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Abstract

Purpose of Review—This review summarizes recent progress in our understanding how
environmental adjuvants promote the development of asthma.

Recent Findings—Asthma is a heterogeneous set of lung pathologies with overlapping features.
Human studies and animal models suggest that exposure to different environmental adjuvants
activate distinct immune pathways, which in turn give rise to distinct forms, or endotypes, of
allergic asthma. Depending on their concentrations, inhaled TLR ligands can activate either type 2
inflammation, or Th17 differentiation, along with regulatory responses that function to attenuate
inflammation. By contrast, a different category of environmental adjuvants, proteases, activate
distinct immune pathways and prime predominantly type 2 immune responses.

Summary—Asthma is not a single disease, but rather a group of pathologies with overlapping
features. Different endotypes of asthma likely arise from perturbations of distinct immunologic
pathways during allergic sensitization.

Keywords
asthma; endotypes; allergic sensitization; TLR ligands; proteases

Introduction

A wealth of evidence links environmental exposures to the development of asthma and to
exacerbations of that diseasel. In particular, exposures in early life have a profound and
often life-long impact on asthma development2. However, in most cases, the molecular and
cellular pathways that link specific exposures to disease processes remain poorly
understood. One reason for that is that asthma is no longer regarded as a single disease, but

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. http://www.springer.com/gb/open-
access/authors-rights/aam-terms-v1

cookd@niehs.nih.gov, 984-287-4245.

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of a an unedited peer-reviewed manuscript that has been
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept
up to date and so may therefore differ from this version.

Compliance with Ethical Standards The author declares that he has no competing interests.

Human and Animal Rights and Informed Consent This article includes studies performed in the author’s laboratory at the National
Institute of Environmental Health Sciences (NIEHS), Research Triangle Park, North Carolina. All animal studies were reviewed and
approved by the Institutional Animal Care and Use Committee at the NIEHS.


http://www.springer.com/gb/open-access/authors-rights/aam-terms-v1
http://www.springer.com/gb/open-access/authors-rights/aam-terms-v1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cook

Page 2

rather as a spectrum of lung pathologies that display overlapping features. The relatively
new concept of asthma endotypes includes the idea that perturbations of different signaling
pathways give rise to distinct forms of disease. It seems likely that events during allergic
sensitization, the presumptive first step in asthma development, can affect the nature,
severity and longevity of the disease. Accordingly, recent investigations have utilized animal
models to uncover the relationship between different environmental adjuvants and distinct
forms of allergic airway disease. Toll-like receptor (TLR) ligands, such as
lipopolysaccharide (LPS) and bacterial flagellin (FLA), can be readily found in samples of
house dust, and inhalation of each of these products act as potent adjuvants for allergic
sensitization through the airway. Similarly, protease activity is also found in house dust, and
many common allergens from dust mites and fungi possess protease activity.

Asthma and the environment

Allergic asthma is a chronic inflammatory disease of the airways characterized by
intermittent shortness of breath secondary to airway obstruction, airway
hyperresponsiveness (AHR) and inflammation3. The increasing prevalence of this disease
over the last several decades suggests that a change in the environment is driving the
development of this disease, as the time period during that increase is too short for genetic
drift to have had a significant effect. Furthermore, individuals moving from countries with
low asthma prevalence to countries with high asthma prevalence display increased asthma
prevalence in the new country®. A wealth of epidemiologic evidence links the prevalence of
allergic asthma with exposure to specific types of environmental exposures, including
various components of air pollution, such as ozone and particulate matter, as well as organic
products derived from bacteria and fungi. However, dissecting the mechanisms through
which these agents affect asthma is not straightforward because they could conceivably act
either during allergic sensitization to increase the incidence of asthma, or alternatively
during allergen re-exposures to increase the severity of exacerbations. The timing of
exposures might also influence the magnitude, or even the direction, of the effect, and
simultaneous exposures to multiple environmental agents could have unforeseen
consequences. An improved understanding of how the environment impacts asthma will be
critical for not only revealing novel therapeutic pathways, but also for establishing public
health policies that reduce the incidence and severity of this disease. Although factors such
as diet, exercise, stress, and the microbiota of the gut and lung are often regarded as
environmental factors, their impacts on asthma have been recently reviewed elsewhere>-10,
and will not be discussed here. Instead, | summarize here recent progress in our
understanding of how inhalation of airborne products in the environment can function as
adjuvants to promote allergic sensitization and asthma.

