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Abstract

Over the last decade, it has become increasingly clear that
innate responses to microbes are mediated largely by toll-
like receptors (TLRs), which recognize a diverse family of
molecules produced by viruses, bacteria and fungi. This ar-
ticle will present evidence that TLRs also play a dominant
role in innate responses to non-infectious immunostimula-
tory materials present in house dust extracts (HDEs) and the
living environments they represent. However, our investiga-
tions challenge the commonly held view that microbial
products in ambient air protect against the allergic march by
promoting protective Th1 biased responses to inspired aero-
allergens. Instead, all HDEs studied to date have preferen-
tially promoted the development of Th2 biased airway hy-
persensitivities when used as adjuvants for intranasal (i.n.)
vaccination. In contrast, daily low dose i.n. HDE delivery was
found to promote the development of aeroallergen toler-
ance. This article will review these experimental findings as
evidence to propose a new paradigm by which airborne TLR
ligands and other stimulants of innate immunity may influ-
ence aeroallergen specific immunity and the genesis of al-

Iergic respiratory diseases. Copyright © 2009 S. Karger AG, Basel

Introduction

Asthma and other allergic diseases have become far
more common in industrialized countries in recent de-
cades, while atopy rates remain low in less developed
countries [1-3]. Although reasons for these trends remain
speculative, the rapidity with which allergic disease prev-
alence has increased in affected countries strongly sug-
gests environmental factors are responsible. Adaptive re-
sponses associated with allergen tolerance and hypersen-
sitivities appear to become imprinted early in life [4, 5].
Therefore, as infants/toddlers spend a majority of their
time indoors, there is a great deal of interest in determin-
ing how home exposures impact on allergic risk.

It is generally accepted that allergen exposure is a pre-
requisite for sensitization and for some allergens (i.e.
cockroach and house dust mite), the risk for developing
hypersensitivities increases significantly when levels in
the home exceed a quantifiable threshold [6-8]. However,
for other allergens (i.e. dogs, cats), increased levels of
home exposure appear linked to a decreased risk of sen-
sitization, both to the allergen of interest, and to unre-
lated allergens [8-10]. In a recent meta-analysis of 12 rel-
evant studies, we found the odds ratio (OR) for develop-
ment of allergic stigmata during childhood was 0.83 (CI
0.73-0.96) in children raised with household pets versus
those raised without them [11]. These and other findings
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suggest that aside from allergens themselves, living envi-
ronments contain additional molecules that influence
the immunological balance between allergen tolerance
and hypersensitivity.

Endotoxin (TLR4), a molecule that activates immuno-
cytes via TLR4, has been reported to be present at higher
concentrations in homes with regular animal exposures
than in homes with none [12, 13]. Moreover, in several
published reports, infants raised in high endotoxin homes
were found to have a reduced incidence of atopic stigma-
ta [12, 14]. In our meta-analysis of 16 pertinent studies,
the OR for allergen sensitization was 0.85 (CI 0.77-0.93)
for infants raised in homes with high ambient endotoxin
levels versus those raised in low levels[11]. In consider-
ation of these relatively weak associations, it is important
to recognize that endotoxin-rich environments generally
contain increased levels of other immunostimulatory mi-
crobial products [15, 16]. Furthermore, several manmade
pollutants promote development of allergic hypersensi-
tivities [17]. Although, much has been learned in recent
years, the molecular complexity of ambient exposures
has hampered efforts to develop a holistic understanding
of their impact on atopic risk. Consistent with this theme,
in additional meta-analyses, living on a farm (OR 0.74, CI
0.61-0.91, n = 9), living in close proximity with livestock
(OR 0.54, CI 0.36-0.81, n = 7), and unpasteurized milk
consumption during the first years of life (OR 0.67, CI
0.59-0.75, n = 5) were all found to be far more negatively
associated with allergic stigmata during childhood than
were home endotoxin levels [11]. These meta-analyses
and other epidemiological evidence strongly suggest that
endotoxin levels are only one of a number of molecular
variables influencing the allergenic potential of homes.

