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Abstract

Fungi are ubiquitous in indoor and outdoor environments and have been associated with 

respiratory disease including childhood and adult asthma. A growing body of evidence from 

human and animal studies has revealed a link between fungal exposure, especially indoor fungal 

exposure, with asthma initiation, persistence, and exacerbation. Despite the overwhelming 

evidence linking mold exposure and asthma, the mechanistic basis for the association has 

remained elusive. It is now clear that fungi need not be intact to impart negative health effects. 

Fungal components and fungal fragments are biologically active and contribute to asthma 

development and severity. Recent mechanistic studies have demonstrated that fungi are potent 

immunomodulators and have powerful effects on asthma independent of their potential to act as 

antigens. This paper will review the connection between fungal exposure and asthma with a focus 

on the immunological mechanisms underlying this relationship.
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Introduction

Asthma is clinically characterized by recurrent episodes of wheezing, breathlessness, 

coughing, and chest tightness. It is a chronic inflammatory disease of the conducting airways 

in which many cells of the innate and adaptive immune systems act together with epithelial 

cells to cause airway hyperresponsiveness (AHR), inflammation, mucus overproduction, 

airway wall remodeling, and airway narrowing. It is prevalent in more than 10% of the 
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population in many industrialized countries and up to 300 million people are affected 

worldwide [1, 2]. Asthma has long been characterized as a disease of dysregulated TH2 

immune responses to environmental allergens, but accumulating evidence suggests a role for 

TH17 cells, especially severe steroid resistant asthma [3, 4]. Immunohistochemistry on 

bronchial biopsies from asthmatics reveals increased IL-17A+ cells in patients with severe 

asthma compared to mild asthma or controls [5]. In both adults and children, serum IL-17A 

is significantly higher in severe asthmatics compared to mild asthmatics or controls [6–8].

It is well accepted that IL-17 has an important proactive role against infections with molds 

[9–11]. Thus, fungal exposure may modify asthma morbidity by promoting TH17 immune 

responses. Indeed, children exposed to high levels of mold exposure have increased levels of 

IL-17A and have more frequent asthma symptoms [12••]. Recent data demonstrate that 

fungal components are potent immunomodulators and promote development of severe 

steroid-resistant asthma independent of their potential to act as allergens.

Fungal exposure has been strongly implicated in the development and prevalence of asthma. 

In 2007, nearly half of the weekly requests received by the National Institute for Occupation 

Safety and Health concerned work-related asthma and fungal exposure [13]. In the 

Cincinnati Allergy and Air Pollution Study (CCAAPS) longitudinal birth cohort, fungal 

exposure was associated with increased incidence of wheeze in infants [14], increased risk 

of developing asthma at age 3 [15•], and was a predictor of asthma development at age 7 

[16••]. The identification of fungi as an important component of the environmental 

contribution to the asthma phenotype leads to questions about possible interventions to 

prevent and/or attenuate fungi-related health effects. Herein, we will review the connection 

between fungal exposure and asthma with a focus on the immunological mechanisms 

underlying this relationship.

Fungal Biology and Structure

Life Cycle of Fungi

Fungi are eukaryotic organisms that lack chlorophyll and obtain their nutrients from the 

growth media by the use of enzymes. It is estimated that there are at least 1.5 million 

species, although only about 80,000 have been described [17]. Most fungi are saprobic as 

they can grow in non-living growth media, such as dead plants, soil, or moist building 

materials. Parasitic fungi require a specific living host, and symbiotic fungi grow in close 

association with another living organism. Some fungi can switch from one mode of life to 

another in order to adapt to environmental conditions [18]. For example, a soil saprophytic 

fungus, Aspergillus fumigatus, can become pathogenic upon inhalation into the lungs of an 

immunocompromised subject.

Fungi may be unicellular or multicellular. Yeasts are unicellular organisms, which reproduce 

mainly by budding (e.g., Candida). Multicellular fungi are formed of filaments (hyphae) that 

infiltrate the material they feed on and develop into complex networks known as mycelium. 

The filamentous microfungi found indoors are often called molds (e.g., Aspergillus and 

Penicillium). They can form visible colonies that commonly appear as green, black, or 

brownish spots. “Mildew” is a layman’s term referring to fungi growing on windowsills or 
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bathroom tile. Mushrooms, puffballs, bracket fungi are examples of common outdoor fungi 

that form large fruiting bodies.

Spores are specialized microscopic cells that are actively or passively dispersed from fungal 

colonies in order to colonize new and suitable environments. These spores can be formed 

asexually or sexually. The most common spore types encountered in indoor environments 

are asexual spores, either conidia or sporangiospores. Conidia are formed externally to the 

spore-producing cells, conidiophores (e.g., Aspergillus and Penicilium). Sporangiospores are 

formed inside receptacles called sporangia (e.g., Rhizopus and Mucor).

