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Laboratory and epidemiological studies suggest that aside from allergens 

themselves, living environments are rich in their content of toll-like receptor ligands 

and other allergen nonspecific immunostimulatory molecules.  In purified form, many 

of these molecules impact greatly on allergic disease outcome measures in animal 

models.  However, the immunomodulatory influence of living environments on the 

pathophysiology of allergic asthma has yet to be directly assessed.  Therefore, based 

on the premise that particulates with immunostimulatory activity collect in house dust, 



 

x 

we investigated the bioactivities of sterile but unpurified house dust extracts (HDEs) 

in a murine asthma model.  With intermittent airway delivery, HDEs were potent Th2 

adjuvants that promoted development of aeroallergen hypersensitivities and 

experimental asthma.  In contrast, mice treated by daily airway HDE delivery were 

rendered resistant to aeroallergen sensitization.  In other experiments, previously Th2-

sensitized mice received daily or intermittent airway HDE delivery during the allergen 

challenge period.  Under these experimental circumstances, daily delivery was far 

more effective than intermittent delivery but both HDE delivery schedules led to 

attenuated Th2 hypersensitivity responses with increased airway neutrophil 

recruitment.  A final series of experiments demonstrated that sensitized mice treated 

with daily but not intermittent HDE delivery during the primary airway allergen 

challenge period had persistently attenuated airway hypersensitivity responses when 

challenged with allergen alone, a month later.  Considered together, these 

investigations provide direct evidence that airway exposures to the immunostimulatory 

constituents of living environments have the potential to either promote or prevent 

manifestations of allergic respiratory diseases, depending on exposure dose and 

frequency. 

 



 

1 

1. Introduction  

1.1. The Hygiene Hypothesis 

 Children raised in industrialized countries are believed to be far more likely to 

develop asthma and other atopic diseases than children raised in underdeveloped 

countries 
1, 2

.  Moreover, prevalence rates for allergic diseases have increased 

dramatically over the last century in affected countries.  These epidemiological trends 

have occurred too rapidly to be explained by genetic drift alone 
1
.  Therefore, while 

still unproven, it has often been suggested that environmental changes associated with 

the “modern life style” increase a child’s risk of becoming allergic 
2-4

.  Consistent with 

this view, the hygiene hypothesis proposes that affluent children have less 

environmental contact with bacteria and other microbial species, due to public health 

practices (i.e. clean water supplies, sterilized and processed foods, the routine use of 

antibiotics and vaccines) and that this deficiency in immune stimulation leaves them at 

increased risk for dysregulated immune responses to ambient aeroallergens 
1, 3, 5

. 

 

1.2. Airway Immunity 

In order to understand how the hygiene hypothesis relates to the genesis of 

respiratory allergic diseases at the molecular and cellular level, it is important to first 

consider the idiosyncrasies of immune regulation in the lungs.  Unlike the skin, 

terminal airways and alveoli are highly permeable to allow for gas (02 and C02) 

exchange.  As a result, the lungs also serve as a potential portal of entry for allergens, 



2 

 

microbes and other molecules suspended in ambient air.  Hence, airway immunity 

must be tightly regulated in order to provide immunological protection from infectious 

threats, while avoiding potentially harmful immune responses to inert foreign 

antigens.  Consistent with this imperative, a number of laboratories have shown that in 

the absence of an adjuvant, airway antigen exposure induces very weak immune 

responses to monomeric protein antigens, while repetitive airway exposure to the same 

antigen leads to the development of mucosal tolerance 
6, 7

. 

 

1.2.1. Structural Immunity 

 The airway’s first line of defense against environmental threats are the 

epithelial cells that line the bronchi and bronchioles, forming a physical barrier from 

the environment via tight junctions and other types of intercellular binding molecules 

8
.  Specialized cells within the epithelium secrete a layer of mucous that lines the 

lumen of the airways and serves as a second barrier against microbes and foreign 

antigens.  Furthermore, a variety of molecules with antimicrobial properties are 

actively secreted into this mucous layer.  Finally, airway epithelial cells are ciliated 

and continually beat in a coordinated manner that promotes the movement of mucous 

and particulates from the terminal towards the proximal airways, facilitating clearance 

of these materials from the lungs.  This clearance mechanism is often referred to as the 

mucociliary elevator 
9
.  Collectively, these macro- and microscopic features of airway 

anatomy provide protection against microbial invasion while allowing the lungs to 

serve their primary function in the exchange of gases between host and environment.  
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1.2.2. Inflammatory Cells and Innate Immunity 

In addition to physical barriers, the body possesses a variety of cell types with 

antimicrobial activities that rapidly migrate to sites of pathogen invasion.  These 

inflammatory cells play an important role in focusing the host’s immediate (innate) 

immune response to sites where microbes have been identified.  The ability of these 

cells to contribute to an innate immune response is in large part dependent on their 

constitutive expression of germ-line encoded pattern recognition receptors (PRRs) that 

recognize a variety of pathogen associated molecular patterns (PAMPs) 
10

.  PAMPs 

share several features including 1) expression by microbes but not healthy mammalian 

cells, 2) evolutionarily conserved structures over a wide range of species, and 3) the 

capacity to activate cellular constituents of the innate immune system.  After PAMP 

engagement, PRR signaling leads to cellular activation and release of soluble factors 

that are toxic to microbes and chemotactic factors which recruit additional 

inflammatory cells to sites of microbe encounter 
11

.  

Inflammatory cells that participate in the innate immune response are derived 

from myeloid precursors and can be divided into two families.  The first family 

consists of monomorphonuclear cells, which function mainly as antigen-presenting 

cells (APCs) due to their expression of MHC molecules.  Included in this family are 

macrophages and dendritic cells (DCs), termed professional APCs, which specifically 

express MHC class II molecules necessary for T cell education.  In addition to antigen 

presentation, macrophages play an important janitorial role in peripheral tissues, 

phagocytosing invading pathogens and cellular debris.  Alveolar macrophages, in 
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particular, demonstrate extremely high levels of phagocytic activity but, unlike other 

macrophage subsets, are not efficient antigen presenting cells and are likely to have a 

role in promoting tolerance to antigens in ambient air 
7, 12

.  Similarly, DCs also display 

high levels of phagocytic activity, especially in their immature state.  However, upon 

activation by microbial products or other means, DCs become highly efficient APCs, 

particularly for naïve T cells 
13

, a topic we will readdress in the following section. 

Polymorphonuclear cells, including neutrophils and eosinophils, are the second 

major family of inflammatory cells 
14

.  Along with their characteristic multi-lobed 

nuclei, these cells are highly granular and secrete a variety of anti-microbial molecules 

upon exposure to PAMPs or other activation signals.  Neutrophils are the most 

abundant type of granulocyte and are capable of rapid mobilization to sites invaded by 

pathogens and phagocytosis of microorganisms.  In addition, eosinophils are also 

capable of migrating to sites of inflammation.  In the setting of parasitic infections, 

eosinophils are the dominant cell type seen in inflammatory infiltrates.  Eosinophils 

are also believed to play a critical role in the pathogenesis of many allergic diseases, 

including atopic asthma and others 
1, 15

.  While far less frequent than neutrophils and 

eosinophils, basophils and mast cells also play a role in providing innate immune 

protection against potential pathogens.  Moreover, these cells are unique from other 

polymorphonuclear cells in their expression of high affinity IgE receptors.  Upon IgE 

cross-linking by allergens, these basophilic cells release histamine, serotonin, and 

additional molecules that induce capillary leak (urticaria), bronchospasm (wheezing), 

and many other pathological changes associated with allergic hypersensitivity 
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responses 
14

. 

 

1.2.3. Dendritic Cells – Linking Innate to Adaptive 

Immunity 

 While they possess PRRs and are highly responsive to PAMPs, the primary 

role of DCs in host immunity appears to be their ability to direct the clonal expansion 

and differentiation of naïve T lymphocytes.  At the cellular level, CD4
+
 T cell 

responses to allergen encounter have a pivotal role in determining whether 

hypersensitivities or tolerance develops 
16, 17

.  Given their role in both innate immunity 

and the education of naïve CD4
+
 T cells, dendritic cells are thought provide an 

important cellular link between environmental PAMP exposures and host responses to 

ambient allergens.  

 DCs are well suited for their role in CD4
+
 T cell education. Immature dendritic 

cells exist in the lungs and other peripheral sites, where they continually sample 

foreign antigens.  However, upon activation by PAMPs or other stimuli, their 

phagocytic activity is down regulated.  They then migrate to regional lymph nodes 

where they come into contact with large numbers of naïve CD4
+
 cells, and become 

efficient antigen presenting cells.  In particular, DC activation leads to increased 

expression of peptide loaded MHC class II, upregulation of co-stimulatory molecules, 

and synthesis and release of cytokines, all of which contribute to their ability to 

promote the clonal expansion and differentiaion of CD4
+
 T cells 

18
. 

 The functionality of DCs in the immunological synapse with CD4
+
 T cells is 
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highly dependent on their maturation/activation state.  In addition, several distinct DC 

subtypes have been described that appear to have distinct functional characteristics 
19

.  

Much is known about these subsets and their maturation/activation but many questions 

still remain regarding how DCs trans-regulate the differentiation, proliferation, and 

survival of naïve CD4
+
 T cells. 

 

1.2.4. CD4 T Cell Education and Differentiation 

 While the innate immune system responds immediately to PAMPs and other 

microbial products, it may take 4-7 days for an adaptive immune response to develop 

20
.  Though slower to progress, these B and T lymphocyte responses are more specific 

and lead to antigen specific immune memory.  CD4
+
 cells have a central role in the 

adaptive immune response as evidenced by the fact that antigen specific antibody 

production is dependent on CD4 cells. 

Naïve CD4
+
 T cells have the potential to develop into a variety of terminally 

differentiated subsets depending on signals they receive from DCs.  Subsets of 

terminally differentiated CD4
+
 T cells that have been described to date are Th1, Th2, 

Th17, and regulatory T cells.  A summary of these differentiation pathways is 

illustrated in Figure 1 
21

, and will be discussed in further detail in the following 

section. 
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Figure 1: A summary of cells and cytokines involved in CD4
+
 T cell differentiation. 

 

 If co-stimulation and/or cytokine production are limiting, allergen specific 

CD4
+
 T cells may become anergic upon TCR engagement by peptide bearing DCs 

22
.  

This is a reversible condition from which CD4
+
 T cells can be rescued by IL-2 and 

CD28 stimulation.  Alternatively, DCs can promote activation induced CD4
+
 T cell 

death leading to clonal deletion, a process that appears to depend on TCR stimulation 

and cellular crosstalk between members of the TNF/TNF receptor families 
23

.  Both 

anergy and clonal deletion are identified mechanisms contributing to the development 

and persistence of allergen tolerance 
24

.  

 Immunological outcomes of DC educated CD4
+
 T cells may also be influenced 

by co-stimulatory and co-inhibitory molecular crosstalk between cell surface 
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molecules.  DC expressed co-stimulatory molecules, like B7 and CD40, provide 

important proliferative signals to naïve CD4
+
 T cells via cognate interactions with 

CD28 and CD40L, respectively 
25

.  These signals appear to be counter-regulated by 

receptor/ligand engagement of CTLA-4, PD-1, and other molecules on CD4
+
 T cell 

surface, leading to inhibition of proliferation and promotion of programmed cell death 

25
.  Additional co-stimulatory molecules expressed by DCs, including ICOS-L (B7RP-

1) and OX40 ligand bind to CD4
+
 T cell expressed ICOS and OX40 and may have a 

more specific role in the expansion and differentiation of Th2 cells 
26

, although this 

point remains controversial.  The Notch ligand family of proteins may also contribute 

to DC directed Th1 (Delta) and Th2 (Jagged) differentiation via interactions with 

Notch proteins expressed by CD4
+
 T cell 

27
.  

