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Abstract

A number of epidemiological studies find an association between indoor air dampness and
respiratory health effects. This is often suggested to be linked to enhanced mold growth. However,
the role of mold are obviously difficult to disentangle from other dampness related exposure
including microbes as well as non-biological particles and chemical pollutants. The association
may partly be due to visible mycelial growth and a characteristic musty smell of mold. Thus, the
potential role of mold exposure should be further explored by evaluating information from
experimental studies elucidating possible mechanistic links. Such studies show that exposure to
spores and hyphal fragments may act as allergens and pro-inflammatory mediators, and that they

may damage airways by the production of toxins, enzymes and volatile organic compounds.

In the present review, we hypothesizes that continuous exposure to mold particles may result in
chronic low-grade pro-inflammatory responses contributing to respiratory diseases. We summarize
some of the main methods for detection and characterization of fungal aerosols and highlight in
vitro research elucidating how molds may induce toxicity and pro-inflammatory reactions in
human cell models relevant for airway exposure. Data suggest that the fraction of fungal hyphal
fragments in indoor air is much higher than that of airborne spores, and the hyphal fragments often
have a higher pro-inflammatory potential. Thus, hyphal fragments of prevalent mold species with
strong pro-inflammatory potential may be particularly relevant candidates for respiratory diseases
associated with damp/mold-contaminated indoor air. Future studies linking of indoor air dampness
with health effects should assess the toxicity and pro-inflammatory potential of indoor air
particulate matter, and combined this information with a better characterization of biological
components including hyphal fragments from both pathogenic and non-pathogenic mold species.

Such studies may increase our understanding of the potential role of mold exposure.

Practical implications:

Indoor dampness and mold have been associated with allergic and non-allergic inflammatory
reactions that may be linked to various health outcomes. The present review summarize some of
the main methods for detection and characterization of fungal aerosols and highlight experimental
research elucidating how molds may induce toxicity and pro-inflammatory reactions in human

lung. Recent studies find that a substantial part of the mold particles in indoor air are hyphal
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fragments, which possess different and often much stronger pro-inflammatory effects than spores.
The inflammatory potential differs highly between various mold species and some of the highly
prevalent non-pathogenic species may give strong pro-inflammatory responses at low
concentrations. Continuous exposure to mold particles may result in chronic low-grade pro-
inflammatory responses thereby contributing to respiratory diseases. Thus, we suggest that future
epidemiological studies should perform better characterization and quantification of the air
samples, and include hyphal fragments from both pathogenic and non-pathogenic species and

more direct analysis of pro-inflammatory responses.

Abbreviations

ALI, air-liquid interface; A. fumigatus, Aspergillus fumigatus;, A. versicolor, Aspergillus
versicolor; BAL, bronchoalveolar lavage; CLR, C-type lectin receptor; COPD, chronic obstructive
pulmonary disease; CFU, colony forming units; DC-SIGN, dendritic cell receptor-SIGN; DUOX1,
dual oxidase 1; ELISA, enzyme-linked immunosorbent assay; GM-CSF, granulocyte-macrophage
colony—stimulating factor; IL, interleukin; LAL, Limulus amoebocyte lysates; LPS,
lipopolysaccharide; M-CSF, macrophage colony-stimulating factor; MVOC; microbial volatile
organic compounds; MIP-1a, (CCL3), macrophage inflammatory protein 1-alpha, MIP-1p,
(CCL4), macrophage inflammatory protein 1-f, MCP-1, (CCL2), monocyte chemoattractant
protein 1; N-acetyl-B-D-glucosaminidase (NAGAse); N-acetyl- hexosaminidase (NAHA); NF-«xB,
nuclear factor kappa-light-chain-enhancer of activated B cells; NO, nitric oxide; NLR, NOD-like
receptor; NO, nitric oxide; PAMP, pathogen associated molecular pattern; PARs, protease-
activated receptors; P. chrysogenum, Penicillium chrysogenum; PM, particulate matter; PI3K,
phosphatidylinositol 3-kinases; PMA, phorbol 12-myristate 13-acetate; PRR, pattern recognition
receptor; PLFA, phospholipid-derived fatty acids; QPCR, quantitative polymerase chain reaction;
ROS, reactive oxygen species; RNS, reactive nitrogen species; S. chartarum, Stachybotrys
chartarum; SP, surfactant proteins; TACE, TNF-a converting enzyme; THP-1, Human leukemia
monocyte cell line; TER, trans-epithelial electrical resistance; TSLP, thymic stromal

