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Innate responses to microbes are mediated in large part
via toll-like receptors (TLRs) that recognize a diverse fam-
ily of ligands produced by viruses, bacteria, and fungi.
Great effort has been directed toward translating this
knowledge into the development of therapies for the pre-
vention and treatment of diseases, including those fueled
by allergic (Th2-biased) hypersensitivities. In this review,
we consider the ways in which ligands for different TLRs
influence the allergic phenotype. In addition, an update
on safety and efficacy data from clinical trials of allergic
patients treated with TLR9 ligand-based interventions is
provided. Finally, recent experimental results that help
elucidate how ambient TLR ligand exposures influence
allergic risk and their relevance to the development of
TLR ligand-based therapeutics are discussed. Investiga-
tions presented within this opinion paper suggest that
several TLR ligands could have clinical utility in the
treatment of allergic diseases, whereas other TLR ligands
appear less attractive, as they facilitate development of
Th2-biased hypersensitivities in murine studies.

Introduction

Understanding of the molecular basis for innate immune
recognition of microbial pathogens has increased
dramatically in the past decade. Epithelial cells, mono-
nuclear and polymorphonuclear immunocytes, and many
other cell types have been found to express pre-formed
pattern recognition receptors that identify potential patho-
gens[1,2e¢ 3]. These receptors interact with microbial
components and are often referred to as pathogen-associ-
ated molecular patterns (PAMPs). As originally defined,
PAMPs were thought to meet certain criteria including 1)
their expression by microbes but not mammalian cells, 2)
conservation of structure across a wide range of patho-

gens, and 3) the capacity to stimulate innate immunity.
However, although the term PAMP has been accepted into
the vocabulary of immunology, it should be noted that
PAMPs are not unique to pathogens, as they are also pro-
duced by microbes that do not cause disease. TLRs have
been identified as having an important role in the detec-
tion of PAMPs and in host protection against microbial
infections. As a caveat, TLR ligands are not readily pro-
duced by mammalian cells under physiologic conditions,
but under conditions of tissue inflammation, oxidative
stress, and/or necrosis, molecules with TLR stimulatory
activities (heat shock proteins, modified RNA and DNA
species, and potentially others) appear to be generated
and released by dying cells [20e 4],

At least 11 mammalian TLRs have been identified
[2e¢.5], although not all are expressed in all species.
TLR2 interacts with peptidoglycan (PGN), a constituent
of cell walls that is associated with essentially all bacterial
species, with the exception of Chlamydia and Myco-
plasma. TLR2 also interacts with additional molecules
associated with gram-positive bacteria, mycobacteria, and
fungi. TLR3 responds to double-stranded RNA and may
also respond to select species of single-stranded RNA.
TLR4 recognizes most species of LPS. TLRS is activated
by bacterial flagellin. TLR7 (mouse and human) and
TLRS8 (human) respond to synthetic imidazoquinolones,
as well as several single-stranded RNA sequences of viral
origin. TLRY is activated by DNA sequences that are rare
in mammalian genomes but common in the genetic mate-
rial of bacteria, fungi, and DNA viruses. TLR11 (mice)
recognizes an undefined PAMP associated with uropatho-
genic bacteria and a profilin-like protein associated with
Toxoplasma gondii. Certain TLRs (ie, TLR1, TLR2, and
TLR6) are also recruited into the phagosome where they
heterodimerize with other TLRs [2¢e]. Such interactions
between different TLRs may serve to expand the variety
of PAMPs that can be recognized by this family of pro-
teins and, therefore, the number of microbes to which the
innate immune system can respond.