Fungal Spore Components

Fungal spores are covered by a rigid cell wall, which consists of three major layers: 

mannoproteins, glucans, and chitin (Fig. 1). Mannoproteins consists of mannans, which are 

long chains of mannose residues. They are connected to fungal proteins via N- and O-

linkages [19]. There are two major types of glucans on the fungal cell wall: β−1,3-and β
−1,6-glucans. β−1,3-glucans form the backbone of the cell wall and account up to 60% of 

the dry weight of the fungal cell wall. They are connected to varying amounts of β−1,6-

glucan branches [20]. Chitin, a fibrous substance consisting of polysaccharides, adds to the 

structural strength of the cell wall.

β-D-glucans are commonly used as a marker of mold exposure in the environment [21] and 

are important for recognition of molds by the immune system. Alterations in exposure of 

beta-glucans on mold spores can change the host response to molds. Surface availability of 

beta-glucans on mold spores is more important in determining the immune response than the 

total beta-glucan content of spores [22]. Some fungi, e.g., Aspergillus, have additional 

components on the outer layer, e.g., α-glucans, melanin, and rodlets. These can cover the 

immunologically active cell wall components on the cell wall. For example, when α-glucans 

cover β-glucans, the recognition by Dectin-1 is prevented [19, 22]. Melanins are amorphous 

phenolic compounds that protect cells from UV-stress and other oxidative killing 

mechanisms. An example of a melanin compounds is the green fungal pigment, 

dihydroxynaphtalene [19]. Rodlets consists of highly hydrophobic proteins. The rodlet layer 

is fragmented during spore swelling and germination resulting in the exposure of underlying 

layers [20]. Removal of rodA, either genetically or chemically, from A. fumigatus spores 

increases activation of dendritic cells and increases binding of Dectin-1 [23]. Several studies 

have examined the direct relationship between beta-glucans and health effects with 

inconsistent results [24]. The inconsistencies in the literature may be explained by the fact 

that it is not the amount of beta-glucans present, but rather the surface availability of beta-

glucans on the mold spores in the samples taken. Heat killing of mold spores exposes the 

beta-glucans and alters the immune response [25, 26].

The fungal cell membrane consists of two layers of phosholipid molecules. An essential 

component of the cell membrane is ergosterol that regulates membrane fluidity, 

reproduction, and function [27]. The cell wall also contains enzymes, such as β-N-

acetylhexosaminidase (NAHA), which catalyzes the digestion of chitin and cellulose. While 

growing, fungi emit various components to the surrounding environment. Proteases (or 

Zhang et al. Page 3

Curr Allergy Asthma Rep. Author manuscript; available in PMC 2018 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptidases) are both intracellular and extracellular, i.e., emitted outside the fungal cell. 

Proteases play an important role in fungal nutrition by digesting proteincontaining 

substrates. Proteases are also involved in the fungal reproduction facilitating germination 

and conidial discharge. Seven major types of proteases have been identified: asparagine, 

aspartic, cysteine, glutamic, metallo, serine, and threonine. Most clinically relevant proteases 

belong to serine protease family or the aspartic protease or metalloproteinase groups [28]. 

Serine proteases are the major allergenic proteins in many Penicillium and Aspergillus 
species [28]. Extracellular polysaccharides (EPS) are stable carbohydrates that are excreted 

during fungal growth to facilitate the attachment of the fungus to the surface on which it is 

growing. EPS have antigenic specificity at genus level.

Fungi produce secondary metabolites during their growth, for example, antibiotics and 

mycotoxins. Mycotoxins are nonvolatile, low-molecular weight compounds, such as 

aflatoxins, satratoxins, and ochratoxin. The types and amounts of toxin produced by fungi 

depend on the species, the fungal strain as well as on the substrate and growth conditions 

[29].

As a eukaryotic organism, fungal cells have one or more well-defined membrane-bound 

nuclei. Each nucleus can contain more than one chromosome where the DNA is surrounded 

by histone proteins. In addition to intact spores, fragments, i.e., pieces of spores and 

mycelium, can be aerosolized from fungal growth [30]. Fragments have been shown to 

contain many of the immunologically active components, such as fungal antigens, 

mycotoxins, β−1,3-glucans, and NAHA enzyme [30, 31]. In a recent study, fragment 

concentration was assessed by measuring β−13-glucan concentration in particle size fraction 

below 1 μm. Higher fragment concentrations were found in homes of asthmatic children 

compared to homes of non-asthmatic children [32].

Role of Fungal Exposure in Asthma Health

Exposure Assessment

Exposure to fungi can be assessed with qualitative and/or quantitative methods (Fig. 2). 

