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Abstract

The allergic airway diseases chronic rhinosinusitis (CRS), allergic fungal rhinosinusitis (AFRS),
asthma, allergic bronchopulmonary mycosis/aspergillosis (ABPM/A), and cystic fibrosis (CF)
share a common immunological signature marked by T H 2 and TH 17 cell predominant immune
responses, the production of IgE antibody, and atypical inflammatory cell infiltrate that includes
eosinophils and other innate immune effector cells. Severe forms of these disorders have long been
recognized as being related to hypersensitivity reactions to environmental fungi. Increasingly
however,environmental fungi are assuming a more primary role in the etiology of these disorders,
with airway mycosis, a type of non-invasive airway fungal infection,recognized as an essential
driving factor in at least severe subsets of allergic airway diseases. In this review, we consider
recent progress made in understanding the immune mechanisms that drive airway mycosis-related
diseases, improvements in immune-based diagnostic strategies, and therapeutic approaches that
target key immune pathways.
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Introduction

The allergic airway diseases chronic rhinosinusitis (CRS), allergic fungal rhinosinusitis
(AFRS), asthma, allergic bronchopulmonary mycosis/aspergillosis (ABPM/A), and cystic
fibrosis (CF) share a common immunological signature marked by Th2 and Th17 cell
predominant immune responses, the production of IgE antibody, and a typical inflammatory
cell infiltrate that includes eosinophils. Severe forms of these disorders have long been
recognized as being related to hypersensitivity reactions to environmental fungi.
Increasingly however, environmental fungi are assuming a more primary role in the etiology
of these disorders, with airway mycosis, a type of non-invasive airway fungal infection,
recognized as an essential driving factor in at least severe subsets of allergic airway diseases.
In this review, we consider recent progress made in understanding the immune mechanisms
that drive airway mycosis-related diseases, improvements in immune-based diagnostic
strategies, and therapeutic approaches that target key immune pathways.

Immune and molecular disease mechanisms

Innate Immunity

The immune and molecular mechanisms that drive development of asthma are initiated by
environmental exposure to antigen and infection with fungal pathogens. Deposition of
fungal spores or conidia in the airway leads to spore hydration and germination resulting in
the release of fungal allergens derived from cellular components, secreted proteases,
ribonucleases, and other fungal products.(1-3) Cell wall components such as chitin, p-
glucan, galactomannans, and mannoproteins are well known allergens recognized by
pathogen recognition receptors (PRRs): Toll-like receptors (TLRs) and C-type lectin-like
receptors (CLRs). Stimulation of PRRs activates the epithelium to releases alarmins like
interleukin 1p (IL-1p), IL-25, IL-33 and thymic stromal lymphopoietin (TSLP). These
alarmins, namely IL-33, induce progenitor innate lymphoid cells (pILC) that develop into
group 2 ILC (ILC2) that secrete the type 2 T helper (TH2) cytokine IL-5 and IL-13. Fungal
proteases can cleave full length 1L-33 to a more potent form, enhancing ST2 signaling
(IL-33 receptor) on ILC2 and type 2 cytokine production.(4) ILC2 production of IL-5
enhances recruitment and enrichment of inflammatory eosinophils in the lungs, a hallmark
of eosinophilic asthma.(5) The alarmin IL-1p can induce group 3 ILC (ILC3) to produce the
TH17 cytokine IL-17A and granulocyte-macrophage colony-stimulating factor (GM-CSF)
that enhance macrophage phagocytosis and fungal killing.(6) Additionally, the CLR
Dectin-1 on macrophages can recognize fungal p-glucan directly to enhance phagocytic
activity.(1)