Rationale for the Study of House Dust Extract
Bioactivities

While consensus opinion supports the view thatliving
environments have a major educational influence on de-
veloping immune systems, understanding of how ambi-
ent exposures modify allergic risk remains highly specu-
lative. By necessity, a majority of laboratory investiga-
tions aimed at characterizing how living environments
affect host immunity have made a priori assumptions
about which molecules are important. As an alternative,
we reasoned that the immunological ‘ether’ associated
with homes might be better understood by characteriz-
ing the immunostimulatory properties of clinically rele-
vant but unpurified environmental samples. Logic sug-
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gests that gravity concentrates immunostimulatory par-
ticulates into settled dust. Moreover, house dust allergen
and endotoxin concentrations have previously been
found to be predictive surrogate markers of allergic risk.
Therefore, we have begun to characterize the immuno-
stimulatory properties of sterile house dust extracts
(HDEs). Studies conducted to date have yielded provoca-
tive and reproducible results, which will be the focus of
this paper [18-21].

HDEs Activate Bone Marrow-Derived Dendritic Cells

Dust samples were collected from the bedrooms of 15
suburban homes in San Diego (California, USA) and
were processed by standardized techniques, which in-
cluded suspension in PBS, physical agitation and sterile
filtration [19, 21]. HDEs prepared in this manner
were found to elicit bone marrow-derived dendritic cell
(BMDDC) cytokine production in a concentration-de-
pendent manner. Cytokines readily detected by ELISA
included IL-6 and IL-12p40 [19]. However, HDE-induced
BMDDOC secretion of bioactive IL-12p70 was weak com-
pared to responses induced by ligands for TLRs 4, 7 and
9 [21]. In unpublished experiments we recently observed
that HDEs induce IL-23p19 mRNA synthesis, suggesting
that HDEs may preferentially promote the synthesis of
bioactive IL-23, a heterodimer of IL-12p40 and IL-23p19,
rather than IL-12p70. Not surprisingly, HDEs were also
found to induce the upregulation of MHC class Il and a
variety of co-stimulatory molecules on the surface of
BMDDCs.

Consistent with other studies, mean endotoxin levels
of dust samples obtained from homes with pets were
more than twice those of samples obtained from homes
without pets [19]. Moreover, a significant correlation was
found between HDE endotoxin levels and their BMDDC
cytokine inducing activity. However, the correlation co-
efficient for this association was less than 0.6, suggesting
that additional molecules contribute to the bioactivities
of HDEs.

To more specifically assess the contribution of TLRs
to HDE responsiveness, HDE induced cytokine produc-
tion by BMDDCs prepared from wild type (WT) and
TLR and MyD88 knockout (ko) mice was compared [19].
In experiments with samples derived from multiple
homes, TLR4 ko BMDDCs consistently demonstrated a
marked reduction in HDE (n = 10) induced cytokine
production and co-stimulatory molecule expression but
residual responsiveness remained. TLR2 ko BMDDCs
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produced less IL-6 than WT BMDDCs but IL-12p40 pro-
duction and co-stimulatory molecule expression were
relatively preserved. In contrast, HDE stimulated TLR9
ko BMDDC:s produced less IL-6 and IL-12p40 than WT
BMDDCs. Furthermore, while TLR4 ko BMDDCs
displayed a greater deficit, HDE activated TLR9 ko
BMDDCs expressed lower levels of co-stimulatory mol-
ecules than WT BMDDCs. These observations support
the view that TLR4, TLR2 and TLR9 independently con-
tribute to HDE mediated BMDDC responses. In a final
series of experiments, WT and MyD88 ko BMDDC re-
sponses to HDE stimulation were compared [19]. HDE
stimulated MyD88 ko BMDDCs were severely compro-
mised in their ability to respond to HDEs, although re-
sidual cytokine production and co-stimulatory molecule
upregulation could be detected. These results established
that MyD88 dependent signaling pathways play a central
role in mediating BMDDC responsiveness to HDEs.