Qualitative assessment includes visual observations of water damage, signs of moisture/

dampness, or mold as well as olfactory observation of moldy smell [33]. Quantitative 

assessment can be based on culturable or microscopic count of fungal spores or 

quantification of fungal components. Glucans, ergosterol, EPS, and NAHA have been used 

as markers of total fungal biomass [34]. Glucans can be analyzed by using limulus 

amebocyte lysate (LAL) assay or with enzyme immunoassays (EIAs). EIAs can also be used 

for the analysis of fungal allergens and EPS, whereas ergosterol analysis involves specific 

mass spectroscopy-based methodology. NAHA enzyme activity can be measured by a 

fluorescence-based Mycometer method [31]. Mycotoxins can be analyzed by high-

performance liquid chromatography or tandem mass spectrometry or a combination of these 

two [35].

Quantitative mold-specific PCR targets the DNA-sequence of predetermined fungal species. 

The recently developed Environmental Relative Moldiness Index (ERMI) is based on the 

analysis of 36 fungal species whose concentrations are used in calculating the moldiness 
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index [36]. An emerging method is next-generation sequencing, which gives 

semiquantitative data on the diversity of fungal communities. It produces hundreds to 

thousands of exposure variables (operational taxonomic units, OTUs) per sample, which are 

typically used as relative abundance data [34].

Studies that have used several methods for the assessment of mold exposure have shown 

only moderate or weak correlation between them [37–40]. This inconsistency can be 

explained by the fungal biology: spore release dynamics and the variation in the 

characteristics of spores of different species. Fungal spores are not released into the air 

continuously. Therefore, even when there is visible mold in the room, the airborne fungal 

concentrations can be low [41]. On the other hand, mold can be hidden behind walls or other 

surfaces, but spores could still be released into the indoor air through cracks. This causes 

inconsistencies between observed and measured mold.

Each of the quantitative mold assessment methods provides a different perspective on the 

quantity of mold. Cultivation accounts only for those spores and cells that can grow on the 

culture media. Lee et al. [42] reported that in air samples collected from homes, the 

culturable count was only 2–38% of the respective microscopic count, depending on the 

species. The concentration of mold components per spore is affected by the growth media 

and by the fungal species. For example, β−1,3-glucan content for Aspergillus vericolor is 

0.08 pg/spores, whereas respective concentration is 8.66 pg/spore for Cladosporium 
herbarum and 241 pg/spore for Epicoccum nigrum [40, 43].

The sampling method also has an important effect on the measured concentration. Samples 

for the quantitative analysis can be collected with active or passive air samplers, by 

vacuuming dust or collecting samples of contaminated materials. Active air sampling can be 

conducted by using filter samplers, impactors, impingers, or electrostatic samplers. Passive 

air samples have been collected with standard sampling surfaces, e.g., simple cardboard 

boxes or electrostatic cloths that have been positioned at a specified height above the floor. 

Vacuuming is typically done from the floor, bed, or surfaces that are not frequently cleaned. 

Low correlations have been reported when the same exposure metric has been used for 

multiple sample types (e.g., floor vs. air) [40, 44]. More detailed reviews of bioaerosol 

exposure assessments can be found in Reponen et al. [45] and Macher et al. [46].

Summary of Relevant Epidemiological Studies

Numerous epidemiological studies worldwide have established an association between 

observed mold or water damage and asthma [33, 47]. Evidence supporting the association 

between measured fungal concentrations and asthma is increasing [16••, 48]. Only a small 

fraction of these studies, however, has included the atopic status of the study subject in their 

study design, and these studies are summarized in Table 1.

Several studies have focused on the respiratory health of asthmatic children sensitized to 

fungi. Pongratic et al. [54] and Gent et al. [55] reported a positive association between 

respiratory health and culturable airborne total fungi and culturable airborne Penicillium. 

The association between culturable airborne Pencillium became stronger when the model 

was adjusted for outdoor concentration of culturable fungi [54]. Wheeze and asthma severity 
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score among Penicillium-sensitized children was associated with the concentration of 

culturable airborne Penicillium spores; however, wheeze and asthma among Cladoporium-

senitized children was not associated with the concentration of culturable airborne 

Cladosporium [55].

Choi et al. [37] compared concentrations of β−1,3-glucan, ergosterol, and culturable fungi, 

including most common genera and yeast, in dust samples collected from homes of cases 

(homes that had a child with asthma, rhinitis, and/or eczema) and controls (non-symptomatic 

children). No difference was found in any of the measured concentrations between cases and 

controls. Similarly, no difference was found in any of the concentrations between sensitized 

and non-sensitized cases. In contrast, Maheswaran et al. [56] found that increased β−1,3-

glucan concentration was significantly associated with increased prevalence of atopic 

asthma. No association was found between β−1,3-glucan and non-atopic asthma. This nicely 

aligns with recent mechanistic data (discussed below) demonstrating that β-glucan exposure 

exacerbates atopic asthma [12••]. Sharpe et al. [60] also found an association between self-

reported presence of mildew/musty odor and atopic asthma, but not with non-atopic asthma.