 Interleukin-12 is likely to be the most important DC derived cytokine driving 

Th1 differentiation in mice and humans 
28

, but IL-18, and IFNs are also thought to 

contribute to DC directed Th1 differentiation 
29

.  It is less clear whether DCs produce 

cytokines that directly promote Th2 differentiation, although several reports suggest 

that IL-6 may serve this role 
30

.  What is clear is that IL-4, either of CD4
+
 T cell origin 

or provided by other cell types, plays a key role in Th2 cell differentiation.  In this 

respect, DCs are very poor IL-4 producers but DC derived IL-6 can elicit IL-4 

production from naïve CD4
+
 T cell in an NFAT dependant manner.  IL-6 also inhibits 

Th1 differentiation secondary to its induction of intracellular SOCS-1 expression 
31

.  

Taken together, these observations suggest DCs producing high levels of IL-6 and low 

levels of IL-12 could be responsible for driving Th2 differentiation. 
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 From the perspective of the CD4
+
 T cell, chromatin remodeling is critical for 

their differentiation, as it leads to the increased availability of Th1 (IFN-γ) or Th2 (IL-

4, IL-5, IL-13) cytokine genes for transcription 
32, 33

.  Such epigenetic modifications 

result in a Th bias being imprinted on CD4
+
 T cells and their progeny.  Several 

regulatory proteins have been implicated in the process of chromatin remodeling in 

Th1 and Th2 cells.  T-bet, STAT-1, and STAT-4 are thought to participate in 

remodeling of the IFN-γ gene 
32, 34

 and the subsequent differentiation of Th1 cells, 

while GATA-3, c-maf, and STAT-6 have been implicated in the differentiation of Th2 

cells, in part due to their roles in the remodeling of the IL-4, IL-5, and IL-13 genes 
32, 

35
.  

 Aside from Th1 and Th2 cells, Th17 cells have also been recently described. 

They are distinguished from Th1 and Th2 cells by virtue of the cytokines they do (IL-

17 and IL-6) and do not (IL-4, IL-5, IL-13, IFN-γ) produce 
36

.  While relatively little is 

known about the effector functions of Th17 cells, evidence suggests that they could 

have a role in the genesis of allergic respiratory diseases 
37

.  Surprisingly, TGF-β  a 

cytokine generally considered to be anti-inflammatory, and IL-6 are critical for the 

maturation and differentiation of Th17 cells, while IL-23, an IL-12 family member 

produced by DCs and other APCs, appears to promote their expansion and/or turn on 

their effector activities.  However, Th17 cells are not the only source of IL-17.  

Activated Th2 cells produce an IL-17 isoform that selectively recruits eosinophils to 

sites of allergic inflammation 
36  

 

 DCs can also preferentially induce the maturation and differentiation of CD4
+
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T cells that trans-inhibit the activities of effector CD4
+
 T cells 

38, 39
.  These cells are 

known as regulatory T cells, or Tregs.  Treg functionality is attributed to both cell 

contact dependent and independent mechanisms. These include, low level production 

of pro-inflammatory cytokines (i.e. IFN-γ, IL-4, IL-5, and IL-13), high level 

production of anti-inflammatory cytokines (i.e. IL-10 and TGF-β), and surface 

expression of CTLA4 and other inhibitory cell surface receptors 
7, 29, 40

.  While Th1 

and Th2 cell differentiation appears favored by naive CD4
+
 T cell interactions with 

mature DCs, Treg maturation is favored when naïve CD4
+
 T cells interact with 

relatively immature DCs 
29

. Additional research suggests that DCs producing high 

levels of IL-10 and/or TGF-β and low levels of IL-12 (e.g. Peyer’s patch and 

pulmonary DCs) promote the differentiation of Tregs 
19, 41

.  In other studies, signaling 

through ICOS was found to promote Treg differentiation 
42

.  Finally, a regulatory 

factor (FOXP3) has been identified that induces the Treg phenotype 
43, 44

 in naïve 

CD4
+
 T cells, in a manner analogous to GATA3 (Th2) and T-bet (Th1).  The role of 

FOXP3 in immune homeostasis is most dramatically demonstrated in patients with a 

syndrome of dysregulated immunity, and severe autoimmune and allergic 

manifestations caused by congenital FOXP3 deficiency 
45

. 

 

1.3. Allergic Risk and the Molecular Content of Homes 

Adaptive responses associated with allergen tolerance and hypersensitivities 

appear to become imprinted early in life 
46, 47

.  Recognizing that allergen exposure is a 

prerequisite for the development of allergic hypersensitivities and that infants and 
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toddlers spend a majority of their time indoors, there has been a great deal of interest 

in determining how home allergen exposures impact on allergic risk.  For some 

allergens (i.e. cockroach and house dust mite), the risk of developing 

hypersensitivities has been found to increase considerably with allergen exposures 

above quantifiable threshold levels 
17, 48, 49

.  However, for other allergens (i.e. dogs, 

cats), increased levels of home exposure appear linked to a decreased risk of 

sensitization, both to the allergen of interest and to other unrelated allergens 
17, 50

.  

These and other lines of evidence suggest that aside from allergens themselves, living 

environments contain additional molecules that influence the immunological balance 

between allergen-specific tolerance and hypersensitivity.  For example, endotoxin, a 

molecule capable of activating the innate immune system via toll like receptor 4 

(TLR4), has been reported to be present at higher concentrations in homes with 

regular exposures to animals than in homes without 
51, 52

.  Moreover, in several 

published reports, infants raised in homes with high endotoxin levels were found to 

have a reduced incidence of atopic risk 
51, 53, 54

.  In consideration of these findings, 

endotoxin-rich environments generally contain increased levels of other 

immunostimulatory microbial products 
55, 56

.  

 

1.3.1. Toll-like Receptors  

 As previously mentioned, inflammatory cells of the innate immune system 

possess specialized PRRs that allow them to recognize and respond to PAMPs in their 

microenvironment.  Of the various families of cellular PRRs described to date, TLRs 
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are probably the most widely studied and best understood, particularly with respect to 

their potential role in the genesis of allergic diseases.  So far, 13 TLRs have been 

identified: TLR1-10 in humans, and TLR1-9 and 11-13 in mice 
57

.  Figure 2 shows a 

phylogenetic tree of human and murine TLRs, illustrating a number of TLRs and their 

respective ligands, as well as the evolutionary relationship of TLRs between the two 

species 
11

.  

 

Figure 2: The evolutionary relationship between human and murine TLRs. 

 

While many questions remain, TLR signaling pathways have been fairly well 

characterized over the last decade.  Individual TLRs have been found to be quite 

specific in terms of the microbial products (PAMPs) they recognize.  Nonetheless, the 

range of molecular structures recognized by TLRs 1-13 is quite varied and includes, 
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protein, lipid, and nucleic acid (RNA and DNA) ligands,  Examples of protein-

recognizing TLRs include TLR5 and TLR11, which interact with bacterial flagellin 
58

 

and profilin 
59

, respectively.  Lipid-specific receptors include TLR2, which recognizes 

different bacterial lipoproteins 
60

 and TLR4, which interacts with lipopolysaccharides 

(LPS) 
61

.  Finally, TLR3, TLR7 and TLR8, and TLR9 have been shown to interact 

with nucleic acid sequences found within double stranded RNA viruses, single 

stranded RNA viruses, and single stranded DNA sequences of various microbial 

species 
62

.  

In general, most TLRs are thought to recognize ligands as homodimers, 

however, some TLRs appear capable of forming heterodimers with other TLRs, which 

further influences their ligand binding specificities.  In the case of TLR2, heterodimers 

formed with TLR1 and TLR6 preferentially recognize and respond to Pam-3-Cys and 

peptidoglycan, respectively 
18

.  These observations suggest TLR heterodimer 

formation may expand the range of PAMPS recognized by the TLR family of PRRs. 

Signaling pathways activated by ligands for all TLRs lead to NF-κB and 

MAPK activation, cytokine gene transcription (e.g. IL-6, IL-10, and IL-12), and co-

stimulatory molecule expression (e.g. CD40 and B7) 
18

.  However, despite common 

use of several signaling molecules, qualitative differences exist in the cellular 

responses elicited by ligands for different TLRs 
63, 64

.  It is believed that collateral 

signaling pathways are responsible for this diversity.  For example, molecular studies 

have found that TIRAP, TRAM and TRAF participate in signaling through only a 

limited number of TLRs 
18

.   Moreover, ligands for some TLRs (i.e. TLR3, TLR4, 
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TLR7, and TLR9) induce type 1 IFN production in responsive cells by up-regulating 

expression of interferon regulatory factors, while ligands for TLR2 and potentially 

other TLRs do not 
65

.  Furthermore, unlike all other TLRs investigated, MyD88 does 

not participate in signaling through TLR3 
11, 66

.  While their role in the genesis of 

allergic diseases have yet to be considered, it is also worth noting that in addition to 

TLRs, which recognize PAMPs at the cell surface or within lysosomes and 

endosomes, additional cytoplasmic PRRs exist for the detection of PAMPs, including 

members of the NOD-LLR and CARD helicase families of proteins 
11, 66

.  

 

1.3.2. Toll-like Receptors in the Context of Allergic Diseases 

Current understanding of TLRs, and a growing appreciation of the ubiquitous 

distribution of TLR ligands in living environments, provides suggestive evidence that 

ambient levels of TLR ligands could have a significant impact on the genesis of 

allergic diseases.  For example, exposures to high levels of endotoxin (TLR4) during 

infancy have been associated with a decreased allergic risk throughout childhood 
51, 53

.  

Likewise, TLR2 and TLR9 ligands are ubiquitous in homes, particularly those with 

high endotoxin levels, and may also influence allergic risk.  Therefore, many 

laboratory investigators have become interested in understanding how ligands for 

TLR2, TLR4, and TLR9 influence the allergic phenotype in animal models. 

LPS (purified endotoxin) has been found to have opposing effects on outcomes 

in animal models of allergic disease, depending on experimental design.  For example, 

in one model, endotoxin exposures occuring within 6 days of allergen exposure 
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protected rats against allergen sensitization.  However, if rats were exposed to LPS 

after this period, they developed higher levels of allergen sensitization than controls.  

Additional studies have found that low doses of LPS delivered intranasally (i.n.) to 

mice with OVA, primed them for Th2 biased adaptive responses and Th2 biased 

airway hypersensitivity responses to subsequent airway allergen challenge 

(experimental asthma).  Paradoxically, in the same study, i.n. OVA delivery with high 

LPS doses induced Th1 biased adaptive responses and Th1 biased airway 

hypersensitivity responses to airway allergen challenge 
67

.  Interestingly, in a recent 

study, young mice were exposed to LPS on a daily basis, rested, and subsequently 

sensitized with OVA and alum. These studies, found no protective influence of early 

life LPS exposures on the development of allergic hypersensitivities, suggesting that 

LPS (endotoxin) may be less important than other ambient immunostimulatory 

molecule in providing immunological protection against development of allergic 

hypersensitivities. 