Fungal-derived proteases also activate the 7-transmembrane G protein-coupled receptor
family of protease-activated receptors (PARS) by directly cleaving the ligand domain,
freeing the ligand to bind the receptor’s ligand binding domain and induce alarmin secretion
from epithelial cells. Pharmacologically inhibiting the PAR-2 receptor or loss of Regulator
of G protein Signaling 4 (RGS4) function leads to attenuated disease in murine models and
highlights the importance of fungal proteases in the pathogenesis of fungal induced asthma.
(7, 8) Degradation of epithelial cell tight junctions by protease during fungal invasion
increases permeability and influx of serum proteins such as fibrinogen. Proteases can cleave
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fibrinogen into cryptokine fibrinogen cleavage products (FCP) that activate macrophages
through TLR4 and the macrophage integrin (Mac-1).(3) FCP-mediated TLR4-dependant
activation of mast cells further enhances IL-13 production in the lungs, promoting PD-L2*
dendritic cell (DC) activation.(9) Activated DCs and macrophages increase antigen sampling
and migration to the draining lymph node as a result of these factors.

Adaptive Immunity

Activated DCs in the lymph node present antigen to naive T cells, inducing differentiation
into T2 and Ty17 effector T cells. Effector T cells then home to the lungs and promote the
developing immune response. Ty2 T cells in lymph nodes also secrete IL-4 to promote B
cell development and antigen specific IgE, another established marker of allergic disease.
Serum IgE is absorbed on the plasma membrane of tissue resident mast cells by the high-
affinity IgE receptor (FceR1).

In the lungs, T2 cells secret large quantities of IL-4, IL-5, and IL-13 to sustain the innate
inflammatory response. IL-4 and 1L-13 induce goblet cell metaplasia of epithelial cells,
which leads to increased mucus production in the lungs and airway obstruction by mucus
plugs. TH2 cytokines also stimulate epithelial cells to express chemokines such as CCL11
and CCL26 that direct eosinophil to the lungs. The recruited T cells also promote eosinophil
survival through IL-5 and IL-13 ( Geslewits, W.E. 2018 Eosinophil). IL-33 in the lungs
induces amphiregulin expression in T2 cells, which reprograms inflammatory eosinophil to
produce the pro-fibrotic osteopontin (Morimoto, Y. 2018 amphiregulin). The T2 cytokine
IL-13, produced by T2 cells, eosinophil, and mast cells is thought to promote the smooth
hyperplasia behind airway hyperreactivity that is characteristic of asthma. The multifaceted
immune response that culminates in a dominant T2 phenotype drives the eosinophilic
asthma phenotype characterized by airway hyperreactivity, increase mucus in the airway and
fibrosis.

II. Immune Responses in airway mycosis-related allergic airway disease

Sinus mycosis, the non-invasive growth of fungi along the sino-mucosal surface, is
associated with distinct clinical syndromes that include CRS with and without nasal
polyposis and AFRS. These clinical phenotypes, together with their accompanying
immunological presentations, depend to a substantial degree on the host immune status and
the specific fungi involved. The spectrum of fungal disease within the sinuses includes
invasive fungal sinusitis (IFS, immunocompromised), fungal balls (FBs, immunocompetent)
and allergic fungal rhinosinusitis (AFRS, immunocompetent with an atopic background). In
the immunocompromised patient (such as a diabetic), class | major histocompatibility
complexes have been shown to be downregulated and the function of neutrophils,
complement fixation and phagocytes were decreased while angioinvasion was stimulated
(10). Further, diabetic ketoacidosis patients have increased iron levels which can lead to an
augmented vulnerability of endothelial cells to fungal damage (10). In immunocompetent
patients, fungus balls are a common presentation of airway mycosis (11). More commonly
affecting females and older patients, FBs incite macrophagic, neutrophilic, plasma cells and
lymphocytic activity associated with elevated expression of IL-8, G-CSF, and IgA (11, 12).
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This robust local immune response contains the inflammation to the one affected sinus
cavity and prevents tissue infiltration of the fungi.