Signaling pathways activated by TLR ligands lead to
nuclear factor (NF)-xB and mitogen-activated protein
kinase (MAPK) activation, cytokine gene transcription
(eg, interleukin [IL]-6, IL-10, and IL-12), costimulatory
molecule expression (eg, CD40 and B7), and other cellu-
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lar responses [2#9.6]. Interestingly, despite their common
use of several signaling molecules, qualitative differences
exist in the cellular responses elicited by ligands for differ-
ent TLRs. It is believed that collateral signaling pathways
are responsible for this diversity. For example, molecular
studies have found that TIR domain-containing adapter
protein (TIRAP), TRIF-related adapter molecule (TRAM),
and TIR domain-containing adapter protein inducing
interferon (IFN)-f (TRIF) participate in signaling through
only a limited number of TLRs [2ee]. Moreover, ligands
for some TLRs (ie, TLR3, TLR4, TLR7, TLR9) induce
type 1 IFN production in responsive cells by upregulating
expression of IFN-regulatory factors, whereas ligands for
TLR2 and potentially other TLRs do not [2¢e,7]. Further-
more, unlike all other TLRs investigated, MyD88 does not
participate in signaling through TLR3 [2ee 5]. Further
discussion is beyond the scope of this paper; however, it
is becoming increasingly clear that in addition to TLRs,
which recognize PAMPs at the cell surface or within lyso-
somes and endosomes, additional cytoplasmic receptors
exist for the detection of PAMPs, including members of
the nucleotide-binding oligomerization domain (NOD),
caspase activation and recruitment domain (CARD), and
helicase families of proteins [2ee 5].

TLR4 and Allergy

In the laboratory, lipopolysaccharide (LPS) has been
found to have divergent effects on the allergic phenotype.
LPS (TLR4) has long been known to promote murine
immunoglobulin (Ig)E synthesis in vitro. In vivo, LPS has
been found to inhibit the development of allergen-specific
IgE and asthma if delivered within 6 days of allergen
sensitization [8]. Paradoxically, in these same studies,
LPS exposure after this period led to an exaggeration of
the asthmatic phenotype. Eisenbarth et al. [9] have also
reported on the seemingly schizoid immunologic activi-
ties of LPS. These investigators found that LPS induced
either Th1- or Th2- biased responses to intranasally (IN)
coadministered ovalbumin (OVA) when delivered at high
or low doses, respectively; low-dose LPS vaccinations also
primed mice for development of the asthmatic phenotype.
In our own unpublished studies, we have confirmed that
at low and high doses, LPS functions as a Th2- and Th1-
biasing adjuvant, respectively.

The paradox of LPS’s bipolar adjuvant activities
has yet to be adequately explained, but experiments
conducted by Kaisho et al. [10] with MyD88-deficient
dendritic cells may be relevant to its understanding.
These investigators demonstrated that MyD88-deficient
dendritic cells activated with LPS induced Th2-cell
differentiation, whereas LPS-activated, wild-type den-
dritic cells induced Th1-cell differentiation. Considered
in context with the studies of Eisenbarth et al., these
observations suggest that a MyD88-independent LPS
signaling pathway induces Th2-cell development and is

responsive to LPS at low concentrations, whereas the
MyD88-dependent pathway dominates at high LPS con-
centrations and favors Th1-cell development.

TLRY and Allergy

Viral and bacterial DNA have inherent immunostimula-
tory activities that are not shared with mammalian DNA
[20¢,5,11,12]. The molecular basis for this specificity lies
in the high content of unmethylated CpG dideoxynucleo-
tides found in microbial DNA, whereas these sequences are
infrequent in mammalian genomes. In addition to microbial
DNA, synthetic immunostimulatory sequence oligodeoxy-
nucleotides (ISS-ODNSs) activate TLR9, but murine and
human homologs of the receptor appear to have unique
flanking DNA sequence requirements [2¢e,5].

ISS-ODN has been found to induce an innate response
dominated by cytokines (eg, IL-10, IL-12, type 1 IFNs,
IFN-v) that are known to inhibit the allergic phenotype
[20¢,5,12,13]. Moreover, mice injected with ISS-ODN
have elevated serum cytokine levels for a week or longer
[13]. As an allergen-independent therapeutic agent given
to Th2-sensitized mice within hours of allergen challenge,
ISS-ODN has proven effective in attenuating hyper-
sensitivity responses associated with asthma, allergic
conjunctivitis, and allergic rhinitis [11,12,14,15].