 Viral and bacterial DNA have inherent immunostimulatory activities not 

shared with mammalian DNA 
2, 11, 66, 68

. The molecular basis for this effect lies in the 

high content of unmethylated CpG dideoxynucleotides found in microbial DNA, while 

these sequences are infrequent in mammalian genomes. In addition to microbial DNA, 

synthetic immunostimulatory sequence oligodeoxynucleotides (ISS-ODNs) activate 

TLR9 but murine and human homologs of the receptor appear to have unique flanking 

DNA sequence requirements 
11, 66

. ISS-ODN has been found to induce an innate 

response dominated by cytokines (e.g. IL-10, IL-12, type 1 IFNs, IFN-γ) that are 
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known to inhibit the allergic phenotype prompting interest in its use as a therapy for 

allergic diseases 
2, 11, 66, 69

.  

As an allergen independent therapeutic agent given to Th2 sensitized mice 

within hours of allergen challenge, ISS-ODN has proven effective in attenuating 

hypersensitivity responses associated with asthma, allergic conjunctivitis, and allergic 

rhinitis 
2, 68, 70, 71

.  While allergen independent ISS-ODN therapy potently inhibits 

allergic hypersensitivity responses, the effect may only be temporary. In studies by 

Broide and colleagues, Th2 sensitized mice receiving ISS-ODN had attenuated airway 

allergen challenge responses for up to 4 weeks 
71

. However, eight weeks after ISS-

ODN treatment, airway hypersensitivity responses were similar to those of Th2 

sensitized mice receiving a control oligodeoxynucleotide. Taken together, 

experimental evidence presently available suggests that while allergen independent 

ISS-ODN delivery rapidly inhibits the activities of effector Th2 cells and other cell 

types participating in the hypersensitivity response, this intervention 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 Th1 polarized 

adaptive responses in both animals and humans 
68, 72, 73

. Moreover, allergen/ISS-ODN 

vaccination is reported to be protective in murine models of asthma and anaphylaxis, 

with antigen specific responses being found to both prevent and reverse the Th2 

polarized responses associated with allergen/alum sensitization 
68, 72, 74

. Unlike the 
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rapid, allergen independent, but relatively short lived Th2 inhibition elicited directly 

by ISS-ODN, the adaptive response induced by allergen/ISS-ODN vaccination is 

believed to mature over weeks, be allergen specific, and to imprint on memory 

lymphocytes and their subsequent responses to allergen encounter.  

Our laboratory has compared how PGN (TLR2) and ISS-ODN (TLR9) 

influence antigen specific responses in murine vaccination studies 
63

. Mice i.n. 

immunized with antigen and PGN were found to develop Th2 biased adaptive 

responses and were primed for Th2 biased airway hypersensitivity responses upon 

subsequent i.n. antigen challenge. In contrast, i.n. 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 
75

 and human Th2 cell development in in vivo cultures 
76

.  However, in 

previously Th2 sensitized mice, treatment with lipopeptide Pam-3-Cys, has also been 

reported to inhibit allergen specific airway hypersensitivity and Th2 cytokine 

responses, while allergen specific IFN-γ responses were induced 
77

. This discordance 

in experimental results will require further investigation to be reconciled.  

Laboratory studies with purified ligands for TLR2, TLR4, and TLR9 have 

shown that they have significant but divergent effects on the allergic phenotype.  

These studies have elucidated the immunological impact of purified TLR ligands on 

the allergic phenotype. However, they may not be relevant to understanding how 

living environments shape allergic risk, as these investigations do not account for the 
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molecular complexity of ambient exposures nor the synergistic and/or antagonistic 

immunomodulaatory activities of the various TLR ligands and other 

immunostimulatory molecules ubiquitous within them. 

 

1.3.3. House Dust Extracts 

A growing body of experimental evidence supports the view that early life 

exposures to TLR ligands and other ambient immunostimulants influence allergic risk 

throughout childhood.  However, while it is generally believed that living 

environments provide a major source of immunological education during the first 

years of life, the molecular complexity of our world has made it difficult to develop a 

holistic understanding of how these ambient exposures shape the development of 

allergen specific immunity.  To address this problem, our laboratory reasoned that 

characterization of the bioactivities of unpurified environmental samples would offer a 

novel and unbiased method for characterizing the immunological potential of living 

environments.  Thus, over the last few years, we have investigated the 

immunostimulatory activities of house dust extracts (HDEs), taking advantage of the 

fact that due to gravity, particulates with immunostimulatory activities should collect 

in household dust.  The working hypothesis for these investigations is that HDE 

bioactivities are reflective of the immunostimulatory potential of their homes of 

origin.  

 Sterile HDEs derived from over 200 homes have consistently demonstrated the 

capability to stimulate dendritic cells to produce cytokines production and express co-
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stimulatory molecules in a concentration-dependant manner.  Studies with knock-out 

mice have further revealed that the bioactivities of HDEs are partially dependent on 

TLR2, TLR4 and TLR9, and almost completely dependent on MyD88, a molecule 

required for signaling through all TLRs except TLR3.  Finally, we found that HDE 

endotoxin levels loosely correlated with their ability to induce cytokine production by 

bone marrow derived dendritic cells (BMDDC).  Taken together, these studies 

demonstrate that HDEs activate BMDDCs largely by TLR dependent signaling 

pathways. 

 

1.4. Hypotheses 

Epidemiological studies discussed previously have found associations between 

ambient TLR ligand (endotoxin) exposure levels and allergic risk during childhood. 

Additional laboratory studies have demonstrated that TLR ligands and other 

immunostimulants found in living environments can profoundly influence the genesis 

of allergic diseases.  Our research group has shown that unpurified but sterile HDEs 

induce dose and TLR dependent responses by dendritic cells and other cellular 

constituents of the innate immune system (cytokine production and co-stimulatory 

molecule expression).   However, how innate immune activation by HDEs and the 

living environments they represent influence the allergic phenotype has yet to be 

considered.  

 

Hypothesis 1: HDEs have the potential to act as adjuvants 

Rationale and approach:  TLR ligands and other molecules that activate the innate 
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system have been shown to improve immune responses to co-delivered antigens. In 

this regard, such molecules can be considered to function as adjuvants. Given that 

HDEs elicit robust responses by dendritic cells it stands to reason that they might also 

serve as adjuvants.  To test hypothesis 1, experiments were conducted to determine 

whether airway exposures to HDEs influence the magnitude and Th bias of adaptive 

responses to co-administered allergen and subsequent responses to airway allergen 

challenge. 

 

Hypothesis 2: HDEs effects on the development of allergen specific immunity are 

influenced by exposure dose and frequency 

Rationale and approach:  Infants are believed to inhale low concentrations of 

immunostimulatory molecules in ambient air on a fairly continuous basis with periodic 

exposures to air laced with far higher concentrations of these molecules.  Therefore, in 

experiments conducted to better model these exposure patterns, mice were intranasally 

(i.n.) exposed to allergen on a weekly basis either alone, or with HDE delivered at a 

high dose, or in conjunction with daily low HDE delivery. Bolus and daily delivery 

schedules were standardized to provide the same total amount of HDE to mice over 

the course of the experiment.  Again, the magnitude and Th bias of adaptive responses 

and subsequent airway allergen challenge responses were assessed. 

 

Hypothesis 3: Airway HDE exposures have the potential to desensitize mice with 

allergen specific Th2 biased airway hypersensitivities 
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Rationale and approach: In addition to allergen naïve infants, children with allergic 

asthma continually inspire air containing the allergen nonspecific immunostimulatory 

constituents of HDEs. To determine how airway HDE exposures influence the Th2 

biased airway hypersensitivity response, mice were first allergen sensitized. Airway 

OVA challenges were initiated a month after the final sensitization. One group of mice 

received a high dose HDEst bolus concurrently with each i.n. OVA challenge. Another 

group of mice received low dose i.n. HDE on a daily basis beginning seven days 

before the first and ending with the final OVA challenge. A final group of mice was 

left HDE unexposed during the airway allergen challenge period. Allergen specific 

immune profiles and airway hypersensitivity responses were then assessed at the end 

of the allergen challenge period or a month later after a second series of airway 

challenges with allergen alone.
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2. Materials and Methods 

2.1. Reagents 

2.1.1. OVA, Alum, and purified TLR Ligands 

Ovalbumin (OVA, Grade VI), aluminum hydroxide (alum), and Escherichia 

coli 026-B6 Lipopolysaccaride (LPS) were purchased from Sigma (St. Louis, MO). 

Lipopeptide Pam-3-Cys (P-3-C) was purchased from EMC microcollections 

(Tubingen, Germany). Immunostimulatory sequence oligodeoxynucleotide (ISS-

ODN) (5’-TGACTGTGAACGTTCGAGATGA-3’) was purchased from Trilink 

Biotechnologies, San Diego, CA). 

 

2.1.2. Stains and Media 

Turks stain was made from a mixture of 3mL glacial acetic acid (Fisher 

Scientific, Pittsburgh, PA), 96mL of deionized (DI) water, and 1mL of 1% aqueous 

(Gentian) crystal violet (Sigma) that was filtered through a 0.22µm polyethersulfone 

filter system (Corning Inc., Corning, NY).  Wright-Giemsa Stain was purchased from 

Sigma and used as manufactured.  C10 complete media was made of 424.5 mL of 

RPMI (Cellgro, Herndon, VA), 50mL of heat-inactivated fetal bovine serum (FBS; 

Omega Scientific, Tarzana, CA), 5mL of 100X Pen/Strep, 5mL of 100X L-glutamine, 

5mL of 100X non-essential amino acids, 5mL of 100X sodium pyruvate, 5mL of 

100X 1M Hepes, and 500µL of 1000X 2-mercaptoethanol (Gibco).  
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2.1.3. Buffers 

ACK Lysis Buffer was purchased from BioWhittaker (Walkersville, MD) and 

used as manufactured.  Digestion buffer was made with 44.5 mL of C10 complete 

media, 5mL of 10X Collegenase D (Worthington Biochemical Corporation, 

Lakewood, NJ) and 500µL of Deoxyribonuclease I (3,780u/mgDW; Worthington) that 

was filtered through a 0.22-µm Steriflip filter (Millipore, Bedford, MA).  Carbonate 

buffer for ELISAs was made at 10X with 15.6 g of sodium carbonate and 29.3 g of 

sodium bicarbonate dissolved in 1 L of DI water.  Blocking buffer for ELISAs was 

made with 10 g of bovine serum albumin (BSA; Sigma) dissolved in 1 L of PBS and 

filtered through a Corning filter system. 

 

2.2. Mice 

 Pathogen-free BALB/c mice were purchased from Jackson Laboratories (Bar 

Harbor, ME).  Only female mice aged 8-12 weeks were used in these studies. All 

investigations were scheduled so that sacrifice days would occur when the mice were 

at least 18 weeks of age.  All experimental procedures were conducted under the 

guidelines of the Stein Clinical Research Animal Care Program and the UCSD 

institutional regulations on animal care and use.  These experimental mice 

investigations were approved by our institution’s animal welfare committee prior to 

commencement.   
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2.3. House Dust Extracts 

2.3.1. Preparation 

 With approval from our institution’s human subjects committee, dust samples 

were obtained by vacuuming a single carpeted bedroom in each of 10 suburban homes 

in San Diego County, California.  Half of the homes had regular exposures to indoor 

pets (dogs, cats, or both), and the rest had no identified animal exposures.  A single 

carpeted bedroom in each study home was left unvacuumed for one week prior to dust 

collection.  On collection day, easily removable items were taken from the bedroom 

and all exposed carpeting was vacuumed for 5 minutes using a Quick Broom (Hoover, 

Canton, Ohio), designed with a removable acrylic trap for dust collection.  Collected 

house dust was then run through a coarse sieve to remove large particulate matter and 

suspended in sterile PBS at 1000 mg/mL or 100 mg/mL.  House dust suspensions 

were then placed on a rotor at room temperature for 18 hours, filtered through glass 

microfiber Whatman paper (GF/F; Invitrogen, Carlsbad, CA), and finally filtered 

through 0.22-mm Steriflip filters (Millipore, Bedford, Mass) to obtain sterile HDEs.  