Asthma subtypes

Asthma has been traditionally regarded as a disease of the airways in which relatively large
numbers of eosinophils are present in the sputum, airway and/or blood. In general,
individuals with this form of asthma respond well to glucocorticoid treatment, the gold
standard asthma therapy1. However, approximately half of patients with asthma have a non-
eosinophilic form of this disease, often with predominantly neutrophilic inflammation of the
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airway12 13, Analysis of induced sputum has helped to classify asthma as being
eosinophilic, neutrophilic, mixed inflammation, and paucigranulocytic (relatively few
granulocytes)1!: 14, These and other studies have revealed that patients with non-eosinophilic
forms of asthma are poorly responsive to inhaled corticosteroids!!. Indeed, steroids might
actually exacerbate disease in these patients by inhibiting neutrophil apoptosis'®. Other
patients display both neutrophilic and eosinophilic inflammation, and this form of asthma is
associated with particularly low lung function and high health care costs.

The terms eosinophilic asthma and non-eosinophilic asthma are phenotypic designations
because they refer to observable characteristics. A different term, ‘endotype’, has been
proposed?’ to additionally include the idea that different forms of asthma are caused by
perturbations of different cellular and molecular pathways!!: 12, This is an important
distinction because an improved mechanistic understanding of how different pathways give
rise to different forms of asthma should in principle lead to novel therapies that selectively
target different types of asthma without compromising protective immune responses.

Eosinophilic asthma

It has long been recognized that in “allergic asthma’, allergen-specific T helper (Th)2 cells
produce the type 2 cytokines, IL-4, =5, and —13, which act synergistically to drive airway
pathology. IL-4 promotes immunoglobulin (Ig) class switching to IgE antibodies, which
bind to high affinity IgE receptors (FceR1) present on the surface of mast cells and basophils
(see below). IL-5 acts as an eosinophil growth factor in the bone marrow and also induces
eosinophil chemoattractants such as eotaxin-1, -2 and -3 (CCL11, CCL24, and CCL26,
respectively), which directly recruit eosinophils to the lung. These cells contain granules that
can release pro-inflammatory mediators, including major basic protein, eosinophil
peroxidase, and eicosanoids into the extracellular space. Finally, IL-13 promotes goblet cell
hyperplasia and airway hyperresponsiveness (AHR)!8 19, This general form of asthma is
sometimes referred to as type 2 (T2)-high to contrast it with T2-low forms of the disease that
tend to have fewer eosinophils and lower levels of type 2 cytokines.

Neutrophilic asthma

The origin of neutrophilic asthma remains uncertain, but likely includes a strong innate
immune component. However, several lines of evidence suggest that IL-17-producing Th17
cells20 contribute to asthma by driving recruitment of neutrophils to the airway?1-25, In
support of this, numbers of CD4* Th17 cells in the peripheral blood positively correlate with
asthma severity26: 27, Moreover, Th17 cells are resistant to glucocorticoids, which might at
least partly explain the observation that neutrophilic asthma tends to be steroid-resistant. The
degree to which infections drive neutrophilic asthma remains unclear, but Ch/amydia and
Haemophilus infections increase molecules that drive Th17 differentiation, including
NLRP3, caspase-1, and IL-1p. Furthermore, neutrophilic airway inflammation, disease
severity, and steroid resistance in human asthma correlate with NLRP3 and IL-1p
expression28, Together, these observations suggest that some bacteria or their products might
promote neutrophilic asthma by driving Th17 responses to inhaled bystander allergens. It is
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critical to develop a more comprehensive understanding of these pathways so that effective
therapies can be developed that selectively target specific asthma endotypes.