It is generally believed that the innate cytokine response
to ISS-ODN plays a key role in its ability to rapidly attenu-
ate allergic manifestations, but this may not be the only
basis for its anti-allergic activities. We found that ISS-
ODN inhibits leukotriene synthesis during the late-phase
nasal hypersensitivity response and attenuates cellular
production of leukotriene (LT)C, synthase, a key enzyme
in the leukotrine synthesis pathway [14]. Additionally,
we observed that ISS-ODN downregulates IL-4 receptor
expression [16] and IL-4 responsiveness (STAT6 phosphor-
ylation; Horner et al., Unpublished data). Hayashi et al.
[17¢] have further reported that ISS-ODN induces alveolar
macrophages, pulmonary dendritic cells, and resident lung
epithelial cells to produce high levels of indoleamine 2,3-
dioxygenase (IDO), an enzyme that degrades tryptophan
into immunoinhibitory metabolites. These investigators
went on to demonstrate that ISS-ODN-mediated inhibi-
tion of Th2-biased airway hypersensitivity responses was at
least partially IDO-dependent. In another published report,
Hessel et al. [18] found that ISS-ODN inhibits effective
antigen presentation to Th2 cells by lung antigen-present-
ing cells (APCs) and inhibits IgE-mediated Th2 cytokine
release by lung-associated basophilic cells. These and other
experimental results suggest that ISS-ODN attenuates the
allergic phenotype by a variety of redundant and comple-
mentary mechanisms.

Allergen independent ISS-ODN therapy potently
inhibits allergic hypersensitivity responses, but the effect
may only be temporary. In studies by Broide et al. [15],
Th2-sensitized mice receiving ISS-ODN had attenu-
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ated airway allergen-challenge responses (experimental
asthma) for up to 4 weeks. However, 8 weeks after 1SS-
ODN treatment, airway hypersensitivity responses were
similar to those of Th2-sensitized mice receiving a control
oligodeoxynucleotide. In a murine model of allergic rhi-
nitis, we confirmed that allergen-independent ISS-ODN
delivery protects Th2-sensitized mice from end-organ
hypersensitivity responses for 4 but not 8 weeks (Horner
et al., Unpublished data). Taken together, experimen-
tal evidence currently available suggests that although
allergen-independent ISS-ODN delivery rapidly inhibits
the activities of effector Th2 cells and other cell types
participating in the hypersensitivity response, this inter-
vention does not necessarily translate into the efficient
re-education of the memory B and T cells that maintain
allergen-specific hypersensitivities.

Applying the vaccination paradigm to its study, ISS-
ODN has been shown to be a potent systemic and mucosal
adjuvant, promoting long-lived and Thl-polarized adap-
tive responses in both animals and humans [12,19,20].
Moreover, allergen/ISS-ODN vaccination is reported to
be protective in murine models of asthma and anaphy-
laxis, with antigen-specific responses being found to both
prevent and reverse the Th2 polarized responses associ-
ated with allergen/alum sensitization [12,19,21]. Unlike
the rapid, allergen-independent, but relatively short-lived
Th2 inhibition elicited directly by ISS-ODN, the adaptive
responses induced by allergen/ISS-ODN vaccination are
believed to mature over weeks, to be allergen specific, and
to imprint on memory lymphocytes and their subsequent
responses to allergen encounter.

Allergen ISS-ODN Conjugates (AIC)

and Allergy

Development of AICs began approximately 10 years ago,
and ragweed-specific AIC (Amb A T AIC) is the first TLR
ligand-based allergic disease intervention to make it to
clinical trials. These modified allergens were found to be far
more immunogenic than similar doses of allergens mixed
with ISS-ODN in murine vaccination studies [22,23].
However, of potentially greater importance, oligodeoxynu-
cleotide conjugation was found to render allergens resistant
to binding by allergen-specific IgE. As a consequence, AIC
challenge of Th2-sensitized mice elicited far weaker hyper-
sensitivity responses than challenge with native allergen in
models of asthma and anaphylaxis [19,22]. Furthermore,
Amb A 1 AIC was more than 100-fold less allergenic than
native ragweed allergen in end point dilution skin testing
studies of ragweed-allergic patients [24]. Another clinical
trial report demonstrated that after six weekly injections of
Amb A 1 AIC, ex vivo ragweed-specific cytokine responses
by peripheral blood mononuclear cells obtained from
treated allergic patients were shifted away from Th2 and
toward Thl cytokine production [25]. Additionally, in
the only efficacy trial published to date, ragweed-allergic