HDE Adjuvant Activities

To assess the adjuvant activities of HDEs, mice were
i.n. immunized with ovalbumin (OVA) alone or with
HDE (prepared from 10 separate homes), 3 times, at
weekly intervals [18]. A dose of 21 pl of HDE (100mg/ml;
concentration prior to filtration) was selected for these
experiments, as preliminary experiments suggested that
for most HDEs, this dose would provide optimal adju-
vant activity. Additional control groups were i.n. immu-
nized with OVA and Pam-3-Cys (TLR2), lipopolysaccha-
ride (LPS; TLR4), or CpG DNA (TLRY), according to the
same vaccination schedule. Mice i.n. immunized with
OVA and HDE had far stronger adaptive responses, than
mice i.n. immunized with OVA alone, establishing that
HDEs have mucosal adjuvant activities. In addition,
HDEs used in these studies were consistently found to act
as Th2-biasing adjuvants, as they induced strong aller-
gen-specific IgE and Th2 polarized cytokine responses
but weak IgG2a and IFNvy responses. Moreover mice im-
munized with OVA and HDEs consistently developed an
eosinophil-rich airway inflammatory response and in-
creased bronchial responsiveness to methacholine after
i.n. OVA challenge [18]. Finally, most HDEs were found
to be more effective at inducing OVA-specific, Th2-bi-
ased, airway hypersensitivities than Pam-3-Cys and low-
dose LPS, both of which have previously been described
as Th2 adjuvants [18, 22].

Consistent with previously discussed BMDDC stud-
ies, the adjuvant activities of HDEs were found to be de-
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pendent on signaling through MyD88 [18], further evi-
dence of their relative dependence on signaling through
TLRs. However, this evidence remains inconclusive, giv-
en that IL-1 and IL-18 signaling are also MyD88 depen-
dent [23]. Therefore, this result could also reflect the im-
portance of these cytokines in mediating the adjuvant
activities of HDEs. Additional studies will be required to
resolve this issue. Nonetheless, these experimental re-
sults challenge the commonly held belief that microbial
products in general, and TLR ligands in particular, pro-
tect against the allergic march by inherently favoring the
development of Th1-biased immune profiles. These find-
ings might also lead one to wonder why mice and humans
are not universally compromised by aeroallergen hyper-
sensitivities.

HDE Tolerogenic Activities

The experiments just discussed might be construed to
suggest that many, if not all, living environments intrinsi-
cally promote the development of allergic asthma. How-
ever, in these studies mice were airway exposed to the
immunostimulatory contents of HDEs at weekly inter-
vals and at levels likely to be in great excess of daily phys-
iological exposures. In contrast, individuals are thought
to inhale air laced with far lower concentrations of im-
munostimulatory molecules on a semi-continuous basis
[24]. Therefore, additional experiments were designed to
better model real-world exposures. First a HDE standard
(HDEst) was prepared from individual HDEs with high
levels of adjuvant activity. Mice received 3 weekly i.n.
OVA immunizations, as in previously described experi-
ments. HDEst was delivered i.n. weekly with OVA, or dai-
ly in low doses (1/7th weekly dose, 3 l; beginning 1 week
before the first and ending with the last dose of OVA, as
in previously discussed experiments), or both daily and
weekly [18].