Allergic sensitization

Classically, allergic sensitization refers to the development of allergen-specific immune
responses that include production of allergen-specific IgE. When allergens bind the exposed,
variable region of IgE molecules on cell surfaces, the intracellular regions of these
antibodies undergo cross-linking, thereby triggering the release of secretory granules that
contain multiple pro-inflammatory mediators, including histamine, cytokines, and proteases.
This leads to an allergen-specific inflammatory response that is the basis for a positive
response in skin prick tests for allergic sensitization to individual allergens. An improved
understanding of the cellular and molecular basis of allergic sensitization is important
because it is likely one of the first events in the development of allergic asthma. Children
that display both wheeze and sensitization to perennial allergens during the first 5 years of
their lives are much more likely to develop severe asthma than children with wheeze that do
not display sensitivity to allergens?®. Moreover, the earlier in life that allergic sensitization
occurs, the more likely it is that this sensitization will be predictive of asthma30. Identifying
mechanisms that drive allergic sensitization might identify novel molecules and pathways
that can be targeted therapeutically to prevent asthma or reduce its incidence.

Environmental pathogens and their products

It has long been thought that exposure to various components of the environment can
contribute to the development of asthma. However, some environmental exposures can also
protect against developing this disease. For example, the hygiene hypothesis postulates that
increased hygiene, smaller families, and consequent decreased exposure to pathogens and
their products is at least partially responsible for the recent increase in allergic diseases such
as asthma3. Indeed, some lower respiratory tract infections have been shown to be
associated with protection from asthma32. However, this does not hold true for all pathogens,
as early life infections with RSV and rhinovirus are associated with an increased risk of
asthma. It remains unclear whether the infections associated with asthma predispose for the
development of this disease, or, conversely, whether children predisposed to develop asthma
are more likely to become infected with these viruses33. Some bacterial products have also
been linked to either protection from, or susceptibility to, asthma. The most widely studied
of these is LPS, a major component of the outer cell wall of Gram-negative bacteria. LPS is
ubiquitous in the environment and is active at extremely low concentrations. Some studies
have indicated that high levels of LPS in the environment, particularly on farms, can protect
against developing asthma34 3%, In agreement with this finding, extracts of house dust from
Amish households (which have relatively high levels of endotoxin) are protective in an
animal model of asthma, whereas extracts from Hutterite homes (which have lower amounts
of endotoxin) are not protective36. Paradoxically, however, other studies have demonstrated a
positive association between asthma and high household levels of bacteria or endotoxin3”.
While bacterial products might themselves have direct effects on promoting, or protecting
from, asthma, it is also possible that these products simply serve as surrogate markers for the
bacteria that produce them. A wealth of evidence in recent years has underscored the
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profound impact of microbiota on health. Accordingly, the ‘old friends’ hypothesis
postulates that allergic diseases stem in part from the loss of symbiotic relationship between
humans and various microorganisms38. In particular, exposure to a wide spectrum of
organisms appears to protect against developing atopic diseases. Conversely, frequent use of
antibiotics and “‘cleaner” living might lead to a less diverse microbiota that carries an
increased risk of asthma. It seems highly likely that the keen interest in how the microbiota
affects human health will lead to a rapid improvement in our understanding of which
microorganisms and their products impact the development and progression of asthma, and
the mechanisms by which they do so.

LPS-mediated allergic sensitization

The positive association seen in some studies between asthma and high household levels of
bacteria or endotoxin3? is consistent with the ability of bacterial products to act as adjuvants
to promote adaptive immune responses®?, including allergic responses to innocuous inhaled
allergens*1-44. Furthermore, almost all commercially available allergens, including house
dust mite allergens are ‘contaminated’ by LPS, which contribute to their allergenicity°.
Thus, it is critical to understand how LPS impacts allergic sensitization.