patients treated with the six Amb A 1 AIC injection sched-
ule were found to have attenuated nasal-allergen challenge
responses after the ragweed season and several months after
the final AIC injection [26®¢]. Moreover, although clinical
improvement was not noted during the ragweed season
immediately following AIC treatment, fewer respiratory
symptoms were reported by patients during the following
ragweed season. As yet unpublished results from a second
Amb A 1 AIC clinical trial were presented by William Busse
et al. at the 2006 American Academy of Asthma, Allergy,
and Immunology meeting. The study results confirmed
the efficacy of the six AIC injection schedule and the one-
season delay in significant clinical improvement. However,
a subset of AIC-treated patients receiving additional AIC
booster injections prior to ragweed season two did no bet-
ter than the placebo group and far worse than the group
only receiving AIC injections before the first season of the
clinical trial. These results were unanticipated and suggest
that we still have much to learn about AIC immune modula-
tion in allergic patients. Nonetheless, although questions of
safety, optimal dosing, and efficacy remain, AIC and other
ISS-ODN-based interventions continue to hold promise as
therapies for the reversal of allergic hypersensitivities.

TLR2 and Allergy

Our laboratory has compared how PGN (TLR2) and
ISS-ODN (TLRY) influence antigen-specific responses in
murine vaccination studies [6]. Mice that are IN immu-
nized with antigen and PGN were found to develop
Th2-biased adaptive responses and were primed for Th2-
biased airway hypersensitivity responses upon subsequent
IN antigen challenge. In contrast, IN antigen/ISS-ODN
vaccination induced Th1-polarized adaptive responses but
failed to prime mice for allergen-specific hypersensitivity
responses. Confirming our results, another TLR2 ligand
(lipopeptide Pam-3-Cys) has been found to promote Th2
responses in immunized mice [27] and human Th2 cell
development in in vivo cultures [28]. However, in previ-
ously Th2-sensitized mice, treatment with lipopeptide
Pam-3-Cys has also been reported to inhibit allergen-spe-
cific airway hypersensitivity and Th2-cytokine responses,
whereas allergen-specific IFN-y responses were induced
[29]. These discordant experimental results will require
further investigation to be reconciled.

Although understanding is limited, the quality of innate
responses elicited by TLR2 ligands may help explain their
Th2 adjuvant activities. For example, LPS has been shown
to elicit a far stronger IL-12 response (Thl promoting)
from dendritic cells than did TLR2 ligands, whereas TLR2
ligands were found to induce greater mast cell degranula-
tion and release of Th2-promoting cytokines [30-32].
Likewise, we have observed that bone marrow—derived
dendritic cells (BMDDCs) activated with PGN expressed
higher levels of OX40L and produced more I1L-6 (Th2-
promoting) but less IL-12 than BMDDCs activated with
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ISS-ODN [6]. Mechanistic studies additionally suggest that
TLR2 agonist activation of extracellular signal-regulated
kinase 1/2 dependent pathways may contribute to their
Th2-adjuvant activities [28].

From a clinical perspective, atopic dermatitis patients
are generally heavily colonized by TLR2-expressing
bacteria (Staphylococcus aureus) and display evidence
of Th2-biased immune dysregulation [33]. Moreover, S.
aureus colonization and infections can precipitate atopic
dermatitis flairs for which antibiotic therapies are often
effective. Additionally, investigators have found that
application of S. aureus-derived lipoteichoic acid (TLR2)
to murine skin induces an eczematoid inflammatory
response [34]. Given these observations and our knowl-
edge of the immunologic activities of TLR2 ligands, it is
reasonable to speculate that microbial interactions with
TLR2 could contribute to the genesis of eczema and other
allergic diseases.

Other TLRs

It remains to be determined whether TLR3, TLRS, and
TLR7/8 ligands can significantly influence the allergic
phenotype, but their immunomodulatory influence on
adaptive immunity has been investigated to some extent.
TLR3 ligands have been found to serve primarily as
Th1-polarizing adjuvants [35]. As with TLR2 and TLR4
ligands, conflicting reports exist as to the influence of
flagellin (TLRS) on adaptive immunity. It was originally
described as a Th1 adjuvant, but more recent investiga-
tions suggest that highly purified flagellin might actually
favor Th2-biased adaptive responses [36]. Additionally,
ligands for TLR7 and TLRS (ie, R848 and its derivatives)
have consistently been described as Th1 adjuvants. Fur-
thermore, R848 has been reported to inhibit Th2 effector
cell cytokine production while promoting production of
IFN-y by human Th2 cells [37]. Along with other studies
reviewed in this perspectives article, these investigations
attest to the wide spectrum of immune responses elicited
by ligands for the different TLRs.

