased whole blood cyto-
kine responses to agonists for TLLR3 and decreased LLPS-
induced interferon regulatory factor 3 (IRF-3)-mediated
production of the IL.-12p35 subunit in cord blood mono-
cytes [14,15,23].

Soluble mediators may induce or modulate innate
immune responses. Human breast milk contains several
TLR-modulating factors, including soluble CD14
(sCD14), soluble TLR2 and a thus far unidentified
approximately 80kDa protein that inhibits signaling
through membrane TLR2 but activates TLLR4 in human
intestinal epithelial and mononuclear cells [24]. Breast
milk-mediated intestinal immune modulation may be an
important factor guiding postnatal immune development,
preventing harmful inflammation caused by intestinal
colonization, but selectively allowing proinflammatory
responses needed for immune maturation.

The complement system can be activated by innate
immune responses, resulting in generation of the
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anaphylatoxins C3a and C5a, recruitment of innate
immune cells and formation of the membrane attack
complex [25]. In the airways, C3a production favors
Th2-type responses, whereas C5a can induce both
inflammation and tolerance. Concentrations of comp-
lement components in neonatal plasma are diminished
compared with those in adults [26]. Levels of comp-
lement in other organs, including the neonatal lung, and
the role of neonatal complement deficiency in allergy
development remain to be defined.

Neonatal plasma contains high concentrations of adeno-
sine, an endogenous purine metabolite that induces
intracellular cyclic AMP (cAMP), thereby inhibiting
TLR2-mediated production of tumor necrosis factor
alpha (TNFa) [8]. Interestingly, cAMP is also known
to inhibit the production of several other cytokines that
are impaired in newborns [[[.-12 and interferon alpha
(IFNa)], while preserving I1.-10 and 11.-6 [27]. Elevated
concentrations of adenosine in neonatal blood may thus
be a general mechanism underlying distinct polarization
of neonatal TLR-mediated cytokine responses.

In summary, neonatal innate immune cells demonstrate
immunologic responses distinct from those of adults. In
general, Thl-polarizing responses to pure TLR agonists
are impaired at birth, whereas production of Th2-polariz-
ing and anti-inflammatory cytokines is preserved. How-
ever, it should be noted that under certain circumstances,
such as in-vitro stimulation with whole group B strepto-
cocci and Mycobacterium bovis bacillus Calmette—Guérin
(BCG), human neonatal monocytes and APCs are capable
of mounting adult-level responses [28,29]. Thus, although
responses to pure T'LLR agonists are polarized, neonatal
mononuclear cells can mount robust inflammatory/Th1-
polarizing responses to certain microbial particles. We will
next discuss how innate immune stimulation in the early
postnatal period may induce permanent changes that
determine immune function in later life and protect from
or predispose to asthma and allergies.

Evidence that neonatal innate immunity
protects against allergy development
Epidemiological studies have suggested that early life
exposure to innate immune stimuli, such as endotoxin
(TLR4), reduces the risk of allergy development, leading
to the hygiene hypothesis [30]. This could already occur
prenatally, as several studies suggest that atopic sensit-
ization occurs prenatally [31,32]. Many allergens can be
transferred transplacentally, and antigen-specific T cells
can be detected in neonatal cord blood. Iz utero, the
presence of high concentrations of sCD14 in amniotic
fluid decreases the risk of atopic dermatitis in the new-
born [33]. A European study in 922 women living in rural
arcas showed that maternal exposure to animal sheds
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during pregnancy decreased the risk of specific immu-
noglobulin E (IgE) in cord blood [31], possibly by Thl
polarization in the neonate [34°]. After birth, children
exposed to house dust endotoxin, mould or farm animals
have decreased risk of allergic airway disease [31,35,36].
Breastfeeding protects against atopic disease [37]. Chil-
dren fed breast milk that contains low levels of sCD14
have a higher risk of subsequent allergy [33], indicating
that the protective effect of breast milk may be mediated
through innate immune mechanisms. Day care attend-
ance, which is related to microbial exposure during early
childhood, is associated with decreased total IgE at age of
3 years and decreased risk of asthma at school age [38,39].
"T'he protective effect of farm living is strongly dependent
on the genetic variation in CD14 and TLRs [40], stres-
sing the role of the innate immune system in early life
immune polarization. An Australian healthy birth cohort
study [41°°] showed that cord blood mononuclear cells
from infants born to allergic mothers have increased Th1-
driving responses, such as I1.-12 and IFN~ production, to
different TLR agonists. Increased IL.-6 and TNFa pro-
duction to lipoteichoic acid (TLR2), LPS (TLR4) and
flagellin (TLRS) at birth was associated with an increased
risk of allergic disease at the age of 1 year. Taken
together, epidemiological data suggest that high exposure
to microbial products before or after birth protects against
the risk of allergic diseases (Table 2) [31,35,36,42°°,
43-46,47°°-49°°,50-56]. However, the role of timing,
dose and interaction with susceptibility genes requires
further study.