An endotype of chronic rhinosinusitis with nasal polyps (CRSWNP), AFRS occurs in
immunocompetent patients with an atopic background. AFRS is defined by tissue
eosinophilia, mucin layden with fungi, fungal hypersensitivity and specific computed
tomography (CT) findings among many other characteristics (13). Current studies support
fungi-activated molecular signaling, an exaggerated Type 2 immune response, and defects in
the mucosal barrier as main drivers of the fungal induced CRSWNP phenotypes.

Fungal components and protease activity can activate various immune receptors found on
respiratory epithelial cells to trigger release of epithelial cell derived cytokines (EDCs)
important in orchestrating a Type 2 immune response such as IL-33, IL-25 and thymic
stromal lymphopoietin (TSLP) (14). CRSWNP patients have elevated levels of
Interleukin-33 (IL-33), the receptor for 1L-33 (ST2), Protease Activated Receptor 2 (PAR2),
and Toll like Receptor 4 (TLR4) in the sinonasal mucosa in comparison to healthy controls
(14). Dietz et al demonstrated that A. fumigatus extract via PAR2 activation could trigger
IL-33 release (14). These studies highlight the importance of fungi-mediated molecular
signaling in the Type 2 immune response.

Fungal-induced release of EDCs activate both the innate and adaptive Type 2 immune
response. Of the innate response, group 2 innate lymphoid cells (ILC2s) express receptors
for IL-33, IL-25 and TSLP. In response to IL-33, ILC2s are a major source of IL-13 in CRS
(15). In addition, cross talk between ILC2s and Th2 cells is one means by which fungi can
activate the adaptive Type 2 immune response. Illustrating the activated adaptive immune
response to fungi, peripheral blood mononuclear cells from AFRS patients demonstrate
enhanced IL-4 T cell memory when challenged with fungi (16). Finally, whole genome
analysis comparing AFRS to CRSwWNP identified many differentially upregulated genes in
AFRS related to adaptive immunity including TCR and co-stimulatory signaling (13).

AFRS is also characterized by defects in the mucosal barrier and permissive sinus
environment for fungal germination. /n vitro studies with respiratory epithelial cells show
loss of integrity when challenged with Type 2 cytokines IL-4 and -13 (17). While expression
of antimicrobial peptides is elevated in sinonasal mucosa from CRSWNP patients,
expression of histatin and other AMPs is significantly depressed in AFRS (13), suggesting a
possible mechanism to explain the exuberant overgrowth of fungi that in part defines AFRS.

In asthma, Aspergillus fumigatus culture positive asthma has been linked to exaggerated
bronchial inflammation. Thirty-three moderate to severe asthmatics with negative sputum
cultures were compared to 19 similar asthmatics with positive sputum cultures with
numerous inflammatory mediators quantitated from sputum. While expression of all
inflammatory biochemical markers was elevated in fungus culture-positive relative to culture
negative subjects, soluble tumor necrosis factor receptor 2 (TNF-R2) and CCL5 provided the
greatest discrimination between the two groups (18).
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Diagnosis of airway mycosis-associated diseases

The only subtype of asthma for which the use of systemic antifungal therapy is not
controversial is allergic bronchopulmonary aspergillosis or ABPA. While current first line
therapy for ABPA exacerbation is still systemic corticosteroids, current IDSA guidelines do
recommend the use of triazole antifungals such as itraconazole or voriconazole as adjunct
therapy (19). The Rosenberg-Patterson criteria are undoubtedly the criteria most clinicians
use to assess for the presence of ABPA (20). However these criteria call for the strict
adherence to several metrics that make the diagnosis of ABPA exceedingly difficult and
likely leading to significant underestimation of the true prevalence of this condition. Since
the Rosenberg-Patterson criteria’s inception in 1977, our understanding of ABPA has
brought forth various weaknesses of this criteria. Current efforts to update our current
definition of ABPA focuses on widening the criteria for ABPA to allow for easier diagnosis,
a higher emphasis on molecular mechanisms that drive this condition and a recognition that
ABPA can occur in patients other than those with asthma or cystic fibrosis.