TLRs, Ambient Exposures, and Allergic Risk
Because of the ubiquitous distribution of microbes in
our environment, it has been suggested that TLR ligand
exposures via the intestines, inspired air, and skin provide
an important molecular link between microbes, immune
development, and atopic risk [11,38,39]. Unfortunately,
although both intellectually attractive and popular, this
hypothesis is far from proven. The experimental evidence
is considered further in the following sections.
Aeroallergen exposure is a clear prerequisite for the
development and persistence of respiratory allergic dis-
eases [40,41]. Nonetheless, whereas for some allergens
(ie, cockroach and mites) higher exposure levels are
associated with an increased sensitization risk, for other

allergens, including those associated with animals,
increased levels of exposure have paradoxically been
associated with decreased atopic risk in several studies
[40,41]. These and other observations suggest that aside
from allergens themselves, other immunomodulatory
elements within living environments influence the bal-
ance between immune homeostasis and dysregulation.
In further support of this view, endotoxin (TLR4) has
been reported to be present at higher concentrations in
homes with regular exposures to animals than in homes
without animal exposures [39,42]. Moreover, infants
raised in homes with high ambient endotoxin levels
have been found to be at low relative risk for develop-
ing allergic hypersensitivities in many, although not all,
published reports [39,43].

In consideration of the apparent association between
ambient endotoxin exposure levels and allergic risk, it is
important to note that endotoxin-rich environments also
generally contain elevated levels of other immunostimula-
tory microbial products. These include ligands for TLR2
and TLRY [44,45]. Furthermore, several man-made
pollutants have been found to promote development of
allergic hypersensitivities [46]. Although much has been
learned in recent years, the complexity of daily envi-
ronmental exposures has hampered efforts to develop a
comprehensive understanding of their impact on allergic
risk. In this regard, we reasoned that direct study of the
immunologic activities of unpurified but clinically rel-
evant environmental samples might prove enlightening.
In our initial paper, we demonstrated that sterile house
dust extracts (HDEs) stimulate BMDDCs to upregulate
expression of costimulatory molecules and produce IL-
6 and IL-12p40 at high levels [47¢] but little IL-12p70
(Horner et al., Unpublished observations). Moreover, the
relative bioactivities of HDEs correlated with their endo-
toxin content. Additionally, HDE immunostimulatory
activities were found to be partially dependent on TLR2,
TLR4, and TLRY, and almost completely dependent on
MyD88. These findings provide direct and compelling
evidence that TLRs play a dominant role in mediating
innate proinflammatory responses to particulates present
in environments of daily living.

In more recent investigations, we assessed how air-
way exposures to HDEs influence adaptive responses to a
co-delivered antigen (ovalbumin [OVA]) [48ee]. In initial
experiments, mice were IN immunized with OVA and HDE
at three weekly intervals. Surprisingly, while the adjuvant
potential of these HDEs varied (collected from 10 consecutive
San Diego suburban homes), all IN OVA/HDE-immunized
mice developed Th2-polarized adaptive responses and evi-
dence of experimental asthma upon subsequent IN OVA
challenge. As in previously described studies of innate
immunity, the adjuvant activities of HDEs were found to
be MyD88-dependent.

The results of the experiments discussed might be
construed to suggest that many, if not all, living envi-
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ronments intrinsically promote the development of
Th2-biased airway hypersensitivities. However, these
studies fell short of modeling environmental airway expo-
sures in several ways. For example, endotoxin and other
immunostimulatory elements are likely to be ubiquitous
in inspired air [47¢,49,50], suggesting that physiologic
airway exposures should be fairly continuous, whereas in
our experiments, mice were exposed to HDEs only once
a week [48e¢]. Moreover, healthy human airways have
relatively few neutrophils [51], whereas the dose of HDE
used for weekly vaccinations induced a neutrophil-rich
airway inflammatory response that was readily detected
24 hours later [48ee].