Basic studies have added to the evidence that stimulation
of the innate immune system may protect against allergic
responses. In a murine model of allergic asthma, the role of
synthetic TLLR3 or TLLR7 agonists during sensitization has
been studied. Systemic treatment with poly I:C (TLLR3) or
R-848 (TLR7) 1 day before intraperitoneal sensitization
with ovalbumin (OVA) prevented eosinophilic airway
inflammation, histopathological changes and airway hyper-
responsiveness (AHR) upon subsequent allergen chal-
lenge [51,57]. Most of these effects, except bronchoalveo-
lar lavage (BAL) cosinophilia, were dependent on I1.-12.
The effect of TLLR9 ligation on subsequent allergen
challenge was tested in an OVA murine model [48°].
Subcutaneous injection of CpG-oligodeoxynucleotide
(ODN) (TLRY9) reduced BAL eosinophilia and AHR by
an IL.-12-dependent mechanism. In addition, in human
adult volunteers with established house dust mite (HDM)
allergy, TLR2 stimulation during antigen exposure
decreased the production of Th2-polarizing cytokines
[58]. The role of innate immune stimulation in established
allergy may be different from the role in allergic sensitiz-
ation. In allergen-sensitized mice, continuous exposure to
LPS (TLR4) decreases allergic airway responses upon
allergen challenge [43]. Similar effects on allergen chal-
lenge were seen using sterile house dust extracts, although
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Table 2 Role of innate immune stimulation in allergy development in mice and humans

Type of studies  Allergy promotion Ref. Allergy prevention Ref.
Murine Allergen may signal through TLR [42°°] Continuous local innate immune stimulation [43]
by molecular mimicry decreases response to allergen
Local TLR stimulation enhances [44,45] Repeated nebulization of CpG-ragweed [46]
concomitant response to allergen compound reduces airway symptoms
by enhancing Th1 response
TLR4 on airway epithelium is required [47°°] Systemic administration of TLR3, [43,48°,49°°50-52]
for house dust mite allergic responses 4, 7, 8, 9 agonists prevents
exaggerated Th2 response to allergen
NKT cells in the airways promote [52]
asthmatic airway inflammation
Human Loss-of-function TLR mutations are [63,54] Epidemiological negative association [31,35,36]
associated with risk of asthma between infant endotoxin exposure
and asthma risk
Perinatal use of probiotics protects [55,56]

against atopic eczema

Comparison of evidence that innate immune responses promote or prevent the development of allergy. NKT, natural killer T cell; Th1, T-helper cell 1;

Th2, T-helper cell 2; TLR, toll-like receptor.

the effects of house dust were only partially TLR4-
mediated. In a recent study, the concept that TLR
stimulation during sensitization may decrease the eosi-
nophilic airway response during challenge was expanded
to a viral model. Footpad inoculation with poly I:C
(TLR3), LPS (TLR4) or PolyU (TLRS8) during vaccina-
tion with formalin-inactivated respiratory syncytial virus
(RSV) prevented against cosinophilic airway inflam-
mation and AHR during challenge [49°°]. It was shown
that TLR ligation exerted its effect by increasing matu-
ration of antibody affinity. Although this is not an allergic
model, it further supports the concept that systemic use
of TLLR agonists may modulate the immune response to
protect against subsequent allergic sensitization at
distant sites.