Dannemiller et al. [58•] used quantitative PCR (qPCR) and next-generation sequencing 

(NGS) to analyze archived dust samples collected from the homes of asthmatic children. 

Asthma severity was associated with the total concentration of fungi analyzed by the qPCR. 

The concentration of allergenic fungal species was associated with severity of any asthma. 

Fungal richness assessed by NGS was not associated with asthma severity.

Our group conducted a longitudinal birth cohort study, the CCAAPS. Among CCAAPS 

children, visually observed mold in child’s home at age 1 was associated with wheezing at 

ages 1 and 3 [14, 59] but not with asthma at age 7 [16••]. Furthermore, visually observed 

mold in home at age 7 was not associated with asthma at age 7 [16••]. The association with 

wheeze was stronger among atopic than among non-atopic children [14, 15•]. The 

association of β−1,3-glucan exposure with wheezing was also assessed among the CCAAPS 

children [59]. Among the children with a low β−1,3-glucan level in the dust, the exposure 

was a risk factor, but among the children with a high β−1,3-glucan level in the dust, the 

exposure was protective. This observation supports that exposure dose or load of β−1,3-

glucan may be an important factor in determining health outcome. This may be relevant to 

mouse studies discussed in the next section. A significant positive association was found 

between asthma at age 7 and fungal exposure measured using qPCR-based ERMI: children 

who had high ERMI in their home at age 1 were more likely to have developed asthma at 

age 7 than children who had low ERMI in their home [16••]. In order to determine whether 

fungal sensitization was required for the observed effect, we stratified the data by 

aeroallergen sensitization (skin prick test (SPT) result) and we found that high ERMI 

exposure was associated with increased asthma prevalence at age 7 only in the SPT positive 

or atopic group [12••]. Further, this association was not dependent on fungal sensitization. 

These data demonstrate that fungal exposure impacts asthma independent of the ability of 

fungus to act as an allergen. The same study showed that β-glucans have immunomodulatory 

effects on the immune response induced by other allergens, which co-exist in the 

environment with fungi.
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Measurements of chitin and proteases, which are highly relevant in the mechanism of allergy 

development, have not been included in epidemiological studies. Studies that included more 

than one mold exposure metric, typically reported differing, sometimes even opposing 

results between the various matrices. This underscores the difficulty in untangling the 

complex roles of various mold components in the development of allergic respiratory 

diseases.

Mechanistic Underpinnings of Health Impact of Fungal Exposure on 

Asthma

Fungal components can serve as allergens and trigger an IgE response that contributes to 

asthma development and asthma severity. In clinical practice, allergen-specific IgE, 

demonstrated by skin testing or in vitro assays, is generally used as a guide for 

environmental modification and immunotherapy. However, it is important to recognize that 

biologically relevant fungal exposure does not require sensitization. While sensitization is 

indicative of exposure, it does not provide any information regarding the level of exposure. 

Similarly, a lack of sensitization does not indicate an absence of exposure or low exposure. 

In fact, as discussed above, many mold components, which lack allergenic potential, are 

biologically active and have been shown to contribute to asthma severity [12••]. Thus, it is 

important to quantify fungal exposure in addition to assessing fungal sensitization (Fig. 3). 

A biologic effect may be observed even in the absence of measured exposure because the 

current assessment methods are not very sensitive and often do not correlate with each other.

Because fungal cell wall components are widely conserved across the fungal kingdom but 

absent in humans, they are convenient targets for immune recognition by airway epithelial 

cells or other cells of the immune system. These cells express a broad repertoire of pattern 

recognition receptors (PRRs), which can sense both pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs) produced by local cellular 

death or stress. The components of fungal cell wall are the main source of PAMPs 

recognized by PRRs on the host cells [61, 62]. In normal environments, individuals are 

exposed to numerous factors (viruses, bacteria, dust mites, pets, traffic pollution, etc.) 

simultaneously, not only mold. Most studies have examined the impact of one or two 

exposures without considering the total environment. Obviously, these studies are difficult to 

do, but biologically, the immunomodulatory effect of mold may be modified in the presence 

of other TLR ligands, PAMPs, and/ or DAMPs. We will review the mechanistic 

underpinnings of non-allergenic fungal components (β-glucans, fungal chitin, et al.) on 

asthma health, i.e., the non-IgE-related mechanisms by which fungi contribute to asthma.