The experimental allergen, ovalbumin (OVA), is frequently used in animal models of
asthma. On its own, OVA is not allergenic, but Eisenbarth and colleagues reported several
years ago that large amounts of inhaled LPS (10 ug) promote Th1 responses to co-
administered OVA, whereas more moderate amounts of this product (100 ng) promote Th2
responses. Still lower amounts, which might be more similar to those encountered in natural
environments, were not tested, nor were the effects of LPS on Th17 and Treg responses. Our
laboratory showed that the moderate dose of 100 ng LPS strongly promotes the development
of OVA-specific Th17 cells, which are critical for airway neutrophilia and airway
hyperresponsiveness (AHR)Z®. Subsequent studies showed that the nature of allergen-
specific immune responses is exquisitely sensitive to the dose of LPS used during allergic
sensitization®6. In cultures of cells from lung-draining lymph nodes (LNs), type 2 cytokines
generally increased in concert with the dose of LPS used during the sensitization, except for
highest dose of LPS (10 pg), where almost no IL-4 or IL-5 was detected in LNs*L, By
contrast, the concentrations of IFN-y and IL-17 in LN cultures continued to increase up to
and including the highest dose of 10 ug LPS.

A more complicated picture emerged when mice sensitized using different amounts of LPS
were evaluated for their biologic responses to subsequent OVA challenge(s). Remarkably,
animals that had been sensitized to OVA using the extremely low dose of 0.1 pg LPS as the
adjuvant developed airway eosinophilia after a single allergen challenge, and additional
challenges led to stronger eosinophilia. Using a moderately higher dose of LPS (10 pg) as
the adjuvant during sensitization led to stronger eosinophilic responses to subsequent
allergen challenge, but using still larger amounts of LPS during the sensitization phase led to
fewer eosinophils and lower pulmonary levels of IL-5 (Figure 1). This result contrasts with
the very high amounts of type 2 cytokines in the regional LNs of these animals. Moreover,
when the dose of LPS used during sensitization is increased to 100 ng LPS, mice continue to
display relatively strong responses to a single allergen challenge, but the intensity of those
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responses is suppressed by additional daily challenges. Thus, although increasing doses of
LPS leads to progressively higher amounts of type 2 cytokines in regional LNs, those
responses are not predictive of either the intensity or the duration of responses to allergen
challenge. In contrast to these findings with type 2 cytokines and eosinophilia, increasing
doses of LPS during allergic sensitization led to more IL-17 and neutrophils in the airway,
consistent with the increased amounts of 1L-17 in regional LNs following allergic
sensitization.

It is unlikely that the reduction in asthma-like features seen when higher doses of LPS are
used as the adjuvant is due to a switch from Th2 to Th1l responses because it was not
associated with increased pulmonary levels of IFN-y. However, higher amounts of LPS
during sensitization does lead to higher numbers of regulatory T cells (Tregs), especially
ICOS* Foxp3* Tregs#6. This observation is in agreement with the finding that suppression
of airway inflammation and AHR is associated with high levels of ICOS expression on
CD4* Tregs*” and that adoptive transfer of ICOS* CD4* T cells, but not ICOS™ cells,
suppresses established AHR in mice?8.

FLA-mediated allergic sensitization

HDE

Given the potency of LPS in the development and maintenance of asthma, we asked if other
TLR ligands in the environment might display similar properties. We found that the TLR9
agonist, CpG oligonucleotides, and the TLR2/6 agonist, FSL-1, promote adaptive immune
responses leading to airway neutrophilia upon OVA challenge, whereas the bacterial protein,
FLA, promoted responses leading to eosinophilic inflammation*®. The adaptive immune
responses promoted by FLA also include production of type 2 cytokines in regional LNs and
the airway, as well as increased IgE synthesis. With potential relevance to human asthma,
goblet cell hyperplasia and AHR are also seen in OVA-challenged mice previously
sensitized to that protein using FLA as the adjuvant. FLA also primes Th17 responses, as
IL-17-containing CD4* T cells can be found in lungs of mice sensitized to OVA using FLA
as an adjuvant.