In studies presented herein, HDE concentrations refer to the amount of house dust 

added per milliliter of PBS suspension before filtration.  

 Following dust collection from each house, the vacuum was thoroughly 

cleaned to prevent cross-contamination.  The dust collection trap was removed and 

cleaned in a dishwasher while the rest of the vacuum was hand-washed with soap and 

water, rinsed with deionized water, and then rinsed with 70% ethanol.  To ensure that 

the cleaning was sufficient, and to prevent contamination of further samples, the 
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internal surfaces of the cleaned vacuum were tested for activity.  Sterile tissue was 

used to wipe the surfaces of the vacuum, then placed in 1mL of sterile PBS, and 

processed in the same manner as the HDEs.  These control samples demonstrated no 

immunologic activity when cultured with bone marrow derived dendritic cells (data 

not presented). 

 

2.3.2. Determining the Endotoxin Content of HDEs 

 The endotoxin content of the HDE stock solutions was determined using the 

Limulus amebocyte lysate QCL-1000 kit (Bio-Whittaker, Walkersville, Md).  A 96 

well, flat bottom, tissue culture plate (Corning Inc.) was heated to 37°C on a heat 

block, and 50µL of standards and samples were added.  The stock solutions were 

assayed in duplicate at 25,000-fold, 125,000-fold, and 625,000-fold dilutions and the 

standards ranged from 0 to 1 endotoxin units, diluted in LAL water.  Next, 50µL of 

LAL was added to each well, the plate was tapped on the side to mix the solutions and 

incubated for 10 minutes.  Then, 100µL of substrate was added to each well, tapped to 

mix, and incubated for 6 minutes until 50µL of stop solution was added.  The plates 

were immediately read by a microplate spectrophotometer at 405nm. 

 

2.3.3. Determining the Sterility and Toxicity of HDEs 

 Aliquots of each HDE stock (20µL) was added to 5mL of tryptic soy broth and 

placed on a shaker at 37°C for 48 hours.  These solutions were then centrifuged, 
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4.9mL of the tryptic soy broth was removed and any pellets that may have formed 

were resuspended.  Aliquots of each solution were then gram-stained and viewed 

under a microscope for any signs of bacterial growth.  Additional aliquots were plated 

on blood agar plates, cultured for 72 hours in a 37°C incubator, and viewed for signs 

of bacterial growth.  TLR independent toxicity was assessed by incubating MyD88 

KO BMDDCs (2 x 10
6
 cells/mL) in media with each HDE stock solution at a 

concentration of 1mg/mL for 48 hours.  Each sample was run in triplicate and control 

samples were incubated in media without HDE.  Cells were then stained with trypan 

blue and counted for total, live, and dead cells.  All HDEs were determined to be 

sterile and nontoxic (data not presented). 

 

2.3.4. HDE Master Mix 

 For some experiments, a sterile master mix of HDE was used. It was created 

by combining HDE samples with low, medium, and high endotoxin concentrations 

according to data collected by LAL assays.  These mixes were stored in 1mL aliquots 

at  -80°C until needed. 

 

2.4. Experimental Schedules 

During vaccinations, mice were lightly anesthetized using isoflurane (Abbott 

Laboratories, North Chicago, Ill).  The depth of anesthesia was carefully monitored by 
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observing the respiratory rate of the mouse.  Reagents were delivered intranasally 

(i.n.) in a total volume of 30µL of saline that was equally divided between the nares.   

For experiments assessing HDE adjuvant activity, presented in Figure 3, all 

groups of mice (n = 4 per group) were immunized 3 times, on a weekly basis with 

OVA (100 µg).  The first group received no other treatments while the remaining 

groups received a bolus of Pam-3-Cys (50 µg), low-dose LPS (100ng), high-dose LPS 

(20µg), ISS (10 µg), or HDE (20µL of 100mg/mL) in combination with each OVA 

immunization. 

 

 

 

 

 

 

 

Figure 3: Immunization schedule for experiments assessing adjuvant activity of house 

dust extracts. 

= OVA challenges

Bolus P3C, LPS,
ISS or HDE

= OVA immunizations

Day             0           7            14   É     35        41

OVA Only

OVA + Bolus

=

… 
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For experiments investigating the adjuvant effects of daily versus bolus exposures to 

HDE, presented in Figure 4, all groups of mice (n = 4 per group) were immunized 3 

times, on a weekly basis with OVA (100 µg).  The first group received no other 

treatments; the second group received a bolus of HDE (20µL) with each OVA 

immunization; the third group received one seventh of the bolus dose of HDE 

(2.86µL) on a daily basis, beginning 7 days before the first and ending on the last 

OVA immunization; and the last group received both daily and bolus exposures to 

HDE.   

 

 

 

 

 

 

 

Figure 4: Immunization schedule for experiments assessing daily versus bolus HDE 

exposures. 

= OVA challenges

= Daily HDE

= Bolus HDE

= OVA immunizations

Day    -7              0  7   14   É     35 41

Group A

Group B

Group C

Group D

… 
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For short-term desensitization experiments, presented in Figure 5, mice were 

sensitized with 3 weekly intraperitoneal (i.p.) immunizations with OVA (100 

µg/mouse) and alum (1 mg/mouse) in a total volume of 400µL of saline.  The OVA 

and alum samples were thoroughly mixed on a rotator for 30 minutes at room 

temperature immediately before use.  Three weeks after the final OVA sensitization, 

mice received 2 i.n. OVA (10 µg) challenges, spaced 6 days apart, and were assessed 

1 day after the final challenge. One group of mice began receiving daily HDE 

(2.86µL) 2 weeks before sacrifice.  Another group of mice received bolus HDE (20 

µL) with each OVA challenge. 

 

 

 

 

 

 

Figure 5: Immunization schedule for experiments assessing the effects of HDE exposures 

on sensitized mice. 

= OVA challenges

= Daily HDE

= Bolus HDE

= OVA / Alum

Day      0           7         14   É     28 35        41

Group A

Group B

Group C

… 
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In long-term desensitization experiments, presented in Figure 6 mice were 

sensitized and intranasally challenged with OVA with or without HDE, as in short-

term desensitization experiments.  However, these mice were observed for another 

month before receiving a second round of OVA challenges (10 µg) without HDE. 

 

 

 

 

 

 

Figure 6: Immunization schedule for experiments assessing the long-term effects of HDE 

exposures on allergic mice. 

= OVA challenges

= Daily HDE

= Bolus HDE

= OVA / Alum

Day    0   7  14   É   28         35        41   É     70        75

Group A

Group B

Group C

… … 
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2.5. Asthma Challenge Protocol 

In all experiments, mice were i.n. challenged with 10 µg of OVA, in a total of 

30µL of saline, delivered on 2 occasions, spaced 6 days apart.  Twenty-four hours 

after the final challenge dose of OVA, mice were exposed to doubling concentrations 

(3-48 mg/ml) of nebulized methacholine for 3 minutes each. Enhanced respiratory 

pause (Penh) levels were measured with a single-chamber whole-body 

plethysmography (Buxco, Troy, NY).  In the current studies methacholine responses 

are presented as the dose of methacholine leading to a doubling (200% increase) of the 

baseline Penh (McPC200). 

 

2.6. Retro Orbital Bleeds and Sacrifice 

Before sacrifice, mice were lightly anesthetized with isoflurane by open-drop 

method and bled retro-orbitally with heparinized capillary tubes (Fisher).  

Approximately 200µL of blood were collected from each mouse.  The depth of 

anesthesia was carefully monitored by observing the respiratory pace of the mouse.  

These blood samples were then centrifuged and blood sera were removed and stored in 

0.6µL microcentrifuge tubes (Fisher) at -20°C until ready to be assessed by ELISA for 

antibody levels.  Mice were then euthanized by carbon dioxide inhalation.  Cervical 

dislocation was avoided in order to preserve the integrity of the trachea. 
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2.7. Bronchoalveolar Lavage 

At death, bronchoalveolar lavages (BALs) were performed.  The throats of the 

mice were sprayed with 70% ethanol before incisions were made.  Tracheas were 

isolated by clearing the fur, skin, and tissue covering them.  Once the tracheas were 

exposed, suture was threaded under them and 21 gauge needles (Becton Dickinson and 

Co., Franklin Lakes, NJ) were used to create single holes through one side of the 

trachea.  Syringes were filled with 800µL of PBS and attached to aluminum hub blunt 

needles (Tyco Healthcare, Mansfield, MA).  The blunt needles were carefully inserted 

into the holes made in the tracheas and slipknots were tied with the suture to secure 

the trachea around the needle.  The PBS was injected into the lungs, the chests of the 

mice were then gently massaged and 500µL of fluid were retrieved.  The BAL was 

then injected back into the trachea, chests were massaged once again, and all available 

fluid was retrieved from the lungs. 

 

2.8. Lungs 

After BAL fluids were retrieved, lungs were inflated with 600µL of Optimal 

Cutting Temperature (O.C.T.) fixing compound (Sakura Finetek, Torrance, CA) via 

the same hole in the trachea.  The lungs were then removed from the mouse and 

placed in plastic base molds (Fisher Scientific), covered in O.C.T. fixative and flash 

frozen in 2-methylbutane (Fisher Scientific) and dry ice.  Lungs were then sent to 
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UCSD Moores Cancer Center to be sectioned and stained for mucin, hematoxylin and 

eosin (H and E), and major basic protein (MBP). 

 

2.9. Cytospins and Cell Counts 

BAL fluids were centrifuged and supernatants were stored at -20°C until ready 

to be assessed for cytokine levels by ELISA.  Pellets were lysed with ACK Lysis 

Buffer (BioWhittaker, Walkersville, MD), washed with PBS, and then resuspended in 

1mL of PBS.  Using a cytospin 4 centrifuge (ThermoShandon, Cheshire, UK), 200µL 

of the 1mL solutions were spun onto glass microscope slides (precleaned 

Superfrost/Plus; Fisher Scientific, Pittsburgh, PA) and stained with Wright-Giemsa 

stain (Sigma, St. Louis, MO).  Over 100 cells were counted on each slide to determine 

the percentage of cell types present.  The remaining 800µL were centrifuged, stained 

with Turks, and counted for total cell numbers.  

 

2.10. Splenic and Bronchial Lymph Node Cell Cultures 

Splenocyte cultures were prepared by placing spleens in 60mm Petri dishs 

(Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) with 5mL of sterile C10 

complete media and gently teasing them with sterile forceps to create single-cell 

suspensions.  Contents were then transferred to a 50mL tube (Falcon) containing 5mL 

of media and 5mL of fresh media were used to rinse dishes and added to the 50mL 

tube to make a total volume of 15mL.  Solutions were allowed to sit for 5 minutes to 
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allow large particulates to settle.  Cell suspensions were then transferred to new 50mL 

tubes and centrifuged at 1000 rpm for 10 minutes at 4°C.  Supernatants were discarded 

and pellets resuspended in 5mL of media for counting.  