β-glucans

β-(1,3)-glucans are non-allergenic water-insoluble cell wall components of most fungi, some 

bacteria, most higher plants, and many lower plants. β-(1,3)-glucans are recognized by the 

Dectin-1 receptor which is expressed on macrophages, monocytes, neutrophils, and dendritic 

cells. Dectin-1 is a type II transmembrane C-type lectin-like receptor, and signaling through 

Dectin-1 promotes fungal immunity by inducing dendritic cells to polarize T cells toward 

Th17 cells [63]. Several studies have explored the potential effects of β-glucans on cultured 
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inflammatory cells. Kataoka et al. [64] reported that curdlan, a (1,3)-β-glucan, can activate 

macrophages and induces expression of inducible nitric-oxide synthase, TNFα, and MIP-2. 

Treatment of RAW 264.7 cells, a macrophage cell line, with curdlan induces dose- and time-

dependent changes in gene transcription, especially in genes involved in the NFκB, TGF-β, 

p53, JAK/STAT, P13/AKT, phospholipase C, and stress signaling pathways [65]. These 

effects were Dectin-1 dependent. β-glucans also have effects on other cells including 

epithelial cells. Exposure to β-glucans induces IL-6, IL-8, and CCL-20 from airway 

epithelial cells in vitro and in vivo through Dectin-1 [66–69]. Exposure of mice to curdlan 

intratracheally results in the induction of numerous genes including CCL3, CCL11, CCL17, 

IFNγ, IL1α, IL-20, and TNFα [70]. Although β-glucan exposure induces an inflammatory 

response in vivo, by itself, it is not enough to induce an asthma phenotype such as AHR or 

lung eosinophilia in mice. This is consistent with epidemiologic studies that have shown that 

the impact of β-glucan exposure is most evident in the context of atopic or allergic asthma. 

The impact of β-glucan is best studied in the context of other exposures especially allergens 

which are often highly prevalent and coexisting in the same environments as the fungi.

Several studies have examined the effect of co-exposures to fungi and allergen. In one study, 

investigators exposed mice to Candida albicans plus ovalbumin (OVA) allergen [71]. The co-

exposed mice had exacerbated eosinophilic airway inflammation, TH2, and TH17 cytokines, 

chemokines (KC, MIP-1α, and eotaxin) compared to mice exposed to OVA alone. In a more 

recent study [72], A. fumigatus conidia plus OVA was used to induce asthma in rats, and 

increased airway eosinphilia and AHR were observed in the combination treatment group 

compared to the OVA alone group. These studies indicated that exposure to intact fungi in 

combination with allergen resulted in enhanced AHR and inflammation, but the relevant 

components of fungi that were responsible for the health effects remained unknown. More 

recently, the role of β-glucans has been directly examined. One study found that exposure to 

curdlan plus OVA allergen resulted in a modest increase in lung inflammation and 

neutrophilia in mice [73]. Recently, our group directly compared exposure to fungal spores 

combined with house dust mite (HDM) allergen and curdlan plus HDM in a mouse model of 

asthma [12••]. We found that coexposure to Avicularia versicolor spores and HDM allergen 

resulted in a much more severe asthma phenotype with augmented AHR, eosinophilia, 

neutrophilia, and lung tissue inflammation compared to exposure to either fungi or HDM 

alone. The nature of the immune response was also altered. Exposure to HDM caused a TH2 

response, but little or no TH17 response. In contrast, exposure to A. versicolor spores plus 

HDM resulted in a mixed TH2 and TH17 response. The fungal exposure significantly 

enhanced the Th2 response and induced a strong TH17 response as well. Further, this severe 

asthma is resistant to steroids and characterized by mixed TH2 and TH17 responses, 

including IL-13+IL17+CD4+ double-producing T effector cells. These cells have been linked 

to asthma severity and steroid resistance [74], and transfer of antigen-specific, IL-17A, and 

IL-13 double-producing CD4+ T cells into naïve mice triggered more severe inflammation 

upon allergen challenge compared to conventional TH2 or Th17 cells [75]. We found that 

steroid resistance is dependent on fungal-induced TH17 responses as steroid sensitivity was 

restored in IL-17RC−/− mice [12••]. Although fungal sensitization occurred in the co-

exposure model, we found that the impact of fungal exposure on allergen-induced asthma 

was not dependent of sensitization based on the following. First, all of the observations 
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made with fungal spores in the HDM co-exposure model were also see with curdlan plus 

HDM exposure, and curdlan cannot induce sensitization. Second, consistent with the mouse 

findings, children exposed to high levels of fungus (quantified by ERMI) had increased 

asthma severity and increased IL-17A and this was independent of fungal sensitization. 

Furthermore, these changes were confirmed to be Dectin-1/TH17 signaling dependent 

through dentin-1 null mice and anti-IL17A neutralizing antibodies.