Humans are routinely exposed to indoor house dust, although its composition can vary
widely from household to household. Our laboratory and others have explored the use of
house dust extracts (HDE) as environmentally-relevant sources of adjuvant activity in animal
models of asthma. We found that although most HDEs promote adaptive responses to
inhaled OVA, they differ widely in potency. Moreover, whereas some HDES prime responses
that give rise to predominantly eosinophilic inflammation upon subsequent exposure to
OVA, others prime neutrophilic responses (Figure 2). Thus, an important avenue for future
research will be identification of the components in HDEs that drive eosinophilic and
neutrophilic responses, respectively. As might be anticipated, very small amounts of HDE
generally prime relatively weak initial responses to OVA challenge, and those responses are
sustained following multiple OVA challenges. By contrast, higher doses of HDE promote
stronger initial eosinophilic responses to OVA, but they are not sustained in the face of
multiple daily OVA challenges. These observations are reminiscent of our findings with LPS
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and suggest that the latter represents a major source of adjuvant activity in HDE, but can
also suppress allergic responses. In support of this, adding moderate amounts of LPS to an
HDE with low endogenous endotoxin content increased initial responses to OVA, but
blunted responses to prolonged allergen challenge. These results are consistent with findings
showing that indoor dust from Amish homes, which have relatively high endotoxin
concentrations, suppress allergic responses in a mouse model of asthma, whereas dust from
homes of the genetically-similar Hutterite population has much less endotoxin and fails to
suppress allergic responses3®. Collectively, these findings might help to explain why
endotoxin has been found to be associated with increased asthma in some studies, but
reduced asthma in other studies.

Having found that purified FLA and LPS can both function as strong adjuvants in the
airway, we studied the individual requirement for each of these bacterial products in HDE-
mediated allergic sensitization. 7/r4/~ mice, which do not respond to LPS, had fewer
airway neutrophils and less IL-17 than did wild-type (WT) mice after HDE-mediated
allergic sensitization followed by allergen challenge. By contrast, numbers of airway
eosinophils and the concentration of IL-5 in BALF were as high, or higher, in 7/r4/~ mice
compared with WT mice®. This suggests that LPS is required for neutrophilic airway
inflammation and contributes to AHR, but is dispensable for HDE-mediated type 2
responses and consequent eosinophilic airway inflammation. Conversely, 7/r57~ mice had
fewer airway eosinophils and had lower concentrations of IL-5 than did WT or 7/r4/~ mice.
WT and 7/r47~ mice sensitized with HDE plus OVA developed AHR after OVA challenge,
whereas this response was markedly reduced in 7775~ mice. Although these results are
likely dependent, at least in part, on the specific sample of HDE tested, they suggest that in
at least some dust samples, FLA provides adjuvant activity leading to asthma-like responses
to inhaled antigens.

HDE as both allergen and adjuvant

OVA is widely used in animal models of allergic pulmonary inflammation, but it is not a
clinically relevant allergen for asthma. By contrast, household dust typically contains many
allergens, including those derived from dust mites, cockroaches and animal dander, and
multiple instillations of HDE alone (without OVA) is sufficient to trigger allergic responses
in mice®0. In these experiments, neutrophils can be recruited to the airway by innate immune
responses to the LPS component in HDE, as well as by allergen-specific Th17 responses.
Both responses are dependent on TLR4. However, WT and 7/r4~/~ mice have similar
numbers of airway eosinophils in these experiments, indicating that the LPS component of
HDE is dispensable for type 2 responses and eosinophilia. 7757~ mice had significantly
fewer eosinophils in the airway than did WT mice, suggesting that at least for some extracts,
FLA is a more critical driver of HDE-mediated type 2 responses than is LPS.

A caveat to experiments with 7/757~ mice is that TLR5 can sense and respond to FLA in gut
microbiota and affect its composition from a very early point in life®l: 52, Moreover, these
changes can affect immune responses to pulmonary pathogens®3. It remains to be
determined whether this microbiota sensing function of TLR5 — or its ability to sense the
FLA in dust samples — contributes more to the development of allergic asthma. However,
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TIr57~ mice display dysbiosis and metabolic syndrome, which might be expected to
exacerbate disease, not protect its development. Thus, animal studies suggest that it is the
direct sensing of inhaled FLA by TLR5 that contributes to asthma. Of more direct relevance
to human asthma, individuals carrying a dominant negative form of TLR5, and therefore
unable to respond to FLA, appear to be partially protected from asthma exacerbations®*. A
more extensive analysis of the microbiota of these individuals, and of the amounts of FLA in
dust samples from their homes, should help to disentangle the direct effects of TLR5 in the
lung and the indirect effects of this receptor on gut microbiota.