Evidence that neonatal innate immunity
promotes allergy development

Epidemiologic studies [59,60] have demonstrated that
infections with certain pathogens, including Chlamydo-
phila pneumoniae, Mycoplasma pneumoniae, RSV and influ-
enza virus, may predispose to asthma or exacerbate pre-
existing asthma. In addition, several genetic studies
report associations between loss-of-function variants in
innate immune genes and asthma risk. Polymorphisms
inhibiting the function of CD14 or TLR4 have been
associated with decreased asthma incidence and disease
severity [54]. Inhibitory polymorphisms in TLR1 and
TLR6, which form heterodimers with TLR2 to induce
cytokine production, also protect against asthma devel-
opment. This is consistent with experimental data show-
ing that activation of APC by Pam3Cys induces high
levels of Th2-polarizing effector molecules, including
I1.-13 and IL.-1B, but low levels of 11.-12, IFNa, 11.-18
and IL-27 [61]. Finally, mutations that decrease the
TLR-inhibitory effect of IL.-1 receptor kinase M
(IRAK-M) were associated with early-onset asthma

[53]. Thus, epidemiologic and genetic studies support
arole for innate immune stimulation in promoting allergy
development (Table 2).

Multiple experimental studies have attempted to clarify
the mechanisms by which innate immune stimulation
promotes allergy development. Studies using purified
TLR agonists demonstrate a key role for TLR stimu-
lation in atopic sensitization. Mice deficient in MyD88, a
key adapter for TLR signaling, do not develop a specific
IgE response, eosinophil airway inflammation and AHR
in a HDM allergy model that uses intranasal sensitization
[62°]. OVA-sensitized mice that lack functional TLR4
exhibit less pronounced airway inflammation upon OVA
challenge compared with wild-type mice [63]. Another
study confirmed that LPS, administered intranasally
during OVA sensitization, can function as an adjuvant
to promote OVA-induced airway sensitization [64]. This
study reports a dose-dependent effect of LPS, with low
doses promoting Th2-type responses, whereas high doses
induce a Thl-type response. In this and other studies,
LLPS-dependent sensitization to intranasal antigen did
not occur in TLR4-deficient mice and depended on
MyD88-dependent maturation of pulmonary dendritic
cells [45,64]. HDM allergen Der p 2 has homology to
myeloid-differentiation protein-2 (MD-2), a component
of the TLR4 receptor complex that binds LPS. It was
shown that Der p 2 signals through MD-2/TLLR4 as a
result of molecular mimicry [42°°]. This study shows that
allergen can use TLRs to initiate a robust innate immune
response. The role of TL.R4 signaling in HDM allergy is
also supported by the finding that murine airway epi-
thelial TLLR4 expression is required for allergic airway
inflammation [47°°]. Double-stranded RNA (dsRNA), a
TLLR3 agonist, may also protect against allergy develop-
ment. In a murine model, concomitant mucosal admin-
istration of OVA and low-dose dsRNA enhanced aller-

gen-induced lung inflammation in wild-type mice but not
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in mice deficient for TLLR3, IL.-4 or signal transducer and
activator of transcription 6 (STA'T'6) [44]. Rat pups have
altered pulmonary response to macrophage-activating
lipopeptide 2 (MALP-2) (TLLR2/6) with increased tissue
and decreased bronchoalveolar mononuclear cells [65].
Finally, TLLRs may modulate direct effects of allergen on
nonimmune cells such as smooth muscle or the neuro-
endocrine system. It was shown that TLR2 signaling is
required for in-vitro rat smooth muscle contraction to
HDM [66]. Interestingly, the effects of TLR agonists on
atopic sensitization appear to be dose-dependent, with
low doses of dsRNA and LPS inducing a Th2-type
response, whereas high doses promote Thl-biased
responses [44,67]. Of note, most studies used adult mice,
and the effect of TLLR agonists in neonatal mice remains
to be determined.

Non-dendritic cell, non-TLR-mediated mechanisms that
affect the development of allergy have also been
described. Natural killer (NK) cells interact with dendritic
cells to produce IFN+y and to promote Th1-type responses
[68]. Adult asthma patients have lower numbers of IFNvy-
producing CD5677/CD16™~ NK cells, indicating that
NK cells may predispose to asthma or exacerbate existing
asthma. As neonatal NK cells are phenotypically and
functionally mature [69], we hypothesize that NK cells
may modulate the asthmatic response in established
asthma. The role of NK'T cells in asthmatic airway inflam-
mation was demonstrated by showing specific increase in
numbers of CD4" NKT cells in the lungs of asthmatic
patients but not in those with sarcoidosis [52]. In Thi-
deficient ('T-bet—/—) mice, which spontaneously develop
allergic airway inflammation, the essential role of NK'T
cells was confirmed [70]. Most CD4" NK'T cells produce
IL.-4, and a subset expresses the [L.-25 receptor IL.-17RB.
"This subset of NK'T" was shown as required for the induc-
tion of allergic airway inflammation [71°]. As neonatal
NKT cells are distinct and are virtually all CD4" cells,
it is conceivable that the neonate is more susceptible to
NKT cell-driven allergic responses [6].