In addition to the mounting data supporting that β-glucan exposure contributes to asthma 

development and severity, there are several studies that support that β-glucan exposure is 

protective in asthma development [76–79]. Unfortunately, these studies did not examine the 

role of Dectin 1 or IL-17A. The conflicting results may be due to differences in the route of 

β-glucan exposure, the β-glucan dose or load, and/or the immunologic activity of the β-

glucan used (different β-glucans have different affinities for Dectin-1). In these studies, the 

β-glucan was delivered orally, by intraperitoneal injection or applied to the skin, which may 

yield very different results than inhalation or lung delivery. Also the doses of β-glucan used 

were greater (6 to 125 mg/kg) than those used in asthma models (less than 1 mg/kg) [12••]. 

Collectively, these findings imply β-glucans may have different health effects depending on 

the dose, different exposure route, and the timing of exposure. Additional co-exposures 

undoubtedly also impact the biologic processes and the ultimate health outcome.

Chitins

Chitin, a polymer of N-acetylglucosamine and the second most abundant polysaccharide in 

nature following cellulose, is an essential component of fungi, house dust mites, 

exoskeletons of crabs, shrimp and insects, parasitic nematodes, and digestive tracts of many 

insects. In 2008, chitin was identified as a PAMP, which has important immunologic effects 

in vitro and in vivo. Chitin binds to different receptors in a size-dependent manner. Thus, 

chitin may have sizedependent effects on immune cell functions. Large chitin particles (>70 

μm) induce no known response; medium-sized particles (40–70 μm) induce inflammatory 

responses characterized by IL-17 and TNFα; and small particles (<40 μm) have been 

reported to induce an anti-inflammatory response characterized by IL-10 [80, 81]. Chitins 

can activate macrophages and natural killer cells to release a number of proinflammatory 

cytokines, and in vivo induce eosinophilic lung inflammation and enhance the recruitment of 

innate lymphoid cells (ILC) to the lung [82–84]. Chitins have been reported to induce the 

expression of IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), which activate ILC2 

cells to express IL-5 and IL-13, leading to eosinophilia [85•]. Another recent publication 

reported that exposure to chitins derived from Mucor rouxii rapidly induced the expression 

of IL-25, IL-33, and TSLP in BEAS-2B, human bronchial epithelial cells, A549, and H292 

lung carcinoma cells [86].

Chitin content is an important determinant of the impact of fungal exposure on lung 

inflammation. O’Dea EM et al. [87] compared lung immune responses to conidia from two 

fungal isolates that expressed different levels of chitin in their cell walls and found that 

repeated aspirations of the high-chitinexpressing isolate induced increased airway 

eosinophilia in the lungs of recipient mice compared to that induced by the low-chitin-
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expressing isolate. Collectively, these findings imply that the health impact of chitin 

exposure depending on the dose and size of the chitin.

Proteases

Fungi contain and release proteases, and many fungal allergens possess highly proteolytic 

activities. Fungal proteases induce inflammatory responses by compromising mucociliary 

clearance, altering the permeability of epithelial barrier, and activating innate immune 

responses. The main protease sensing mechanism involves activation of protease-activated 

receptors (PARs). Cleavage of PARs by proteases leads to the activation of NF-κB and 

mitogen-activated protein kinases [28]. Recently, two papers provided evidence supporting 

the role of fungal protease in asthma development. Balenga et al. [88•] showed that a major 

AF allergen, asp f13, which is a serine protease, promotes AHR by infiltrating the bronchial 

submucosa and disrupting airway smooth muscle cell-extracellular matrix interactions. In 

another study, Millien et al. [89•] showed that a protease from A. oryzae induces allergic 

inflammation in the airway through cleavage of the clotting protein fibrinogen, which yields 

cleavage products that can act as TLR4 ligands on airway epithelial cells and macrophages.

Conclusion

Rapid and significant progress is being made to understand the molecular mechanisms by 

which fungi promote allergic asthma. Recent findings highlight immune responses induced 

by fungal components (β-glucans, chitins, and proteases) that directly activate innate 

immune responses through PRRs and PARs. As such, the impact of fungi is independent of 

fungal sensitization. Further, fungi do not need to be intact or viable to have a significant 

health impact. Fungal fragments and components are sufficient. Recent mechanistic data 

have significant implications on how we measure or define fungal exposure and the clinical 

significance of fungal sensitization.
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Fig. 1. 
Health relevant structures in fungal spores

Zhang et al. Page 17

Curr Allergy Asthma Rep. Author manuscript; available in PMC 2018 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Most common analysis methods for assessment of mold exposure
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Fig. 3. 
Proposed algorithm for fungal exposure assessment and related biologic effect
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Table 1

Recent epidemiological studies on the association between mold exposure and children’s asthma that included 

assessment of atopic wheezing and/or asthma

Source Study design Exposure measurement Outcome Risk estimate (% 
prevalence or OR)*

Rylander et al., 

1998
a
 [49]

347 children in two 
schools (problem 
versus control 
school)