Bronchial lymph node (BLN) cultures were prepared by placing BLNs in a 

60mm Petri dish (Falcon) with 2mL of sterile media.  Contents were then transferred 

to 15mL tubes (Corning) and 2mL of digestion buffer were added.  Sterile stir bars 

were placed in each tube and were inverted on a stir plate and allowed to rotate for 1 

hour or until all tissue was dissolved.  Next, 5mL of media were added and the tubes 

were centrifuged at 1000 rpm for 5 minutes at 4°C.  Supernatants were discarded and 

pellets were resuspended in 3mL of ACK lysis buffer.  Tubes were allowed to 

incubate at room temperature for 3 minutes to allow large precipitates to fall to the 

bottom.  Cell suspensions were then transferred to new 15 mL tubes with 10mL of 

media and the tubes were centrifuged as before.  Supernatants were then discarded and 

pellets were resuspended in 3 mL of media for counting 

Splenocytes and BLN cells were counted using a microscope and 

hemacytometer, and volumes were adjusted to appropriate concentrations and plated 

on 96-well round bottom tissue culture plates (Corning Inc.).  Splenocytes and BLN 

cells were cultured in quadruplicate for each mouse in media with or without OVA 

(50µg/mL) at a final concentration of 2.5 x 10
6
 cells/mL.  Supernatants were harvested 

at 72 and 96 hours after culture in a 37°C incubator and were assayed for cytokine 

content by ELISA.  
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2.11. Enzyme-Linked Immunosorbent Assays 

2.11.1. OVA-Specific Antibody Responses 

Sera concentrations of OVA-specific immunoglobulin G1 (IgG1), IgG2a, and 

IgE were determined by ELISA.  For IgE assessment, 15 µL of sera were added to 270 

µL of a 50% slurry of G-absorption sepharose beads (Lonza, Basel, Switzerland) in 

BBS to remove IgG and increase the sensitivity of the assay to IgE.  These G-absorbed 

sera were stored at -20°C until ready to be assessed. 

Half-area, 96 well, flat bottom, EIA/RIA ELISA plates (Corning Inc.) were 

coated with 50 µL per well of OVA at a concentration of 5µg/mL (diluted in carbonate 

buffer), and incubated overnight at 4°C.  The next day, the plates were washed 6 times 

by hand with 0.05% tween/PBS, patted dry, and incubated at 37°C for 2 hours in 150 

µL of blocking buffer per well.  After another wash and pat dry, standards and 

samples were added at 50 µL per well.  Standards were made of high-titer anti-OVA 

antibodies with end point titrations of 2048 units for IgG1 and IgG2a, and 1024 for 

IgE.  Standards and samples were serially diluted 1:4 and plates were incubated again 

overnight at 4°C.   

The next day, IgG1 and IgG2a ELISA plates were washed, patted dry, and 

appropriate concentrations of AP conjugated detection antibodies were added to the 

wells at 50 µL per well.  The plates were then incubated for 1 hour at room 

temperature, washed 10 times and allowed to soak for 5 minutes and then patted dry.  

Next, 50uL of p-nitrophenyl phosphate (pNPP; Sigma) dissolved in DI water, were 
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added to each well and the color change in the plates were assessed by a 

spectrophotometer at 30 and 60 minutes, at a wavelength of 405nm. 

For IgE ELISAs, plates were washed and patted dry after the overnight 

incubation, and appropriate concentrations of non-conjugated detection antibodies 

were added.  The plates were then incubated for 1 hour at room temperature, were 

washed 6 times as before, and patted dry.  Appropriate concentrations of horseradish 

peroxidase (HRP) were added at 50 µL per well and allowed to incubate at room 

temperature for 1 hour.  The plates were then washed 10 times, allowed to soak for 5 

minutes and patted dry.  Finally, 50 µL of TMB substrate (KPL, Gaithersburg, MD) 

were added to each well, and the plates were allowed to incubate until the color 

reaction was visible in the fifth highest standard.  At this point, 50 µL of 1M 

phosphoric acid was added to each well to stop the reactions, and the plates were read 

at 450nm by a spectrophotometer. 

 

2.11.2. Cytokine Responses 

Half-area, 96 well, flat bottom, EIA/RIA ELISA plates (Corning Inc.) were 

coated with 50 µL of the appropriate concentrations of coating antibodies, diluted in 

carbonate buffer, and incubated overnight at 4°C.  The next day they were washed and 

patted dry, 150 µL of blocking buffer were added to each well, and the plates 

incubated at 37°C for 2 hours.  They were then washed and dried, and 72 and 96 hour 

splenic and BLN cell culture supernatants were added at a 1:2 dilution.  Standards 



37 

 

were serially diluted 1:3 from high standards of 10 µg/ml for IL-5, IL-10, and IFN-γ; 

0.5 µg/ml for IL-4; and 2.5 µg/ml for IL-13.  IL-5, IL-10, and IFN-γ plates then 

incubated overnight at 4°C, while IL-4 and IL-13 plates incubated for 2 hours at room 

temperature.   

After their 2 hour incubation, IL-4 and IL-13 ELISA plates were washed 6 

times and patted dry.  Appropriate concentrations of biotinylated detection antibodies 

were added at 50 µL per well, while an appropriate concentration of HRP was also 

added to the IL-4 ELISA plates, which incubated for 1 hour.  The IL-13 plates 

incubated for 2 hours in detection antibodies before they were washed and dried, and 

then incubated for 20 minutes in an appropriate concentration of HRP.   

After their overnight incubation period, IL-5, IL-10, and IFN-γ plates were 

washed 6 times and patted dry, and appropriate concentrations of biotinylated 

detection antibodies were added at 50 µL per well.  The plates were then incubated at 

room temperature for 1 hour, washed and dried.  Next, 50 µL of the appropriate 

concentrations of HRP were added to each well and the plates incubated for 1 hour at 

room temperature.   

After their respective incubation periods in HRP, plates were then washed 10 

times, soaked for 5 minutes, and then patted dry.  Next, 50 µL of TMB substrate 

(KPL) was added to each well and allowed to develop until the color reaction was 

visible in the fifth highest standard at which point 50 µL of 1M phosphoric acid was 

added to stop the reactions.  All cytokine plates were read at 450nm by a 

spectrophotometer. 
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2.12. Statistical Analyses 

Statistical analyses were conducted using the software program Statview 

(Abacus Concepts, Berkeley, CA).  All data were analyzed by two-tailed unpaired 

student t-tests to obtain means and standard errors for groups.  
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3. Results 

3.1. Intermittent airway HDE exposures have Th2-biasing 

adjuvant activity in mice. 

To investigate the potential of HDEs to function as adjuvants, mice were i.n. 

immunized at three weekly intervals with OVA alone or OVA plus escalating doses of 

a HDE standard.  Compared to mice receiving OVA alone, mice i.n. immunized with 

OVA and HDE developed dose-dependent increases in their OVA-specific immune 

responses (data not shown). Based on these preliminary studies, we determined that a 

dose of 20µL of HDE (100mg/mL stock) provided optimal adjuvant activity.  

In subsequent experiments, outlined in Figure 7, the adjuvant activities of 

HDEs derived from 10 homes were compared to those of purified TLR ligands.  LAL 

assays were used to determine the endotoxin content of the HDEs under study.  The 

20µl HDE dose used in these studies contained from 11-132ng of LPS.  Therefore, one 

control group of mice was i.n. immunized with OVA and LPS at 100ng (low-dose 

LPS).  Additional experimental groups were i.n. immunized with OVA alone or with 

P-3-C, high-dose LPS (20µg), or ISS, according to the same vaccination schedule.  

Consistent with previous reports, OVA vaccination with P-3-C or low-dose LPS 

induced the development of Th2-biased responses (high OVA-specific IgE, IL-4, IL-5, 

and IL-13), while OVA vaccination with high-dose LPS or ISS drove the development 

of Th1-biased adaptive responses (high OVA-specific IgG2a and IFN-γ).  Compared 

to these adjuvants, all ten HDEs studied were found to promote robust and highly Th2-

polarized adaptive responses to OVA.  Two representative HDE samples are presented 
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in Figure 7A.  It should be noted that independent of the Th-bias of the pro-

inflammatory cytokines response, OVA-stimulated BLN cells from mice co-

immunized with OVA and HDE, P-3-C, LPS, or ISS, also produced IL-10, an anti-

inflammatory cytokine thought to be important in mucosal tolerance induction via the 

airways. 

To determine if mice described in Figure 7A developed airway 

hypersensitivities, they were i.n. challanged with OVA, beginning three weeks after 

their last immunization.  Airway allergen challenge responses were assessed 24 hours 

after the final i.n. challenge dose of OVA.  Compared to mice i.n. immunized with 

OVA alone, mice receiving i.n. OVA vaccinations with P-3-C or low-dose LPS 

developed stronger airway inflammatory responses, characterized by higher BALF 

total cell counts and increased frequencies of eosinophils and neutrophils in the 

airways (Figure 7B).  In contrast, mice i.n. co-immunized with OVA and high-dose 

LPS or ISS developed neutrophil-rich but eosinophil-poor airway inflammatory 

responses.  In comparison to these control groups, i.n. OVA/HDE-vaccinated and 

airway allergen-challenged mice generally had the highest BALF cell counts and 

eosinophil percentages (Figure 7B).  In addition, pulmonary function studies 

demonstrated that mice immunized with OVA and P-3-C, low-dose LPS, or HDEs, 

but not high-dose LPS or ISS developed an increased sensitivity to inhaled 

methacholine.  
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Figure 7: Adaptive and airway allergen challenge responses to weekly intranasal 

vaccinations with OVA and HDE.  Mice received 3 weekly intranasal immunizations 

with OVA (100 µµµµg) alone or with P-3-C (50 µµµµg), low-dose LPS (100ng), high-dose LPS 

(20 µµµµg), ISS (10 µµµµg), or HDEs (20 µ µ µ µL of 100mg/mL solutions), as described in Figure 3.  

A, OVA-specific immune responses. B, airway allergen challenge responses. 

 

3.2. Daily intranasal HDE exposures tolerize mice to their Th2 

adjuvant activities 

 Although Figure 7 experiments demonstrated that weekly i.n. exposures to 

HDE provided Th2 adjuvant activity for a co-administered allergen (OVA), these 

immunization schedules are unlikely to be reflective of real world airway exposures to 
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allergen non-specific immunostimulants in inspired air for several reasons.  First, 

immunostimulatory molecules in ambient air are distributed ubiquitously and evidence 

suggests that airway exposures to these molecules occur on a fairly continuous basis.  

Moreover, the adjuvant doses of HDE used in Figure 7 experiments exposed mouse 

airways to supra-physiologic levels of pro-inflammatory molecules, as evidenced by 

the fact that local inflammatory responses were observed 24 hours after delivery of 

adjuvant doses of HDE to naïve mice (data not shown). 