lymphopoietin; TNF-a, tumor necrosis factor-alpha.
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1. Introduction
Indoor dampness and mold have been associated with allergic and non-allergic inflammatory
reactions that may be linked to various health outcomes: wheezing and cough, allergies,
development and exacerbation of asthma and allergic rhinitis (1-8). Moisture damage and mold
may also link to higher risk of respiratory tract infections (3, 5, 8). Associations between these
health outcomes and molds are mainly with visible mycelial growth and a characteristic musty
smell of mold. The role of mold is difficult to disentangle from other dampness related exposure

including other microbes as well as non-biological particle matter (PM) and chemical pollutants.

Air pollution is among the leading environmental health risk factors (9). Strong causal associations
have been reported between exposure to PM and development or exacerbation of various
respiratory symptoms and disease (9). Although people in the industrialized world spend
approximately 90% indoor (2, 10), most information has come from outdoor PM studies. These
studies have shown that PM toxicity and their potential to induce oxidative stress and
inflammation are depending on factors including size, shape, structure, surface reactivity,
lipophilic and hydrophilic chemicals as well as biological components adhered (11). The

differences in PM composition are highly depending on sources and seasonal variation (12, 13).

Important air pollution components indoor are PM and nitrogen dioxide from outdoor sources or
generated by cooking and biomass burning (14). Other indoor pollutants include gases released
from building material and solvents (15), house dust mites and other indoor allergens (16). In
developing countries, provision of vented stoves have led to a reduction in the levels of PM from
cooking (17). Although environmental tobacco smoke indoors still is considered to be an
important PM source in dwellings, exposure has been dramatically reduced the last decades in
western world (18). The relative importance of outdoor versus indoor contribution on respiratory

health problems are also much depending on the ventilation system in buildings (19).

Health problems related to indoor air are often linked to dampness (3, 5). As microbes and non-
infectious bio-aerosols are known to give pro-inflammatory effects (12, 13), they are often
characterized in indoor air and linked to respiratory symptoms and disease (15). Health problems
associated with building-dampness often coincide with mold growth (3, 5); and a decrease in
prevalence of symptoms has been reported following renovation of mold damage (20, 21). In

studies of working populations, where exposure levels are considerably higher, associations
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between exposure to fungal spores measured by personal monitoring and multiple respiratory
effects are frequently reported (22). Sensitization rates to fungi typically exceed 5% of the general
public with higher rates among the atopic population (23). However, there is no strong
associations between the total occurrence of spores in mold-contaminated indoor environments
and adverse health outcomes unless patients have underlying responses, are compromised host, or
have hypersensitivity disorders to mold (23). Thus, these associations need to be further supported

by experimental studies.

Experimental studies show that exposure to spores and hyphal fragments may act as allergens (24)
and pro-inflammatory mediators, and that they may damage airways by the production of toxins
(25), proteases (26) and microbial volatile organic compounds (MVOC) (27). In the present
review, we hypothesize that continuous exposure to mold particles may result in chronic low-
grade pro-inflammatory responses that can contribute to respiratory diseases development. We
summarize some of the main methods for detection and characterization of fungal aerosols and
highlight experimental research elucidating how molds may induce toxicity and pro-inflammatory

reactions in human lung.