Given the issues just discussed, additional experi-
ments were conducted in which mice received three
weekly IN OVA vaccinations, as in the original investiga-
tions, whereas HDEs were IN delivered 1) daily, at 1/7th
the weekly immunization dose (noninflammatory to air-
ways), beginning 7 days before the first and finishing with
the last OVA immunization; 2) weekly with OVA; or 3)
both [48ee]. Interestingly, despite receiving the same total
dose as mice treated with HDE on a weekly basis, OVA-
immunized mice receiving daily low-dose HDE did not
develop Th2-biased airway hypersensitivities. Further-
more, daily airway HDE exposures protected mice from
the development of Th2-biased airway hypersensitivities
with concurrent weekly IN OVA/HDE immunizations.

Recognizing that immunostimulatory elements are
ubiquitous in inspired air [49,50] but that levels vary
widely, these results suggest a new paradigm by which
ambient exposures impact on airway immunity and
allergic risk. According to this model, basal exposures
to endotoxin and other immunostimulatory materials
present in environments of daily living are generally not
sufficient to provide adjuvant activity in the airways, but
rather serve to attenuate innate responsiveness. However,
periodic exposures to ambient air with high levels of
immunostimulatory elements may provide sufficient adju-
vant activity to induce a breakdown in allergen tolerance
if a priori immunologic dampening by basal exposures is
inadequate. These results also provide a novel rationale
for considering the prophylactic use of daily low-dose
TLR ligand-based therapies to prevent development of
allergic hypersensitivities.

Conclusions

Relatively recently it has become apparent that TLRs play
a key role in immunologic detection and innate respon-
siveness to microbes. Therefore, it is logical to consider
whether pharmacologic and environmental exposures to
TLR ligands might also influence the genesis and dura-
tion of allergic hypersensitivities. Experimental evidence
in support of this view has been discussed extensively in
this review.

Studies with ISS-ODN-based interventions have
established their effectiveness in the prevention and
reversal of Th2-polarized hypersensitivity states in mice.
Additional results from placebo-controlled clinical trials
suggest that Amb A 1 AIC may prove a safer and more
effective immunotherapy reagent than unmodified rag-
weed allergens. However, until a large-scale clinical trial
directly compares these reagents, this view will remain
speculative. Nonetheless, given the limited efficacy of tra-
ditional immunotherapy reagents, if Amb A 1 AIC stands
the test of time, this technology would be a medical
breakthrough, as any aeroallergen or food allergen could
be rendered more immunogenic and less allergenic by ISS-
ODN conjugation.

Other studies discussed herein demonstrate that not
all TLR ligands influence adaptive immunity in an analo-
gous manner. Like ISS-ODN (TLRY), polyl:C (TLR3),
and R848 (TLR7/8) have been found to be Th1 adjuvants.
However, although conflicting reports exist, several
TLR2 ligands and flagellin (TLRS) have been described
as Th2 adjuvants, whereas LPS has been found to have
both Th2- and Thl- adjuvant potential, depending on
the dose used. Therefore, in addition to ISS-ODN, other
nucleic acid derivatives that serve as TLR3 and TLR7/8
ligands could prove useful in developing novel immuno-
therapy strategies to treat allergic hypersensitivities, as
they steer adaptive immunity away from Th2 polariza-
tion. In contrast, TLR2, TLR4, and TLRS ligands appear
far less promising as allergic disease therapeutics, due to
their Th2-adjuvant potential.

Studies with HDEs demonstrated that much of their
allergen-independent immunostimulatory activity is
TLR-dependent. More surprising was the observation
that HDEs have Th2 adjuvant activities. However, with
low-dose daily delivery, HDEs also appear to have the
capacity to desensitize mice to their adjuvant activities.
Clearly, more study will be required to develop a complete
understanding of how environmental exposures to the
immunostimulatory contents of HDEs influence immune
maturation and allergic risk. Nonetheless, from the per-
spective of drug development, these experiments and
previously described experimental observations with LPS
and Amb A 1 AIC, highlight the importance of consider-
ing both dose and dosing schedule in the development of
TLR ligand-based therapeutics for allergic diseases.

Immunotherapy was shown to reverse allergic hyper-
sensitivities almost 100 years ago. However, efficacy has
always limited clinical utility of this therapeutic modality.
During the past decade, select TLR ligands and ISS-ODN
conjugated allergens have been found to have robust anti-
allergic activities. It is hoped that during the next decade,
our growing understanding of TLR ligands will lead to
the development of a new generation of immunomodu-
latory therapeutics for the prevention and treatment of
allergic hypersensitivities and their associated diseases.
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