In summary, there is evidence that innate immune
stimulation of mucosal cells may be a causative factor
in the development of asthma. This appears to be a global
effect because similar effects are observed following
different agonists of the innate immune apparatus. How-
ever, intraspecies differences in the innate immune sys-
tem prevent direct extrapolation of results from murine
studies to humans. In addition, the exact underlying
mechanism remains to be determined. Further transla-
tional studies on the effect of mucosal immune activation
on allergy development will be important. In addition, it
is not yet clear to what extent the effect of local innate
immune activation on Thl or Th2 polarization and
allergy development is determined by the immunological
maturational status of the child.
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Protection or promotion: can both be true?
How can we reconcile apparent contradictory evidence
that stimulation of the innate immune response can both
prevent and promote allergic sensitization? Clearly, it is
difficult to compare the level of evidence for both hy-
potheses. Whereas clinical evidence mainly points to a
protective effect, experimental studies showing the
opposite are quite convincing. Murine studies need to
be interpreted with caution, as accumulating evidence
indicates important differences between the murine and
human TLR systems [72].

Nevertheless, different response patterns upon innate
immune stimulation can be distinguished, leading to
either protection or promotion (Fig. 1). The effect of
innate immune responses on the development of allergy
is determined by the timing, dose and site of stimulation
[60]. Both experimental and human observational studies
[44,67] have shown that the magnitude of mucosal innate
immune stimulation determines whether innate
responses prevent or enhance allergy development.
Repeated high-dose administration of T'LR agonist in
the airways induces a Thl response upon allergen
exposure, whereas exposure to low-dose TLR agonists
is associated with a Th2-like immune response. The site
of innate immune triggering appears crucial for the effect
on allergic sensitization. Mucosal exposure to T'LLR ago-
nists enhances concomitant or subsequent responses to
acroallergens. Apparently, innate immune agonists prime
the mucosal APCs to respond more vigorously to sub-
sequent stimuli. It has been postulated that innate

Figure 1 Effects of allergen exposure on development of
allergy: a model

High-dose TLR agonist exposure
SystemicTLR agonist exposure

Infections

Low-dose TLR agonist exposure
Mucosal TLR agonist exposure

Infections

Neonatal innate immune responses at birth polarize towards a Th2
response, characterized by decreased TLR agonist-induced production
of Th1 cytokines such as IL-12 and TNFa, and increased agonist-
induced production of IL-10. After birth, there is a gradual maturation
towards Th1-polarizing responses. The degree and speed of this
maturational process determine the risk of subsequent allergy develop-
ment. Exposure to innate immune stimuli generally enhances innate
immune maturation. However, the effects of innate immune stimulation
are not universal and depend on host factors such as genetic predis-
position and maturational state of the innate immune system, as well as
on the site, dose and timing of exposure. IL, interleukin; Th1, T-helper cell
1; Th2, T-helper cell 2; TLR, toll-like receptor; TNFea, tumor necrosis
factor alpha.
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stimuli represent danger signals, which in turn may
trigger Th2 responses [73]. This is advantageous in the
case of pathogen encounter but may enhance IgE
response upon concomitant allergen exposure. Systemic
innate immune activation appears to have a global pro-
tective effect on allergy development, which is mediated
by Th1-driving signals. To our knowledge, no reports
exist that systemic innate immune activation has a dele-
terious effect on allergen exposure at distant sites.

Targets for intervention

Probiotics have been used in an attempt to reduce the
development of allergic disease. A small randomized
controlled trial (RCT) in 2001 showed that treatment
of pregnant women during late pregnancy with Lactoba-
cillus rhamnosus GG (LLGG) reduced the development of
atopic dermatitis in the neonates [74]. Since that publi-
cation, many RCT's have been reported with conflicting
results. The largest published RCT (7 =925) confirmed
that treatment with a mixture of Bifidobacterium and
Proprionibacterium of pregnant women 2-4 weeks
before delivery and of their children during the first 6
months of life prevented the development of eczema
(odds ratio 0.74, P=0.04) [55]. However, meta-analyses
of this and other studies were inconclusive [56,75]. Taken
together, we conclude that the large differences in RC'T
results do not yet support large-scale supplementation of
probiotics to infant formula milk in  the
general population.