Daily i.n. HDEst delivery had little adjuvant effect on
OVA-specific responses. More importantly, this delivery
schedule prevented mice concurrently receiving weekly
i.n. OVA and HDEst (adjuvant dose) from developing
both Th2-biased adaptive responses and experimental
asthma [18]. In additional unpublished studies we deter-
mined whether weekly i.n. OVA vaccination in conjunc-
tion with daily HDEst delivery would induce long lasting
allergen specific tolerance. In these studies mice received
a series of 3 weekly i.n. OVA vaccinations either alone,
with weekly adjuvant doses of HDE (21 pl), or in con-
junction with daily low-dose HDEst (3 l) delivery, as
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just described. One month after the last of the primary
OVA immunizations, all mice were OVA sensitized by
weekly i.n. OVA/adjuvant dose HDEst delivery on 3 oc-
casions. Mice receiving i.n. OVA and daily HDEst during
primary immunizations were found to be highly resistant
to Th2 sensitization, while mice in other primary immu-
nization groups (nothing, OVA alone or weekly OVA plus
HDEst) were not. In additional studies, we established
that both the Th2 adjuvant and tolerogenic activities of
HDEst could be replicated with purified LPS. To our
knowledge, these are the first experiments to directly es-
tablish that stimulants of innate immunity, which are tra-
ditionally considered to be adjuvants, when used under
distinct experimental conditions, can also serve as potent
inducers of antigen tolerance.

Modulatory Influence of HDE on the Th2-Biased
Airway Hypersensitivity Response

Along with infants developing primary allergen-spe-
cific immunity (hypersensitivity vs. tolerance), airway
exposures to stimulants of innate immunity are likely to
impact greatly on the clinical status of patients with pre-
existing allergic respiratory diseases. Therefore, we de-
termined how bolus and daily i.n. delivery of HDEst
modified the aeroallergen challenge responses of previ-
ously Th2-sensitized mice [20]. One group of mice re-
ceived a high-dose HDEst bolus concurrently with each
i.n. OVA challenge. Another group of mice received low
dose i.n. HDEst (1/7th bolus dose) on a daily basis begin-
ning 7 days before the first and ending with the final OVA
challenge. Somewhat surprisingly, both daily and bolus
i.n. HDEst delivery attenuated features of the airway hy-
persensitivity response, but daily delivery was signifi-
cantly more effective. Moreover, daily but not bolus
HDEst delivery attenuated bronchial lymph node mono-
nuclear cell cytokine responses to in vitro OVA stimula-
tion and partially desensitized mice to additional airway
challenges a month later with OVA alone.

Similar to daily i.n. HDEst delivery, daily i.n. LPS de-
livery was found to attenuate the airway hypersensitivity
response of Th2 sensitized mice undergoing airway al-
lergen challenge [20]. However, unlike many other com-
parative studies in which HDE and LPS were found to
have similar bioactivities, in Th2 sensitized mice under-
going airway allergen challenge, concurrent bolus deliv-
ery of HDEst and LPS had divergent effects. As previ-
ously mentioned, bolus HDEst delivery attenuated the
airway hypersensitivity response, while with LPS, the
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airway inflammatory response was augmented [20]. In a
final series of experiments, daily i.n. HDEst delivery was
found to efficiently attenuate the airway hypersensitivity
response of previously Th2-sensitized TLR4-deficient
mice undergoing concurrent allergen challenge. Taken
together, these observations demonstrate that endotoxin
does not completely recapitulate, nor is it completely re-
sponsible for the immunomodulatory potential of living
environments.

Conclusions

Investigations reviewed in this paper demonstrate that
pulmonary exposures to allergen non-specific immuno-
stimulants ubiquitous in indoor living environments
have the potential to impact significantly on allergic risk.
Nonetheless, understanding of the molecular variables
and immunological mechanisms responsible is far from
complete. Correlations between pet, farm, animal, un-
pasteurized milk and endotoxin exposures during child-
hood and a reduced incidence of allergic manifestations
have been found in some studies but these trends have
been inconsistently reported, and in select studies asso-
ciations were relatively weak, nonexistent or reversed [11].
Moreover, results from the many epidemiological studies
conducted to date provide little insight into the cellular
and molecular mechanisms by which living environ-
ments influence allergic risk.