In a comparison between the Rosenberg, International Society for Human and Animal
Mycology (ISHAM and Greenberg criteria), Mortazee et al., demonstrated that the
Greenberg criteria were more sensitive than the Rosenberg criteria due to the need to satisfy
fewer clinical criteria. This study also showed inferior sensitivity of the ISHAM criteria
compared to Rosenberg due to the need for a higher total IgE cutoff (21). Saxena, et al.,
demonstrated marginal improvement of the ISHAM criteria compared to the Rosenberg
criteria, but after modifying the ISHAM criteria to lower the total IgE cutoff from 1000 to
500, they demonstrated significant improvement of the ISHAM criteria (22). Asano et al.,
also demonstrated superior sensitivity of the ISHAM criteria compared to Rosenberg,
however this group also created their own criteria that proved more sensitive to either of the
former criteria while requiring fewer criteria compared to Rosenberg, a lower IgE cutoff
compared to ISHAM, and less emphasis on needing asthma as a precursor to the diagnosis
of ABPA (23).

Immune therapies for airway mycosis related disease

Severe forms of airway mycosis-related disease can be particularly difficult to manage
clinically. Over the past five years biologics and other novel therapies have been explored for
their potential utility in several of these disorders. Cystic fibrosis (CF) is a chronic,
relentlessly progressive disorder of primarily the airways that is caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene that leads to inability to
control bacterial and fungal infections of the upper and lower airways. Airway mycosis in
CF often manifests as allergic bronchopulmonary mycosis/aspergillosis (ABPM/A) in which
fungi, often Aspergillus spp, massively overgrow in the airways, leading to abnormal airway
dilatation, impaired ability to clear secretions, and markedly elevated serum IgE levels.
Vitamin D supplementation, which has shown promise in alleviating asthma and other
allergic airway diseases related to airway mycosis, was explored in CF complicated by
ABMP due to Aspergillus spp (24). Seven patients were supplemented with 4000 vitamin D
units daily for 24 weeks in a phase | clinical trial. The primary outcomes were change in
Aspergillus-specific T cell responses after antigen-specific rechallenge and change in serum
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IgE levels. The authors found that vitamin D supplementation was safe and significantly
reduced both IL-13-specific T cell recall responses after antigen challenge in vitro and
serum Aspegillus-specific IgE.

Additional small studies were conducted in CF patients with elevated serum IgE levels to
determine if omalizumab, a monoclonal anti-IgE antibody, aided management. Six patients
with CF and ABPM and elevated serum IgE levels were treated with omalizumab for 6-18
months in a retrospective case series (25). The authors found that omalizumab was
associated with modest reductions in glucocorticoid use, mild symptom improvement, and
reductions in serum IgE, although the latter is an inescapable effect of the drug. However, a
second multi-national small study failed to find significant benefit (26) and it remains
unclear if anti-1gE therapy will be pursued for CF in the future.

More recently, the monoclonal antibody mepolizumab that neutralizes the Th2 cytokine IL-5
has been explored in early clinical studies of multiple airway mycosis-related diseases.
Multiple case reports of mepolizumab used in the context of ABPA complicated by
eosinophilic CRS (27), concurrent CRS and otitis media (28), or nontuberculous
mycobacterial disease (29) all indicate that this agent usefully complements standard anti-
inflammatory, bronchodilator, and antifungal therapy to enhance disease management and
symptom resolution. Where mepolizumab has not proven effective in ABPA, dupilumab, a
monoclonal antibody that blocks a shared component of the IL-4 and IL-13 receptors,
IL-4Ra., has shown remarkable efficacy in reducing or abrogating disease features (30).