Mechanisms of TLR ligand-meditated allergic sensitization

The TLR ligands, LPS and FLA, both rapidly induce production of the cytokines, TNF,
IL-1a, IL-1B, and granulocyte macrophage colony-stimulating factor (GM-CSF)%®. HDE,
which contains both LPS and protease activity, also induces those same cytokines, whereas
proteases do not. The induction of TNF by TLR ligands is interesting because this cytokine
is also associated with human asthma®®. In mice, soluble TNF is sufficient to promote
allergic sensitization to OVA when the two proteins are co-administered to the airways, and
upon OVA challenge these mice develop allergic airway disease*!. Furthermore, compared
with WT mice, animals lacking both TNF receptors, TNFR1 and TNFR2 (and therefore
unable to respond to either soluble or membrane-bound TNF) display marked attenuation of
multiple asthma-like features in the LPS/OVA model, including eosinophils, neutrophils, and
AHR®5, In particular, there is a requirement for TNFR1, which is found on most cells, and
can respond to either soluble or membrane-bound TNF. By contrast, TNFR2, which signals
in response to membrane-bound TNF, is dispensable for allergic sensitization in this model.
Compared to WT mice, TNFR1-deficient animals also had reduced amounts of type 2
cytokines in regional LNs shortly after LPS/OVA-mediated allergic sensitization, whereas
TNFR2 mice had as high or higher amounts of these cytokines. No differences between
these genotypes were seen for IL-17, indicating that although LPS can prime both Th2 and
Th17 responses, the TNFRL1 signaling pathway is required for the former, but not the latter.

Macrophages are the primary source of TNF, and studies of bone marrow chimeric mice
generated using WT and 77#71~~ bone marrow show that TNF responsiveness in radio-
resistant cells, not hematopoietic cells, is necessary for airway inflammation in TLR ligand-
dependent models of asthma®®. This suggests that macrophages communicate with epithelial
cells (or another stromal cell) during allergic sensitization to drive allergic sensitization.
Future studies should identify which specific TNFR1-dependent changes in these stromal
cells are required for TLR ligand-mediated asthma.

Data from clinical trials suggest that although antagonizing TNF is not helpful to all
patients, it is beneficial to a subgroup of asthmatics, including those that have severe
disease®7 %8, It will be important to identify individuals whose known environmental
exposures and genetic predisposition are predictive of a positive response to TNF pathway
blockade. Furthermore, because blockade of TNF itself is associated with increased
infections®®, an improved understanding of how other molecules in the TNF pathway
contribute to asthma is necessary for design of novel therapies that ameliorate asthma
exacerbations without this complication.
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An important aspect of understanding how LPS acts as an adjuvant for promoting asthma is
the identification of the cell types(s) in which responsiveness to LPS is critical for
sensitization. The preponderance of data suggest that the answer to this question depends on
whether type 2 responses or Th17/neutrophilic responses are being studied. Several years
ago, Hammad and colleagues generated bone marrow chimeric mice using WT and 774~
animals, and found that radio-resistant cells, which they assumed to be epithelial cells, are
critical for the induction of type 2 responses to inhaled house dust mite (HDM) allergens.
Similar findings were found for bone marrow chimeric mice when LPS was used as the
adjuvant for allergic sensitization89: 1, Experiments of this type are confounded by the
persistence of large numbers of tissue resident macrophages and dendritic cells (DCs) after
irradiation 62 and by radiation-induced transcriptional changes in epithelial cells83.
However, the requirement of 7/r4in stromal cells for type 2 responses was confirmed
genetically following the generation of conditionally mutant (floxed) 7/r4 mice in which the
Vavi promoter drives cre recombinase expression in hematopoietic cells and the Ssh
promoter drives cre expression in stromal cells®0. This same study further showed that Th17
responses, and consequent neutrophilic inflammation of the airway, is dependent on 7/r4
expression in hematopoietic cells.