Although ubiquitous, concentrations of TLR ligands
and other stimulants of innate immunity in the ambient
air of most micro-environments are thought to be very
low. For example, one study of pediatric exposure calcu-
lated that the median amount of endotoxin inhaled by
children each day is from 46 to 220 pg [24]. However, en-
dotoxin can be readily detected in essentially all air sam-
ples tested and concentrations can vary by as much as 5
logs [24, 25]. Given this lack of homogeneity, estimates of
daily exposure based on air sampling are unlikely to ac-
count for episodic periods of exposure to air containing
extremely high concentrations of endotoxin and/or other
immunostimulants of microbial origin. Moreover, de-
spite evidence that living environments contain a wide
range of molecules that induce innate immune activa-
tion, the only assay commercially available for their de-
tection at a molecular level is the limulus lysate assay for
endotoxin. This deficiency in assays for the detection of
molecules with immunostimulatory potential is a major
impediment for efforts aimed at characterizing how liv-
ing environments affect allergic risk.
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As an alternative to measuring concentrations of im-
munostimulatory molecules in HDEs our research group
has used well-defined bioassays and animal models of al-
lergic disease to better characterize the bioactivities of
HDEs and the living environments they represent. In vi-
tro studies have shown that TLRs play a central role in
dendritic cell responsiveness to the allergen non-specific
immunostimulatory contents of unpurified HDEs and
the living environments they represent [19, 21]. Addition-
ali.n. vaccination experiments have revealed that weekly
airway exposures to adjuvant doses of HDEs induce Th2-
biased airway hypersensitivities to co-administered al-
lergen, while daily HDE exposures promote the develop-
ment of long-lived allergen tolerance [18]. In Th2-sensi-
tized mice undergoing airway challenge, both daily and
bolus HDE delivery were found to attenuate the Th2-bi-
ased airway hypersensitivity response, but again only
daily HDE delivery promoted long-lived aeroallergen de-
sensitization [20].

If reflective of real world exposures, our HDE studies
strongly suggest that TLR ligands and other allergen non-
specific immunostimulatory molecules that become
aerosolized and inhaled do not inherently drive the de-
velopment of ‘protective’ Th1-biased responses to aeroal-
lergens, as commonly suggested in the literature. Instead,
these findings suggest that living environments have far
greater potential to promote tolerogenic and/or Th2-bi-
ased immune responses, depending on additional vari-
ables [18, 20]. These are likely to include the relative and
absolute concentration of each individual immunostim-
ulant contained in inspired air during the course of the
day, and in particular, the frequency and duration of ex-
posures to air laced with high concentrations of these im-
munostimulants. The observation that molecules that ac-
tivate dendritic cells and act as mucosal adjuvants (i.e.
HDEs and LPS) also function as tolerogenic agents is
novel and likely to be of great clinical significance. How-
ever, while mechanistic studies are ongoing, current un-
derstanding of this phenomenon is limited and based
principally on indirect evidence.

Along with attenuating the adjuvant activities of
HDEs, we found that the innate airway inflammatory re-
sponse that develops 24 h after i.n. bolus HDE challenge
(neutrophilic inflammation and cytokine release) can be
inhibited by pre-treating mice with daily i.n. low dose
HDE [18]. This phenomenon of reduced responsiveness
with repetitive exposure has previously been described
with LPS and other TLR ligands, and is commonly re-
ferred to as LPS tolerance [26-28]. In unpublished studies
we further observed that daily i.n. HDE delivery led to
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significant increases in local mRNA expression for mol-
eculesthat mediate LPS tolerance (IL-10, STAT3,IRAKM,
SHIP) [26, 28-30] when compared to bolus i.n. HDE de-
livery. These observations may explain why human lungs
remain un-inflamed despite the continuous inhalation of
air laced with stimulants of innate immunity [31]. These
preliminary findings also provide evidence that mecha-
nisms associated with the regulation of innate immunity
(LPS tolerance) might contribute to the tolerogenic influ-
ence of daily i.n. HDE/LPS delivery on allergen specific
immunity.