Visually observed mold Atopic wheeze
Non-atopic wheeze

13.5 vs. 2.8% (p = 0.014)
36.4 vs. 13.3% (p >0.05)

Ronmark et al., 

1999
b
 [50]

Cohort of 3431 
children age 7–8 in 
Sweden

Parent reported dampness in 
home

Any asthma
Atopic asthma
Non-atopic asthma

1.54 (1.10–2.14)
1.40 (0.81–2.42)
1.78 (1.10–2.89)

Schram-Bijkerk 

et al., 2005
c
 [51]

Cohort of 899 
children age 5–13 
(168 current atopic 
wheezers and 441 
controls)

EPS in dust
β−1,3-glucan in dust

Atopic wheeze
Atopic wheeze

0.95 (0.70–1.30)
0.83 (0.56–2.11)

Bernstein et al., 

2006
d
 [52]

UV-HVAC 
intervention in 
homes of 19 mold-
sensitized asthmatic 
children age 5–17

UV-HVAC vs. placebo PEFR variability
Severity scores of shortness of 
breath and chest tightness

9.6±13.6% vs. 9.8±3.8% (p 
<0.05)
75% reduction vs. 33% 
reduction (p < 0.05)

Inal et al., 

2007
e
[53]

Prospective cohort of 
19 mold-sensitized 
asthmatic children 
age 4–13;

Culturable airborne fungi Daily asthma score
PEF morning
PEF evening

r = −0.021 (p = 0.932)
r = −0.056 (p = 0.475)
r = −0.057 (p = 0.471)

Pongracic et al., 

2010
f
 [54]

Prospective cohort of 
469 mold-sensitized 
asthmatic children 
age 5–11

Culturable airborne total fungi 
indoors
Culturable airborne Penicillium 
indoors

Unscheduled visits to 
emergency room
Unscheduled visits to 
emergency room

1.16 (1.02–1.33)
1.13 (1.04–1.24)

Gent et al., 

2012
g
 [55]

Prospective cohort of 
1233 asthmatic 
children age 5–10

Culturable airborne Penicillium
Culturable airborne 
Cladosporium

Wheeze among Penicillium 
sensitized
Asthma severity score among 
Penicillium sensitized
Wheeze among Cladosporium 
sensitized
Asthma severity score 
amongCladosporium 
sensitized

2.12 (1.12–4.04)
1.99 (1.06–3.72)
1.22 (0.66–2.26)
1.58 (0.88–2.83)

Choi et al., 

2014
h
 [37]

Nested case-control 
of 198 symptomatic 
(asthma, rhinitis 
and/or eczema) and 
202 non-
symptomatic 
children

Culturable fungi in dust 
(including most common genera 
and yeasts)
β−1,3-glucan in dust Ergosterol 
in dust

Asthma, rhinitis, eczema
Allergen sensitization

No differences in measured 
fungal concentration 
between cases and controls
No differences in measured 
fungal concentration 
between sensitized and 
non-sensitized cases

Maheswaran et 

al., 2014
i
 [56]

Longitudinal birth 
cohort of 422 
children

β−1,3-glucan in dust at age 7–10 
(models adjusted for endotoxin)

Prevalent asthma
Incident asthma
Prevalent atopic asthma
Incident atopic asthma
Incident non-atopic asthma

1.62 (1.06–2.47)
2.09 (0.89–4.90)
1.53 (1.02–2.30)
2.81 (0.82–9.56)
1.01 (0.60–1.69)

Sharpe et al., 

2015
j
 [57]

Cross-sectional on 
2849 children age 6–
17 in NHANES 
study

Self-reported presence of 
mildew/musty odor
Alternaria alternata allergen in 
house dust
Aspergillus fumigatusallergen in 
house dust

Any asthma
Atopic asthma
Non-atopic asthma
Any asthma
Atopic asthma
Non-atopic asthma
Any asthma
Atopic asthma
Non-atopic asthma

1.59 (1.04–2.42)
1.81 (1.01–3.25)
1.47 (0.79–2.72)
0.35 (0.14–0.87)
0.39 (0.10–1.55)
0.25 (0.07–0.86)
1.03 (0.82–1.41)
0.84 (0.41–1.72)
0.94 (0.51–1.77)

Dannemiller et 

al., 2016
k
[58•]

Cohort of 196 
asthmatic children 
age 5–10 years

Fungi in dust determined by 
qPCR

Asthma severity:
Any asthma
Atopic asthma

2.02 (1.14–3.56)
1.69 (0.77–3.75)
2.40 (1.06–5.44)

Curr Allergy Asthma Rep. Author manuscript; available in PMC 2018 September 26.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 21

Source Study design Exposure measurement Outcome Risk estimate (% 
prevalence or OR)*

Longitudinal birth 
cohort study of 640 
children2

Allergenic species in dust by 
NGS and qPCR
β−13-glucan in dust determined 
by LAL assay