In order to better approximate physiological airway exposures to the 

immunostimulatory molecules present in HDEs and the living environments they 

represent, additional experiments were conducted in which HDE was delivered on a 

more frequent basis.  Mice were i.n. vaccinated with OVA three times weekly, as in 

Figure 7 experiments, while HDEs were delivered daily at one seventh the adjuvant 

dose (3uL per day or 63uL total) beginning 1 week before the first and ending with the 

last dose of OVA, weekly (21 µl per dose or 63uL total) with OVA, or both (126uL 

total).  The schedule for these experiments are presented in Figure 4.  In comparison 

to the robust Th2-biased immune response seen with weekly OVA/HDE-vaccinations, 

mice receiving i.n. HDE on a daily basis (n=5) developed little evidence of OVA-

specific immunity, with antibody and cytokine levels similar to those seen in mice 

vaccinated with OVA alone (Figure 8A).  Furthermore, the Th2-biased responses 

(OVA-specific IgE and IL-4, IL-5, and IL-13) observed in mice receiving weekly 

OVA/HDE vaccinations were markedly attenuated by concomitant daily HDE 

delivery, while IFN-γ and IL-10 responses were relatively preserved (Figure 8A).  
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When mice were i.n. OVA challenged three weeks after their last 

immunization, it was found that daily airway HDE exposures protected mice receiving 

concurrent weekly i.n. OVA/HDE vaccinations from developing Th2-biased airway 

hypersensitivity responses; total BALF cell counts were greatly attenuated, and 

eosinophil percentages and methacholine sensitivities were similar to those of mice 

immunized with OVA alone (Figure 8B).  Finally, while histological evaluation of the 

lungs of mice receiving weekly i.n. sensitizing doses of OVA and HDE demonstrated 

marked eosinophilc inflammation, mucous production and goblet cell hyperplasia, 

these inflammatory changes were markedly attenuated if mice concurrently received 

i.n. HDE on a daily basis. 
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Figure 8: Influence of daily intranasal HDE exposures on adaptive and airway allergen 

challenge responses to weekly intranasal OVA/HDE vaccinations.  Mice received 3 

weekly intranasal immunizations with OVA, as in Figure 7.  Select groups of mice were 

also treated with daily (D) low-dose HDE (2.86 µµµµL/day of a 100mg/mL solution) for 21 

days (60 µµµµL total), weekly (W; 20-µµµµL dose; 60 µµµµL total), or both (W/D; 120 µµµµL total), as 

described in Figure 4. A, OVA-specific immune responses. B, airway allergen challenge 

responses. 
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3.3. Intranasal HDE exposures modify allergen-induced airway 

hypersensitivity responses. 

In addition to non-sensitized children, allergic children are also regularly 

exposed to allergen non-specific immunostimulants ubiquitous in ambient air.  

Therefore, in additional experiments we considered the effects of HDE exposures on 

sensitized mice (representing allergic children) undergoing airway allergen challenge.  

In the conduct of these experiments, mice were first sensitized by three intraperitoneal 

(i.p.) injections of OVA and alum.  One week before the airway OVA challenge 

began, one group of mice began receiving i.n. low-dose (3µl per dose or 42µl total) 

HDE, the last dose being given with the final challenge dose of OVA.  Another group 

of sensitized mice received high-dose HDE (21µl per dose or 42 µl total) with each 

i.n. OVA challenge dose. The design of these experiments are outlined in Figure 5. 

Compared to OVA-sensitized mice receiving no treatment, sensitized mice 

receiving daily i.n. HDE had markedly attenuated OVA-specific BLN mononuclear 

cell cytokine responses (IL-4, IL-5, IL-13, and IL-10) (Figure 9A).  In contrast, mice 

receiving high dose i.n. HDE with each OVA challenge dose had increased OVA-

specific cytokine responses.  BLNs from all experimental groups displayed weak IFN-

γ responses (data not shown).  Moreover, no significant differences were found in the 

OVA-specific serum antibody levels of the 3 treatment groups.  

As in previously described experiments, airway allergen challenge responses 

of mice described in Figure 9A were assessed.  Compared to OVA-sensitized and 

challenged mice not receiving HDE, mice receiving daily i.n. HDE during the airway 
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allergen challenge period displayed substantial decreases in their total BALF cell 

counts and eosinophil percentages, a reduction in lung inflammation, and a reduced 

sensitivity to inhaled methacholine (Figure 9B).  Interestingly, sensitized mice 

receiving high dose i.n. HDE concurrently with each i.n. OVA challenge also had 

attenuated airway allergen challenge responses, but effects were modest compared to 

those induced by daily HDE exposures.   
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Figure 9: Adaptive and airway hypersensitivity responses to daily and weekly HDE 

exposures during allergen challenge in sensitized mice.  Select groups of OVA/alum-

sensitized mice received HDE intranasally during the OVA challenge period in accord 

with the weekly (W) and daily (D) delivery schedules described in Figure 5. A, OVA-

specific immune responses. B, airway allergen challenge responses. 
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3.4. Intranasal HDE delivery during primary allergen challenges 

leads to persistent changes in airway allergen responsiveness. 

Having demonstrated that i.n. exposures to the immunostimulatory contents of 

HDEs provided protection against OVA challenge induced airway hypersensitivity 

responses, we next considered whether these experimental mice experienced long 

lasting OVA tolerance.  To address this issue, mice described in Figure 9 were not 

sacrificed after airway allergen challenges. Instead, the mice were observed for 1 

month before receiving a second OVA challenge without HDE.  Figure 6 presents the 

schedule for these experiments.  

As with results presented in Figure 9A, no major differences were found in the 

humoral immune profiles of mice belonging to the 3 experimental groups (Figure 

10A).  Moreover, after secondary airway allergen challenge, BLN cytokine responses 

of mice receiving daily low-dose and intermittent high-dose HDE during the primary 

airway OVA challenge period continued to be lower and higher than those of mice left 

unexposed to HDE, respectively.  However, differences between experimental groups 

were less impressive than seen after primary airway OVA challenges (Figure 9A 

experiments). 

Airway OVA challenge responses of mice described in Figure 10A are 

presented in Figure 10B.  As in Figure 9B experiments, OVA sensitized mice 

receiving daily i.n. low-dose HDE during the primary OVA challenge period, 

continued to have modestly attenuated responses to secondary airway challenge with 

OVA alone, compared to mice only receiving i.n. OVA during both airway challenge 



49 

 

periods.  However, mice receiving intermittent HDE with each OVA dose during the 

primary allergen challenge period and HDE naïve mice had airway hypersensitivity 

responses that were similar in magnitude after secondary airway OVA challenge.  
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Figure 10: Long-term modulatory effects of daily and weekly HDE exposures during 

primary allergen challenge in sensitized mice.  Select groups of OVA/alum-sensitized 

mice received HDE during primary OVA challenge period in accord with weekly (W) 

and daily (D) delivery schedules and were observed 1 month later, as described in Figure 

6. A, OVA-specific immune responses. B, airway allergen challenge responses. 
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4. Discussion 

Environmental exposures play an important role in immune education during 

the first years of life and are believed to have a substantial influence on allergic risk 

throughout childhood 
1, 2

.  While aeroallergens are the target for sensitization and 

serve as the primary trigger for respiratory allergic disease symptoms, laboratory and 

epidemiological studies suggest that other ubiquitous factors, such as TLR ligands, are 

capable of modifying host responses to ambient aeroallergens. Our laboratory 

reasoned that sterile HDEs would provide a complete sampling of the allergen 

nonspecific immunostimulatory molecules present in the living environments from 

which they were derived and therefore would be ideal surrogates for studying the 

immunostimulatory potential of their environments of origin.  In previously published 

investigations, we and others have found that HDEs contain a variety of TLR ligands 

and are capable of activating the innate immune system.  In the current studies, we 

investigated how airway HDE exposures impacted on the development of 

hypersensitivities to an experimental allergen in naïve mice and the Th2 biased airway 

hypersensitivity responses of previously Th2 sensitized mice.  

In initial experiments, we established that HDEs were effective mucosal 

adjuvants, as mice receiving 3 weekly i.n. immunizations with OVA alone mounted 

very weak adaptive responses compared to mice i.n. co-immunized with OVA and 

HDEs derived from 10 different homes (Figure 7A and data not presented).  

Moreover, compared to mice immunized with OVA and Pam-3-Cys, LPS, or ISS-

ODN, mice immunized with all HDEs tested (n=10) developed highly Th2-polarized 
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adaptive responses (Figure 7A).  In addition, i.n. OVA/HDE immunized mice 

developed robust Th2-biased airway hypersensitivity responses upon airway allergen 

challenge (Figure 7B). 

As previously discussed, TLR2, TLR4, and TLR9 ligands are ubiquitous in 

ambient air and living environments.  Furthermore, studies presented in Figure 7 

demonstrated that Pam-3-Cys and low-dose LPS were Th2 adjuvants, whereas high-

dose LPS and ISS functioned as Th1 adjuvants.  Taken together, these considerations 

suggest that the Th2 adjuvant activities associated with HDEs may be at least partially 

due to their content of TLR2 and TLR4 ligands.  In this vein, the TLR9 ligand content 

of the HDEs studied appears to have been inadequate to induce features of Th1-

polarized adaptive responses (i.e. strong IgG2a and IFN-γ responses). 

The hygiene hypothesis suggests that microbial exposures protect against the 

development of allergic hypersensitivities. Therefore, results of Figure 7 experiments 

were not initially anticipated.  However, it can be argued that the vaccination scheme 

used in these studies was not reflective of clinical exposures, as TLR ligands and other 

immunostimulants, while ubiquitous, appear to be present at very low concentrations 

in most ambient air samples tested.  For example, a study conducted by Rabinovitch et 

al. reported that while endotoxin levels in ambient air samples varied over a 5 log 

range, on average, children inspire the equivalent of 266pg of endotoxin per day.  In 

contrast, HDE doses used in Figure 7 experiments delivered the equivalent of 11-

132ng of endotoxin to the lungs of vaccinated mice.  Furthermore, the airways of mice 

i.n. treated with adjuvant doses of HDE developed a significant neutrophilic 
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inflammatory response that was readily apparent 24 hours later (data not presented),  

while neutrophils are rare in the airways healthy children and mice.  

In order to better model clinical airway exposures to ambient 

immunostimulants, we conducted additional investigations in which mice received 3 

weekly i.n. vaccinations with OVA, as in Figure 7 experiments, while HDEs were i.n. 

delivered daily beginning 7 days before the first and finishing with the last OVA 

immunization, weekly with OVA,  or both.  Daily i.n. HDE delivery had little adjuvant 

effect on OVA-specific responses (Figure 8A).  More importantly, daily airway HDE 

exposures greatly attenuated Th2-biased immune responses to concurrent weekly i.n. 

OVA/HDE immunizations, whereas BLN IFN-γ and IL-10 responses were relatively 

preserved.  Finally, daily airway HDE exposures protected weekly intranasal 

OVA/HDE-immunized mice from developing Th2-biased airway hypersensitivity 

responses after i.n. OVA challenges (Figure 8B).   

In line with these observations, inflammatory changes noted 24 hours after a 

single bolus dose of HDE, were almost completely extinguished by pre-treating mice 

for a week with low dose HDE on a daily basis (data not presented).  These results 

indicate that daily low dose HDE delivery to the airways rendered mice resistant to 

both the adjuvant and inflammatory activities associated with bolus HDE exposures.  

In additional experiments, we found that mice that are airway exposed to daily HDE 

and weekly OVA were highly resistant to OVA sensitization for at least two months 

(data not shown).  Taken together, these experimental results established that daily 

HDE exposures have the potential to induce long-lived allergen specific tolerance. 
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Considering that the bioactivities of HDEs have been demonstrated to act in 

large part through TLR-dependent pathways, it is reasonable to speculate that TLRs 

also play a role in the tolerogenic activities of HDEs.  To test this hypothesis, we 

conducted additional experiments analogous to those described in Figure 8, in which 

LPS was delivered to the airways of i.n. OVA immunized mice by the bolus and daily 

schedules used with HDEs. As with HDEs, purified LPS was found to have both 

adjuvant and tolerogenic activities (data not shown).  

To better understand why HDEs function as adjuvants with intermittent airway 

exposures and tolerogenic agents with daily airway exposures, we assessed the innate 

immune response induced by these i.n. HDE delivery schedules.  As just noted, a 

single i.n. bolus of HDE was found to induce a neutrophil rich inflammatory response 

that was extinguished if mice were pretreated with a 7 day course of daily i.n. low-

dose HDE exposures.  Furthermore, splenocytes harvested from mice receiving i.n. 