A recent study used a more selective approach to target myeloid differentiation primary
response 88 (Myd88) deletion to either lung epithelial cells using Surfactant protein C
(Sftpc)-cre, or to antigen presenting cells using CaZ1c-cré®. This study showed, consistent
with previous findings, that type 2 responses to both FLA-mediated allergic sensitization to
OVA, and allergic sensitization to HDM, are dependent on Myd88 expression in lung
epithelial cells, whereas Th17 responses and neutrophilic inflammation are dependent on
Myd88 expression in antigen presenting cells. Interestingly, this study also revealed that
Myad88 expression in lung epithelial cells can affect the chromatin accessibility and
transcriptional profiles of lung dendritic cells and alveolar macrophages. This exciting
finding raises several important questions, including which type of epithelial cells are
communicating with antigen presenting cells, what molecules convey this cell-to-cell
communication, which type of dendritic cells are responding, and what changes in dendritic
cells allow them to drive Th2 differentiation. The answers to these questions should greatly
enhance our understanding of how TLR ligands promote allergic sensitization.

Proteases and allergic sensitization

One of the highest risk factors for the development and exacerbation of asthma is exposure
to fungi and their associated products®: 6. Again, the impact of these exposures is
particularly potent during early life67- 68 and children exposed to high levels of mold are
much more likely to develop asthma than are children raised with very little mold®’.
Interestingly, exposure to fungi during early childhood is associated with the development of
asthma even in individuals that are not sensitized to the fungal products themselves®®. This
suggests that some fungal products might act as adjuvants to promote allergic sensitization
to bystander allergens. It is likely that some of this adjuvant activity stems from fungal-
encoded proteases, as many allergens have protease activity. Moreover, as discussed below,
proteases can promote allergic sensitization to otherwise innocuous bystander proteins, such
as OVASS: 70, Although often regarded as being maladaptive, type 2 responses can enhance
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clearance of fungi through the airway, and eosinophils can directly suppress fungal
growth’L. Thus, detection of protease activity might have evolved as a strategy to alert the
host to fungal invasion and trigger protective type 2 responses against the fungi.

Dust mites are another major source of proteases, which are found in the feces of these
insects, suggesting that they likely contribute to food digestion. Dried material from these
feces is present in bioaerosols and is therefore easily inhaled. The likely importance of
proteases to allergic sensitization and asthma is underscored by the finding that proteases,
cysteine proteases in particular, are much more abundant in the allergenic Dermatophagoides
genus than in other, non-allergenic mites’2. Moreover, genes expressing these proteases in
Dermatophagoides are highly expressed, and the encoded proteins very stable’3. These
findings might account for the high allergenicity of this dust mite genus. Some examples of
protease allergens include the house dust mite allergens, Der p 1 and Der p 9, allergens from
the mold Aspergillus, and papain (PAP), a cysteine protease found in papaya. A recent study
showed that proteases from both fungi and dust mites are present in indoor house dust’?.
Although that study noted that fungi were the major contributors to the protease activity, it
seems plausible that this might depend on the season, region of the country, and lifestyle of
the inhabitants.

Mechanisms of protease-mediated allergic sensitization

The mechanism by which proteases promote allergic sensitization remains poorly
understood. However, it is clear that this class of molecules triggers distinct pathways from
those activated by TLR ligands because proteases do not induce TNF, IL-1a, IL-1(, or GM-
CSF. Furthermore, the TNF signaling pathway is dispensable for asthma-like features when
proteases are used as the adjuvant for allergic sensitization®®. These observations confirm, at
least in animal models, that different forms of asthma can arise from distinct signaling
pathways, which is precisely the tenet of the endotype hypothesis.

One possible explanation for the ability of proteases to act as adjuvants is their ability to
cleave molecules that maintain the integrity of the lung epithelium?4. This breach in
epithelial integrity might allow allergens to gain access to the underlying interstitium, where
they can be captured by immune response-stimulating dendritic cells. Indeed, proteases have
been shown to cleave tight junction proteins, such as Occludin and Zona occludins (Z0)-1,
leading to increased epithelial permeability’4~77. However, while attractive, this hypothesis
does not account for the ability of proteases to preferentially drive type 2 responses. Further,
attempts to measure impaired barrier function in vivo have not been successful in all models
of allergic sensitization, including house dust mite inhalation’® and a mixture of proteases
from Aspergillus oryzae®.