Non-atopic asthma
Any asthma
Atopic asthma
Non-atopic asthma
Any asthma
Atopic asthma
Non-atopic asthma
Wheeze at age 1:
Any recurrent wheeze

2.53 (1.28–5.00)
2.71 (0.99–7.39)
2.38 (0.94–6.01)
0.55 (0.24–1.26)
0.47(0.13–1.68)
0.60 (0.20–1.83)
2.1 (1.2–3.6)

Cho et al. [14] 

2006
l

Visually observed mold (high vs. 
none) in home at age 1

Atopic recurrent wheeze
Atopic recurrent wheeze with 
mold sensitization

4.7 (2.1–10.5)
0.6 (0.1–4.0)

Iossifova et al. 

2007
1
 [59]

Sub-set of 574 from 
Cho et al. 2006

Visually observed mold (high vs. 
none) in home at age 1
Low β−1,3-glucan in dust 
determined by LAL assay
High β−1,3-glucan in dust 
determined by LAL assay

Wheeze at age 3: Any 
recurrent wheeze
Atopic wheeze vs. no wheeze 
and no atopy
Any recurrent wheeze
Atopic wheeze vs. no wheeze 
and no atopy
Any recurrent wheeze
Atopic wheeze vs. no wheeze 
and no atopy

4.44 (1.63–12.05)
9.51 (2.34–38.63)
3.04 (1.25–7.38)
4.89 (1.02–23.57)
0.39 (0.16–0.93)
0.13 (0.03–0.61)

Reponen et al. 

2011
1
 [16••]

Sub-set of 176 
children from Cho et 
al. 2006

Visually observed mold:
-Age 1
- Age 7
ERMI in dust:
-Age 1
- Age 7

Asthma at age 7:
Any asthma
Any asthma
Any asthma
Any asthma

0.3 (0.03–2.04)
1.1 (0.29–4.52)
3.1 (1.38–6.93)
0.7 (0.25–1.71)

Zhang et al. 

2016
1
 [12••]

Sub-set of 288 
children from Cho et 
al. 2006

ERMI in dust at age 1 Asthma at age 7:
Any asthma
Atopic asthma
Atopic asthma without mold 
sensitization

3.54 (1.85–6.81)
4.38 (2.08–9.22)
7.36 (2.13–25.43)

*
All the values in italics are statistically significant (p > 0.05).

a
Rylander skin prick test for house dust mire, fungi, animal dander, and pollens

b
Ronmark: skin prick test for birch, timothy, mugwort, dog, cat, horse, two mites (Dermatophagoides farinae and D. pteronyssinus), and two molds 

(Cladosporium and Alternaria)

c
Schram-Bijkerk: atopy = Phadiatop positive (?)

d
Bernstein: skin prick test, Aspergillus fumigatus, Penicillium notatum, Cladosporium herbarum, and Alternaria alternate (also for dust mite, cat, 

dog, cockroach were tested)

e
Inal: skin prick test for mites (D. pteronyssinus and D. farinae), grass mix, tree mix, mold mix, Alternaria, Cladosporium, Penicillium, Aspergillus 

(also eucalyptus pollen, olive pollen, cat and dog, and dust mites were included)

f
Poncratic: skin prick test for Alternaria alternata, Cladosporium herbarum, Penicillium chrysogenum, Aspergillus mix (A. flavus, A. fumigatus, A. 

glaucus, A. nidulans, A. niger) (also included Dermatophagoides farinae, Dermatophagoides pteronyssinus, cockroach mix (German and 
American), rat, mouse, cat, and dog)

g
Gent: total IgE and IgE antibodies for 10 allergens: Penicillium notatum [properly known as P. chrysogenum], Cladosporium herbarum), dust mite 

(Der p 1, Der f 1), cat (Fel d 1), dog (Can f 1), cockroach (Bla g 1), meadow grass (Kentucky blue, Poa pratensis), ragweed (Ambrosia elatior), and 
egg

h
Choi: IgE antibodies to 10 allergens: timothy, mugworth, birch, cat, horse, dog, house dust mites, Penicillium, and Cladosporium

i
Maheswaran: skin prick test to 16 allergens: including tree pollen mix, weed pollen mix, ragweed, grass pollen mix, Alternaria, Cladosporium, 

Penicillium, house dust mites, cockroach, cat, dog, feathers, and peanut

j
Sharpe: total IgE0
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k
Dannemiller: total IgE

l
Cincinnati Childhood Allergy and Air Pollution Study: skin prick test for 15 aeroallergens: meadow fescue, timothy, white oak, maple, American 

elm, red cedar, short ragweed, Alternaria spp., Aspergillus fumigatus, Penicillium spp., Cladosporium spp., cat, dog, German cockroach, and house 
dust mite
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