Over the last several years, our laboratory has charac-
terized the immunstimulatory potential of homes, using
HDEs as a surrogate material for investigations presented
herein [18-21]. These studies lead us to conclude that
TLRs play a central role in mediating responses to im-
munostimulants that are ubiquitous indoors. However,
in urban environments, diesel exhaust and other pollut-
ants of human origin are likely to be found at far higher
concentrations out of doors and these molecules are
known to perturb immune homeostasis, at least in part,
by creating oxidant stress, a phenomenon that is unique-
ly receptor independent [17]. Several laboratories have be-
gun to investigate the immunostimulatory potential of
unpurified samples of particulate matter (APM) pre-
pared from outdoor air [32-35]. Moreover, Williams et al.
[32] have already published that APM has MyD88 inde-
pendent immunostimulatory properties. Given these
considerations, it will be important to compare the im-
munostimulatory properties of APM and diesel exhaust
particulates with those of HDEs in future experiments.

While much remains to be learned of the molecular
and immunostimulatory content of inhaled air, experi-
mental results discussed in this article lead us to propose
anew paradigm by which ambient exposures might mod-
ulate innate immune homeostasis in the airways, pro-
mote the development of aeroallergen tolerance or hyper-
sensitivity, and modify the respiratory status of previous-
ly aeroallergen-sensitized patients. The tenets of this
model (fig. 1) are as follows. (1) Basal levels of exposure
to endotoxin and other immunostimulatory materials
present in ambient air are generally not sufficient to pro-
voke an inflammatory reaction in the airways or to pro-
vide adjuvant activity for co-inspired aeroallergens. (2)
Physiological exposures to ambient air laced with low but
adequate concentrations of TLR ligands and other im-
munostimulatory molecules leads to a state of relative
airway hypo-responsiveness to these molecules and po-
tentially other immunostimulants. (3) Airways receiving
inadequate innate immune stimulation remain far more
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Innate Immune Homeostasis and the Regulation of Aeroallergen Immunity
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Fig. 1. Ambient allergen non-specific immunostimulants and the
regulation of aeroallergen specific immunity. This diagram pres-
ents a paradigm by which adaptive responses to aeroallergens
might be regulated by ambient exposures to molecules that acti-
vate the innate immune system. Evidence in support of this mod-
el is reviewed in the body of this article. The paradigm proposes
thatif an individual’s airways are exposed to adequate concentra-
tions of TLR ligands and potentially other immunostimulants on
a regular basis, then he or she will become functionally desensi-
tized to their Th2 adjuvant potential and aeroallergen tolerance
will be promoted. However, if basal levels of airway immune stim-

responsive to airborne immunostimulants than airways
thatare regularly exposed to these molecules. (4) If damp-
ening by basal immunostimulant exposures is inade-
quate, episodic exposures to ambient air laced with su-
per-physiologic concentrations of these molecules have
the potential to provide Th2 adjuvant activity for the de-
velopment of hypersensitivities to co-inspired aeroaller-
gens.

Although far from proven, the model presented in fig-
ure 1 is testable and consistent with current understand-
ing of the regulation of innate and adaptive immunity in
the airways. In addition, this paradigm provides a ratio-
nal mechanistic framework for understanding why semi-
continuous airway exposures to aeroallergens and mol-
ecules that activate innate immunity only prime a subset
of individuals to develop Th2-biased allergic respiratory
diseases, while a majority become aeroallergen tolerant
and their airways remain not inflamed. In the years to
come, the continued study of the interface between host
immunity and the environment will give rise to a far
more comprehensive understanding of the genesis of al-
lergic respiratory diseases and other diseases of immune
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ulant exposure are inadequate, then during infrequent periods of
exposure to ambient air containing aeroallergens and high con-
centrations of immunostimulants, individuals remain vulnerable
to the development of allergen hypersensitivities. While incom-
plete, the figure includes select immunostimulants, identified by
acronyms, that can be readily detected in ambient air and/or oth-
er environmental samples. LPS = Lipopolysacchride from Gram-
negative bacteria; PGN = peptidoglycan from bacterial cell walls;
CpG = CpG containing microbial DNA; DEP = diesel exhaust
particulate.

dysregulation and ultimately, may lead to the develop-
ment of better therapeutic strategies for their prevention
and treatment.
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