A second possible mechanism for protease-mediated allergic sensitization involves the G
protein-coupled receptors known as protease activated receptors (PARSs). These interesting
receptors contain both a ligand and a receptor; in the presence of protease activity, the ligand
moiety is cleaved from the remainder of the receptor and then signals through that same
receptor. In particular, PAR2 can be activated by a variety of proteases, and antibody-
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mediated blockade of PAR2 function during allergic sensitization to cockroach extracts
abrogates inflammation and reduces AHR following subsequent allergen challenge’®.

A third possible mechanism of action for proteases involves the innate immune cytokine,
IL-33. This cytokine is constitutively expressed in epithelial cells®?, and is initially
translated as a precursor protein that normally resides in the nucleus. However, IL-33 can be
released from cells by stressors, including aeroallergens, and it can function as an ‘alarmin’
to alert the host to epithelial cell damage®L: 82, The precursor protein has relatively weak
immune activity, but is activated by proteolytic cleavage, and by binding to its receptor
ILIRL1 (also known as ST2), drives the production of type 2 cytokines by group 2 innate
lymphoid cells (ILC2s). Intriguingly, environmental allergens can also cleave IL-33, thereby
activating this cytokine83. Thus, IL-33 might serve as a protease activity sensor that evolved
to detect fungal infection, but can also be activated by otherwise harmless protease allergens,
leading to maladaptive allergic responses. In addition to this cellular and molecular evidence
suggesting a role for IL-33 in protease-mediated asthma, strong genetic evidence supports
this association. Thus, single nucleotide polymorphisms in both /L33and /LIRL1 are
strongly and reproducibly associated with asthma in both single gene and genome-wide
association studies84: 85,

Several cell types can express ST2, and it remains unclear whether these different cell types
are differentially important in distinct forms of asthma. IL-33 is a particularly potent
activator of ILC2s, and might therefore be important in non-allergic, eosinophilic asthma.
However, IL-33 might also promote Th2 development during allergic sensitization. Thus, in
a model of protease (papain)-induced allergic sensitization, 1L-33 activates ILC2s, which in
turn produce IL-13 that promotes the trafficking of dendritic cells from the lung to regional
LNs86. In addition, 1L-33 also increases cell surface display of OX40L on ILC2s, which
drive the expansion of both Th2 and Treg cells8”. Although Tregs are normally thought to
suppress inflammation, recent evidence suggests that I1L-33 can upregulate GATA3 in these
cells, thereby converting them to a pro-inflammatory cell type88. Thus, 1L-33 can activate
multiple pathways that are associated with heightened type 2 responses to allergens.

Conclusion and Perspectives

Understanding how different environmental components act as adjuvants to promote allergic
sensitization is important, not only to more fully understand the origins of asthma, but to
also inform public health policies aimed at reducing the incidence of this disease.
Administration of relatively large amounts of purified products, such as TLR ligands and
proteases, have provided great insight into their potential mechanisms of action, but it is
unlikely that these treatments are representative of the quantities of compounds that are
normally inhaled by humans. A major advantage of using house dust extracts is that they
represent, at least to a first approximation, what humans are actually inhaling in their homes.
Further, the ability of adjuvant activity in these extract to promote allergic sensitization to
naturally-occurring indoor allergens in the dust, highlights the utility of dust samples as
tools to understand allergic sensitization. It is likely that these different extracts will be even
more informative when associations can be made between the components that comprise
them and the type of immune responses they promote (Figure 2). Ultimately, integrating
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genetic and epigenetic data on asthmatics with distinct endotypes together with a
comprehensive analysis of the dust they inhale daily should provide an even deeper
understanding of how gene-by-environment interactions drive allergic sensitization and
susceptibility to asthma.
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Figure 1.

Impact of LPS concentration during sensitization on abundance of T cell subsets in the lung

following allergen challenge.
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Figure 2. Heterogeneity in adjuvant activity associated with HDE.
A) Timeline of asthma model, including allergic sensitization to OVA using different HDEs

as the adjuvant, followed by challenge with OVA alone. B, C) Eosinophils (B) and
neutrophils (C) in BALF following OVA challenge of mice previously sensitized using
different samples of HDE. Note that each HDE is color-coded to allow comparisons in their
ability to prime responses leading to eosinophilic and neutrophilic inflammation,
respectively.
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