Mepolizumab has also been evaluated in a small case series of CF patients marked by type 2
inflammation, which manifests as elevated serum IgE and blood eosinophils together with
enhanced production of the cytokines IL-4, IL-5, and IL-13. Zhang, et al., reported three
corticosteroid-dependent CF patients with a type 2 phenotype and mold allergy who
received mepolizumab as add-on therapy. The biologic was well tolerated and resulted in
substantial reductions in both glucocortocoid use and serum IgE levels, althought lung
function and disease exacerbation rates were not improved (31). Despite such encouraging
early reports, randomized prospective controlled studies are needed to confirm these
preliminary observations with mepolizumab and dupilumab in CF and ABPA.

A final therapeutic study of note was conducted in mice and involved a unique small
molecule antagonist of signal transducer and activator of transcription 6 (STAT6) and
STATS, factors that are both essential for the expression of airway mycosis-dependent
asthma. PM-43l, a lead compound that evolved through a series of in vitro and in vivo
studies, binds to the Sarc Homology 2 (SH2) domains of STAT5 and STAT®6, but not other
STAT factors, to prevent their dimerization and ability to transactivate key asthma-related
genes. Administered intranasally to mice challenged with the spores of Aspergillus nigerto
mimic airway mycosis-related asthma, PM-43I both prevented and reversed airway
hyperresponsiveness and reduced lung IL-4 production and airway eosinophilia (32).
PM-43l is thus the first of a new class of small molecules targeting transcription factors
intracellularly that may be suitable for further clinical development against asthma.

Curr Opin Microbiol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 7

V. Concluding remarks

The airway mycosis-related airway diseases are primarily, but not exclusively, allergic in
nature, involving predominant Th2, ILC2, and eosinophil-driven airway inflammation that is
frequently accompanied by elevated serum IgE levels. Over the past four years, substantial
advances have been made in deciphering the immune mechanisms of airway mycosis-related
diseases, improving diagnostic approaches for especially ABPA, and immune based
therapies. These discoveries portend exciting future research that will further unlock the
mechanisms by which molds, but also yeasts, elicit allergic inflammation that will in turn
inform future clinicians as to improved diagnostic and therapeutic approaches. Undoubtedly,
these additional findings will extend to other diseases related to fungi.
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Figure 1.
Recent advances in understanding immune response to airway mycosis. Inhaled fungal

spores germinate within the airway and begin releasing immunostimulatory molecules such
as chitin, p-glucan, and proteases. Toll-like receptors (TLR) and C-type lectin-like receptors
(CLR) recognize antigen on the epithelium to release the alarmins IL-1, IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP) that promote adaptive immune responses. Secreted
proteases can activate protease activated receptor 2 (PAR-2) on epithelial cells to induce
alarmin release, degrade epithelial tight junctions (TJ) to increase permeability and influx of
fibrinogen into the airway, and cleave fibrinogen to promote clot formation and the creation
of fibrinogen cleavage products (FCP). FCPs are recognized by TLR4 and promote
macrophage phagocytic activity, induce mast cell degranulation and 1L-13 release, and
activate epithelial cells to increase IL-13a1 expression and production of antimicrobial
peptides. IL-1p release by epithelial cells promotes progenitor innate lymphoid cells (pILC)
development into type 3 ILC (ILC3) to secrete IL-17A and GM-CSF, which enhance
macrophage phagocytic and other antifungal activities. ILC2 development from pILC is also
induced by alarmins, especially 1L-33. Protease-mediate cleavage of full-length 1L-33 to a
more potent form enhances ILC2 development and cytokine production (IL-13 and IL-5).
ILC2 cytokines promote eosinophil recruitment and secretion of antimicrobial peptides, both
of which are potently antifungal. ILC2 and FCP-stimulated mast cells released IL-13 that
promote goblet cell metaplasia, increase mucus production, and enhanced barrier formation
together with fibrinogen. Activated mast cells release I1L-13 that activates PD-L2+ dendritic
cells (DC) to migrate into regional lymph nodes to again prime adaptive immune responses
to both fungi and bystander antigens.
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