Synthetic TLLR agonists are being developed for treat-
ment of oncologic, autoimmune and allergic diseases
[76]. In addition, TLR agonists are under biopharmaceu-
tical development as vaccine adjuvants and as immuno-
modulators in cancer and allergy. Synthetic TLR9
ligands are being considered in the treatment of allergic
diseases. Although synthetic TLR ligands used in RCT's
have not always proven effective in decreasing symp-
toms, they are well tolerated in general. ISS 1018 (Dyna-
vax T'echnologies, Berkeley, California, USA) is a short,
synthetic, unmethylated CpG motif-based ODN, which
induces cell activation through TLR9. Repeated nebu-
lization of this compound in stable mild asthmatics
resulted in an increased local expression of IFN+y but
did not affect the expression of Th2 cytokines, airway
cosinophilia or AHR upon experimental allergen chal-
lenge [77]. Subsequently, this compound was conjugated
to ragweed. In an RCT with 25 patients with allergic
rhinitis, increasing doses of this allergen—"TLR9 agonist
conjugate injected for 6 consecutive weeks prior to the
ragweed season were well tolerated [46]. In the inter-
vention group, a two-thirds reduction of symptoms was
observed compared with placebo-treated patients. Appar-
ently, concomitant administration of TLR9 agonist and
allergen can induce tolerance in allergic individuals.

However, the precise mechanism remains to be defined.
Whether this strategy may be used for primary prevention
is not known. Recently, TLLR4 agonists have been used to
treat allergic patients. A single dose of the chemical
compound CRX-675 was well tolerated at different doses
in patients with allergic rhinitis 1 day before allergen
challenge, although no clear benefit was demonstrated in
this phase 1 trial [78]. In two ongoing RC'T's, it is being
investigated whether the genetic background of patients
determines the response to LPS. The inflammatory
response in airway tissue in atopic and nonatopic asth-
matic patients is measured 4 h after instillation of LPS in
the lower airways (ClinicalTrials.gov NC'T00644514).
The effect of repeated LPS nebulization in healthy
volunteers is measured in relation to their TLLR4 geno-
type (ClinicalTrials.gov NCT00671892). In healthy
volunteers, the effect of low versus high-dose LLPS inha-
lation on exhaled nitric oxide concentration is being
assessed (ClinicalTrials.gov NCT00643058). Finally,
administration of a combination of TLR agonists has a
synergistic effect on in-vitro maturation of human neo-
natal dendritic cells, suggesting that targeting a combi-
nation of TLRs may be a powerful approach to instruct
the neonatal immune system towards a protective Thl
response [10]. Taken together, the synthetic TLR ago-
nist may be a novel tool to prevent or treat allergic
disease. However, most studies have been performed
in adults with established allergy. More information is
needed with respect to the effect of these compounds on
allergy prevention in newborns.

Finally, the NK'T cell is a promising target for immuno-
modulation. In an allergic mouse model, a single intra-
peritoneal injection of a-galactosylceramide during aller-
gen challenge prevents eosinophilic airway inflammation
and AHR [79]. In humans, a-galactosylceramide is well
tolerated [80], but RC'T's have not yet been performed in
atopic individuals.

Conclusion

The role of innate immune responses in the development
of allergy is controversial. Recent literature has provided
the fundamental insight that magnitude and direction of
the effect of innate immune responses are unequivocal.
Timing, dose, site of activation and host genetic back-
ground are clearly crucial to understanding the inter-
action between innate immune stimulation and allergy
development. Initially, clinical and basic studies showed
that repeated systemic innate immune stimulation before
birth or during the newborn period redirects the Thil-
ThZ balance. However, increasing evidence argues
against the general benefit of innate immune stimulation
on allergy development, suggesting that host factors, site,
dose and timing of exposure play an essential role. Host
genetics may modulate the effects of TLR activation on
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allergy development. Low-dose innate immune stimu-
lation of mucosal cells enhances concomitant sensitiz-
ation to allergen. Various environmental influences,
including cigarette smoke and respiratory viruses, trigger
the innate immune system, by which they may enhance
responses upon allergen exposure.

On the basis of epidemiologic data, synthetic innate
immune stimuli are being studied as a strategy to prevent
allergy. A better understanding of the complex inter-
action between these stimuli and the developing neo-
natal immune system will be essential to determine the
optimal use of these compounds.
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