HDE for a week, produced far less IL-12p40 and IL-6 and other pro-inflammatory 

cytokines, in response to in vitro stimulation with LPS and other TLR ligands than did 

splenocytes from naïve mice.  In contrast, the production of IL-10, a cytokine believed 

to play a significant role in the development of allergen-specific tolerance, was 

preserved.  A similar immune dampening phenomenon (LPS tolerance) has been 

described when immunocytes are pre-incubated and then restimulated with purified 

TLR ligands.  Hypothesizing that IL-10 might be a key cytokine responsible for 

allergen specific tolerance induction in mice airway exposed to HDE on a daily basis, 

we replicated experiments described in Figure 8 with IL-10 deficient mice.  However, 
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as in wild type mice, intermittent and daily i.n. HDE exposures were found to have 

Th2 adjuvant and tolerogenic activities, respectively, in IL-10 deficient mice (data not 

presented).  Consistent with these results, other investigators have found that IL-10 

production contributes but is not absolutely required for the development of LPS 

tolerance. 

Apart from cytokines, a variety of intracellular signaling molecules have been 

identified that play a role in the development of LPS tolerance.  Previous studies have 

shown that SHIP (SH2-containing inositol-5’-phosphatase), a molecule able to 

suppress hematopoetic cell activation, proliferation, and cytokine production, is 

upregulated in hematopoetic cells upon initial exposures to LPS 
78

.  Moreover, bone 

marrow derived macrophages and mast cells from mice deficient in this molecule are 

incapable of developing LPS tolerance.  In addition, mice deficient in IRAK-M, a 

negative regulator of the TLR signaling pathway, display increased inflammatory 

responses to bacterial infections and are unable to develop LPS tolerance 
79

.  Finally, 

the transcription factor STAT3, has been found to play a role in the development of 

LPS tolerance 
80

.  As TLRs appear to have a major role in mediating the 

immunostimulatory activities of HDEs we speculate that these and potentially other 

molecules involved in LPS tolerance could be responsible for the tolerogenic activities 

associated with regular airway HDE exposures.  This hypothesis is currently being 

tested with experiments that are ongoing in our laboratory. 

Experiments presented in Figures 7 and 8 considered how ambient exposures 

to the immunostimulatory contents of HDEs influenced the development of 
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aeroallergen sensitization.  However, children who have already developed allergic 

asthma also inspire air containing LPS and other allergen nonspecific 

immunostimulatory molecules. Therefore, additional investigations were conducted to 

assess whether intermittent high dose and daily low dose HDE delivery modified 

allergen specific immunity and the allergen induced airway hypersensitivity responses 

of previously Th2 sensitized mice (Figure 9).  BLN cells from Th2 sensitized mice 

exposed to HDE by the daily delivery schedule during the airway allergen challenge 

period displayed significant reductions in OVA-specific Th2 cytokine production and 

markedly attenuated airway hypersensitivity responses.  In contrast, BLN cells from 

Th2-sensitized mice treated with high dose HDE only on airway OVA challenge days 

produced higher levels of pro-inflammatory cytokines and IL-10 than BLN cells from 

control mice.  However, despite their increased Th2 cytokine production, bolus HDE 

treated mice also had modestly attenuated airway hypersensitivity responses compared 

to HDE untreated mice.  

The observation that daily airway HDE exposures attenuated airway 

hypersensitivity responses of previously Th2-sensitized mice is consistent with the 

influence of this HDE delivery schedule on OVA sensitization in naïve mice.  In both 

instances, parameters of OVA-specific, Th2-biased immunity appeared suppressed 

and coordinate inhibition of the airway response to OVA challenge was seen.  

However, in the case of Th2-sensitized mice intermittently exposed to HDE during the 

airway challenge period, attenuated airway hypersensitivity responses are less readily 

explained.  One potential explanation is that IL-10, an anti-inflammatory cytokine 
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produced at increased levels by BLN cells of bolus HDE treated mice, contributed to 

their attenuated responses to airway allergen challenge.  In additional experiments not 

presented herein, we observed that the innate airway response to HDE exposures 

includes short-term increases in IFN-γ, IL-17 and IL-23 production by cells residing in 

the lungs.  We speculate that the innate cytokine response to HDE exposures, which 

includes production of these and other cytokines known to inhibit the activities of Th2 

effector cells, played at least a supporting role in inhibiting the airway hypersensitivity 

response of bolus airway HDE exposed mice undergoing allergen challenge.  

However, it is clear that further investigations will be needed to fully understand how 

airway HDE exposures inhibit allergen induced Th2-biased airway hypersensitivity 

responses. 

A final series of experiments assessed whether Th2 sensitized mice receiving 

i.n. HDE during a primary series of airway allergen challenges experienced long-lived 

changes in their airway response to allergen challenge and their allergen specific 

immune status (Figure 10).  Compared to HDE untreated mice, OVA stimulated BLN 

cells from mice receiving HDE by the daily and bolus delivery schedules during the 

primary airway allergen challenge period were found to produce Th2 cytokines and 

IL-10 at modestly reduced and increased levels, respectively.  Moreover, 

hypersensitivity responses of daily HDE treated mice remained modestly attenuated 

after secondary airway allergen challenge compared to those of HDE naïve mice.  In 

contrast, airway hypersensitivity responses of mice receiving bolus HDE during the 
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primary allergen challenge period were not significantly different from those of 

control mice after secondary i.n. OVA challenges.  

 Taken together, experimental results presented in Figures 9 and 10 suggest 

that regular low-dose airway exposures to the allergen nonspecific immunostimulatory 

contents of HDEs are more effective than intermittent high dose exposures in 

attenuating pre-existing hypersensitivities to aeroallergens.  Nonetheless, experimental 

results presented in Figure 10 demonstrated that airway hypersensitivities were not 

fully extinguished by a limited period of allergen/HDE co-exposure.  In considering 

these data further, it is important to emphasize that physiological airway exposures to 

TLR ligands and other airborne allergen nonspecific immunostimulants are likely to 

be relatively continuous.  Therefore, we anticipate that over a longer time frame 

(months-years), regular/daily exposures to molecules that directly activate the innate 

immune system have greater potential to extinguish aeroallergen hypersensitivities in 

patients with allergic asthma than evidenced in the short term experimental asthma 

models (months) used in our investigations. 

 While many questions remain, investigations presented herein provide several 

insights that advance our understanding of the role of ambient exposures in the genesis 

and natural history of respiratory allergic diseases.  First, allergen non-specific 

immunostimulants ubiquitous in living environments were shown to have both Th2 

adjuvant.and tolerogenic potential.  Second, both levels and frequency of exposures to 

these molecules determines how they influence allergic status.  Finally, while the 

naive immune system can be readily educated to become tolerant to aeroallergens, the 



59 

 

immune system of the aeroallergen hypersensitive host is more resistant to long-term 

tolerance induction.  From a clinical perspective, these investigations provide direct 

evidence that ambient exposures to allergen nonspecific immunostimulatory 

molecules present in HDEs and the living environments they represent can have a 

profound influence on the genesis and persistence of respiratory allergic diseases.  



 

60 

5. References 

1. Holgate ST. The epidemic of allergy and asthma. Nature 1999; 402:B2-4. 

 

2. Horner AA, Raz E. Do microbes influence the pathogenesis of allergic 

diseases? Building the case for Toll-like receptor ligands. Curr Opin Immunol 

2003; 15:614-9. 

 

3. Liu AH, Murphy JR. Hygiene hypothesis: fact or fiction? J Allergy Clin 

Immunol 2003; 111:471-8. 

 

4. Martinez FD, Holt PG. Role of microbial burden in aetiology of allergy and 

asthma. Lancet 1999; 354 Suppl 2:SII12-5. 

 

5. Howarth PH. Is allergy increasing?--early life influences. Clin Exp Allergy 

1998; 28 Suppl 6:2-7. 

 

6. Wiedermann U, Herz U, Vrtala S, Neuhaus-Steinmetz U, Renz H, Ebner C, et 

al. Mucosal tolerance induction with hypoallergenic molecules in a murine 

model of allergic asthma. Int Arch Allergy Immunol 2001; 124:391-4. 

 

7. Akbari O, DeKruyff RH, Umetsu DT. Pulmonary dendritic cells producing IL-

10 mediate tolerance induced by respiratory exposure to antigen. Nat Immunol 

2001; 2:725-31. 

 

8. Breeze R, Turk M. Cellular structure, function and organization in the lower 

respiratory tract. Environ Health Perspect 1984; 55:3-24. 

 

9. Shelly MP. The humidification and filtration functions of the airways. Respir 

Care Clin N Am 2006; 12:139-48. 

 

10. Medzhitov R, Janeway C, Jr. The Toll receptor family and microbial 

recognition. Trends Microbiol 2000; 8:452-6. 

 

11. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. 

Cell 2006; 124:783-801. 

 

12. Blumenthal RL, Campbell DE, Hwang P, DeKruyff RH, Frankel LR, Umetsu 

DT. Human alveolar macrophages induce functional inactivation in antigen- 

specific CD4 T cells. J Allergy Clin Immunol 2001; 107:258-64. 

 

13. Constant SL, Brogdon JL, Piggott DA, Herrick CA, Visintin I, Ruddle NH, et 

al. Resident lung antigen-presenting cells have the capacity to promote Th2 T 

cell differentiation in situ. J Clin Invest 2002; 110:1441-8. 



61 

 

 

14. Bloemen K, Verstraelen S, Van Den Heuvel R, Witters H, Nelissen I, 

Schoeters G. The allergic cascade: review of the most important molecules in 

the asthmatic lung. Immunol Lett 2007; 113:6-18. 

 

15. Howarth PH, Salagean M, Dokic D. Allergic rhinitis: not purely a histamine-

related disease. Allergy 2000; 55:7-16. 

 

16. Akbari O, Stock P, DeKruyff RH, Umetsu DT. Mucosal tolerance and 

immunity: regulating the development of allergic disease and asthma. Int Arch 

Allergy Immunol 2003; 130:108-18. 

 

17. Platts-Mills TA, Woodfolk JA, Erwin EA, Aalberse R. Mechanisms of 

tolerance to inhalant allergens: the relevance of a modified Th2 response to 

allergens from domestic animals. Springer Semin Immunopathol 2004; 

25:271-9. Epub 2003 Nov 7. 

 

18. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol 2004; 

4:499-511. 

 

19. Liu YJ, Kanzler H, Soumelis V, Gilliet M. Dendritic cell lineage, plasticity and 

cross-regulation. Nat Immunol 2001; 2:585-9. 

 

20. Hoebe K, Janssen E, Beutler B. The interface between innate and adaptive 

immunity. Nat Immunol 2004; 5:971-4. 

 

21. Gutcher I, Becher B. APC-derived cytokines and T cell polarization in 

autoimmune inflammation. J Clin Invest 2007; 117:1119-27. 

 

22. Macian F, Im SH, Garcia-Cozar FJ, Rao A. T-cell anergy. Curr Opin Immunol 

2004; 16:209-16. 

 

23. Lakhani S, Flavell RA. Caspases and T lymphocytes: a flip of the coin? 

Immunol Rev 2003; 193:22-30. 

 

24. Verhagen J, Blaser K, Akdis CA, Akdis M. Mechanisms of allergen-specific 

immunotherapy: T-regulatory cells and more. Immunol Allergy Clin North Am 

2006; 26:207-31, vi. 

 

25. Chen L. Co-inhibitory molecules of the B7-CD28 family in the control of T-

cell immunity. Nat Rev Immunol 2004; 4:336-47. 

 



62 

 

26. Tafuri A, Shahinian A, Bladt F, Yoshinaga SK, Jordana M, Wakeham A, et al. 

ICOS is essential for effective T-helper-cell responses. Nature 2001; 409:105-

9. 

 

27. Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA. Instruction 

of distinct CD4 T helper cell fates by different notch ligands on antigen-

presenting cells. Cell 2004; 117:515-26. 

 

28. Trinchieri G. Interleukin-12 and the regulation of innate resistance and 

adaptive immunity. Nat Rev Immunol 2003; 3:133-46. 

 

29. de Jong EC, Smits HH, Kapsenberg ML. Dendritic cell-mediated T cell 

polarization. Springer Semin Immunopathol 2005; 26:289-307. Epub 2004 Oct 

14. 

 

30. Dodge IL, Carr MW, Cernadas M, Brenner MB. IL-6 production by pulmonary 

dendritic cells impedes Th1 immune responses. J Immunol 2003; 170:4457-64. 

 

31. Diehl S, Chow CW, Weiss L, Palmetshofer A, Twardzik T, Rounds L, et al. 

Induction of NFATc2 expression by interleukin 6 promotes T helper type 2 

differentiation. J Exp Med 2002; 196:39-49. 

 

32. Agarwal S, Viola JP, Rao A. Chromatin-based regulatory mechanisms 

governing cytokine gene transcription. J Allergy Clin Immunol 1999; 103:990-

9. 

 

33. Kaneko T, Hosokawa H, Yamashita M, Wang CR, Hasegawa A, Kimura MY, 

et al. Chromatin remodeling at the Th2 cytokine gene loci in human type 2 

helper T cells. Mol Immunol 2007; 44:2249-56. 

 

34. O'Garra A. Cytokines induce the development of functionally heterogeneous T 

helper cell subsets. Immunity 1998; 8:275-83. 

 

35. Zhang DH, Cohn L, Ray P, Bottomly K, Ray A. Transcription factor GATA-3 

is differentially expressed in murine Th1 and Th2 cells and controls Th2-

specific expression of the interleukin-5 gene. J Biol Chem 1997; 272:21597-

603. 

 

36. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an 

effector CD4 T cell lineage with regulatory T cell ties. Immunity 2006; 

24:677-88. 

 

37. Kawaguchi M, Adachi M, Oda N, Kokubu F, Huang SK. IL-17 cytokine 

family. J Allergy Clin Immunol 2004; 114:1265-73; quiz 74. 



63 

 

 

38. McHugh RS, Shevach EM. The role of suppressor T cells in regulation of 

immune responses. J Allergy Clin Immunol 2002; 110:693-702. 

 

39. Francois Bach J. Regulatory T cells under scrutiny. Nat Rev Immunol 2003; 

3:189-98. 

 

40. Weiner HL. Oral tolerance: immune mechanisms and the generation of Th3-

type TGF- beta-secreting regulatory cells. Microbes Infect 2001; 3:947-54. 

 

41. Iwasaki A, Kelsall BL. Freshly isolated Peyer's patch, but not spleen, dendritic 

cells produce interleukin 10 and induce the differentiation of T helper type 2 

cells. J Exp Med 1999; 190:229-39. 

 

42. Akbari O, Freeman GJ, Meyer EH, Greenfield EA, Chang TT, Sharpe AH, et 

al. Antigen-specific regulatory T cells develop via the ICOS-ICOS-ligand 

pathway and inhibit allergen-induced airway hyperreactivity. Nat Med 2002; 

8:1024-32. 

 

43. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by 

the transcription factor foxp3. Science 2003; 299:1057-61. 

 

44. Schmidt-Weber CB, Blaser K. The role of the FOXP3 transcription factor in 

the immune regulation of allergic asthma. Curr Allergy Asthma Rep 2005; 

5:356-61. 

 

45. Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms C, et 

al. JM2, encoding a fork head-related protein, is mutated in X-linked 

autoimmunity-allergic disregulation syndrome. J Clin Invest 2000; 106:R75-

81. 

 

46. Prescott SL, Macaubas C, Holt BJ, Smallacombe TB, Loh R, Sly PD, et al. 

Transplacental priming of the human immune system to environmental 

allergens: universal skewing of initial T cell responses toward the Th2 cytokine 

profile. J Immunol 1998; 160:4730-7. 

 

47. Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt PG. 

Development of allergen-specific T-cell memory in atopic and normal 

children. Lancet 1999; 353:196-200. 

 

48. Platts-Mills TA, Ward GW, Jr., Sporik R, Gelber LE, Chapman MD, Heymann 

PW. Epidemiology of the relationship between exposure to indoor allergens 

and asthma. Int Arch Allergy Appl Immunol 1991; 94:339-45. 

 



64 

 

49. Huss K, Adkinson NF, Jr., Eggleston PA, Dawson C, Van Natta ML, Hamilton 

RG. House dust mite and cockroach exposure are strong risk factors for 

positive allergy skin test responses in the Childhood Asthma Management 

Program. J Allergy Clin Immunol 2001; 107:48-54. 

 

50. Frew AJ. Advances in environmental and occupational diseases 2004. J 

Allergy Clin Immunol 2005; 115:1197-202. 

 

51. Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize L, et al. 

Environmental exposure to endotoxin and its relation to asthma in school-age 

children. N Engl J Med 2002; 347:869-77. 

 

52. Gereda JE, Klinnert MD, Price MR, Leung DY, Liu AH. Metropolitan home 

living conditions associated with indoor endotoxin levels. J Allergy Clin 

Immunol 2001; 107:790-6. 

 

53. Gereda JE, Leung DY, Liu AH. Levels of environmental endotoxin and 

prevalence of atopic disease. Jama 2000; 284:1652-3. 

 

54. Gereda JE, Leung DY, Thatayatikom A, Streib JE, Price MR, Klinnert MD, et 

al. Relation between house-dust endotoxin exposure, type 1 T-cell 

development, and allergen sensitisation in infants at high risk of asthma. 

Lancet 2000; 355:1680-3. 

 

55. Roy SR, Schiltz AM, Marotta A, Shen Y, Liu AH. Bacterial DNA in house 

and farm barn dust. J Allergy Clin Immunol 2003; 112:571-8. 

 

56. van Strien RT, Engel R, Holst O, Bufe A, Eder W, Waser M, et al. Microbial 

exposure of rural school children, as assessed by levels of N-acetyl-muramic 

acid in mattress dust, and its association with respiratory health. J Allergy Clin 

Immunol 2004; 113:860-7. 

 

57. Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF. A family of 

human receptors structurally related to Drosophila Toll. Proc Natl Acad Sci U 

S A 1998; 95:588-93. 

 

58. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, et al. The 

innate immune response to bacterial flagellin is mediated by Toll-like receptor 

5. Nature 2001; 410:1099-103. 

 

59. Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, Hayden 

MS, et al. TLR11 activation of dendritic cells by a protozoan profilin-like 

protein. Science 2005; 308:1626-9. Epub 2005 Apr 28. 

 



65 

 

60. Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ. 

Peptidoglycan- and lipoteichoic acid-induced cell activation is mediated by 

toll-like receptor 2. J Biol Chem 1999; 274:17406-9. 

 

61. Tapping RI, Akashi S, Miyake K, Godowski PJ, Tobias PS. Toll-like receptor 

4, but not toll-like receptor 2, is a signaling receptor for Escherichia and 

Salmonella lipopolysaccharides. J Immunol 2000; 165:5780-7. 

 

62. Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking 

innate and acquired immunity. Nat Immunol 2001; 2:675-80. 

 

63. Chisholm D, Libet L, Hayashi T, Horner AA. Airway peptidoglycan and 

immunostimulatory DNA exposures have divergent effects on the development 

of airway allergen hypersensitivities. J Allergy Clin Immunol 2004; 113:448-

54. 

 

64. Moynagh PN. TLR signalling and activation of IRFs: revisiting old friends 

from the NF-kappaB pathway. Trends Immunol 2005; 26:469-76. 

 

65. Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune 

responses. Nat Immunol 2004; 5:987-95. 

 

66. Ishii KJ, Akira S. Innate immune recognition of nucleic acids: beyond toll-like 

receptors. Int J Cancer 2005; 117:517-23. 

 

67. Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CA, Bottomly K. 

Lipopolysaccharide-enhanced, toll-like receptor 4-dependent T helper cell type 

2 responses to inhaled antigen. J Exp Med 2002; 196:1645-51. 

 

68. Horner AA, Raz E. Immunostimulatory sequence oligodeoxynucleotide-based 

vaccination and immunomodulation: two unique but complementary strategies 

for the treatment of allergic diseases. J Allergy Clin Immunol 2002; 110:706-

12. 

 

69. Kobayashi H, Horner AA, Takabayashi K, Nguyen MD, Huang E, Cinman N, 

et al. Immunostimulatory DNA pre-priming: a novel approach for prolonged 

Th1- biased immunity. Cell Immunol 1999; 198:69-75. 

 

70. Rhee CS, Libet L, Chisholm D, Takabayashi K, Baird S, Bigby TD, et al. 

Allergen-independent immunostimulatory sequence oligodeoxynucleotide 

therapy attenuates experimental allergic rhinitis. Immunology 2004; 113:106-

13. 

 



66 

 

71. Broide DH, Stachnick G, Castaneda D, Nayar J, Miller M, Cho JY, et al. 

Systemic administration of immunostimulatory DNA sequences mediates 

reversible inhibition of Th2 responses in a mouse model of asthma. J Clin 

Immunol 2001; 21:175-82. 

 

72. Takabayashi K, Libet L, Chisholm D, Zubeldia J, Horner AA. Intranasal 

immunotherapy is more effective than intradermal immunotherapy for the 

induction of airway allergen tolerance in th2-sensitized mice. J Immunol 2003; 

170:3898-905. 

 

73. Halperin SA, Van Nest G, Smith B, Abtahi S, Whiley H, Eiden JJ. A phase I 

study of the safety and immunogenicity of recombinant hepatitis B surface 

antigen co-administered with an immunostimulatory phosphorothioate 

oligonucleotide adjuvant. Vaccine 2003; 21:2461-7. 

 

74. Racila DM, Kline JN. Perspectives in asthma: molecular use of microbial 

products in asthma prevention and treatment. J Allergy Clin Immunol 2005; 

116:1202-5. 

 

75. Redecke V, Hacker H, Datta SK, Fermin A, Pitha PM, Broide DH, et al. 

Cutting edge: activation of Toll-like receptor 2 induces a Th2 immune 

response and promotes experimental asthma. J Immunol 2004; 172:2739-43. 

 

76. Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, Van Dyke T, et al. 

Cutting edge: different Toll-like receptor agonists instruct dendritic cells to 

induce distinct Th responses via differential modulation of extracellular signal-

regulated kinase-mitogen-activated protein kinase and c-Fos. J Immunol 2003; 

171:4984-9. 

 

77. Patel M, Xu D, Kewin P, Choo-Kang B, McSharry C, Thomson NC, et al. 

TLR2 agonist ameliorates established allergic airway inflammation by 

promoting Th1 response and not via regulatory T cells. J Immunol 2005; 

174:7558-63. 

 

78. Sly LM, Ho V, Antignano F, Ruschmann J, Hamilton M, Lam V, et al. The 

role of SHIP in macrophages. Front Biosci 2007; 12:2836-48. 

 

79. Suzuki N, Suzuki S, Yeh WC. IRAK-4 as the central TIR signaling mediator in 

innate immunity. Trends Immunol 2002; 23:503-6. 

 

80. Li Y, Chu N, Rostami A, Zhang GX. Dendritic cells transduced with SOCS-3 

exhibit a tolerogenic/DC2 phenotype that directs type 2 Th cell differentiation 

in vitro and in vivo. J Immunol 2006; 177:1679-88. 

 