1.1 Mold in indoor air

Water damage in buildings is common and is often associated with mold problems (28-30). Mold
can grow on virtually all organic building materials if there is enough moisture accessible.
Buildings damaged by flooding or leakage (from plumbing, pipes, roofs or windows), or where
temperature and humidity levels are generally high due to poor ventilation are particularly at risk
(5). Growth can start on material containing 12—15% water content per weight and even at lower
water content if the air relative humidity is above 85%. In Norway, it has recently been estimated
that around 30% of buildings have signs of moisture damage (31), which is consistent with studies
from other countries (6, 32-35). In the coming years, global climate change may increase the
prevalence of mold-induced sensitization and allergic airway diseases as mold colonization and
sporulation increases at higher temperatures and carbon dioxide levels (36) and the frequency of
extreme weather may increase. Notably, during baseline and intervention, mold and endotoxin
levels in mold-contaminated houses in New Orleans after Hurricane Katrina were similar to those

found in agricultural environments (37).
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Fungal components from both outdoor and indoor air may be regarded as relevant sources for
respiratory exposure. As their relative importance is highly dependent on climate patterns, no
established acceptable indoor levels have been established. However, the indoor levels of fungal

aerosols should preferentially be lower than outdoor levels (38).

1.1.1 Species and growth stages

It is estimated that there are at least 1.5 million fungal species, although only approximately
80,000 have been described so far (39). Filamentous fungi found are called molds. Their spores
may germinate into multicellular filamentous structures (hyphae), which can grow further into
complex networks known as mycelium (40). Airborne molds take the form of single, aggregates or
fragments of spores as well as hyphal and mycelial fragments (41). However, not all species
produce spores that are easily aerosolized. Spores from S. chartarum are large and sticky, and are
dispersed by water droplets and may thus become liberated into air after secondary dispersion

(22).

Species that commonly occur in damp indoor environments include Penicillium chrysogenum,
Aspergillus versicolor, Stachybotrys chartarum and Aspergillus fumigatus (30, 42, 43). The level
of pathogenic 4. fumigatus, which is associated with invasive lung diseases, is generally low (44).
Even though the toxic black mold S. charatrum is often linked to damp building-related illnesses,
concentrations of S. chartarum have been very low among the mycoflora identified in water-
damaged and mold-contaminated buildings compared to the more common Penicillium and

Aspergillus species (45, 46).

1.1.2 Mold composition

The basic fungal cell wall structural organization of both spores and hyphae is composed of a
fibrillary skeleton, which consists of a matrix containing glucans (mainly f-1,3-glucan),
galactomannans, glycoproteins, enzymes and lipids, reinforced by chitin fibrils (47). However, the
composition and three-dimensional structure of the cell wall differ between mold species and

change during their life cycle (48).

The outer surface of resting spores most often have a layer of hydrophobic RodA protein and
pigments such as melanin which are lost upon swelling and germination of spores (49, 50). This

may result in appearance of polysaccharide moieties such as B-glucans (51). Under certain growth
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conditions, some molds may synthesize and excrete mycotoxins (52) and various proteases (26).
The types and amounts of toxin and proteases produced depend on the species, the strain as well as

on the substrate and growth conditions.

1.2 Mold-induced effects in the respiratory system

1.2.1 Mold deposition and clearance

On a daily basis humans continuously inhale mold. Mold bio-aerosols include three main groups
based on their shape: spherical particles represented by single spores; oblong particles that
comprise the submicronic, larger fragments and spore aggregates, and fibrous particles such as
spore aggregates and larger fragments (53). The diversity in physical properties of inhaled fungal
aerosol influence their aerodynamic behavior (54), and are of great importance for their fate in the
respiratory system (28, 55). In general, large particles primarily deposit in the upper airways (nose
and throat), whereas smaller particles deposit more in the lower part of the respiratory system
(bronchial and alveolar regions) (56). The majority of the mold particles will be cleared out by the
mucociliary escalator (45) while those in the alveoli will be first phagocytosed by macrophages
(57). Notably, the geometry and function of the respiratory airways may have been remodeled in
individuals with lung diseases such as asthma, leading to a several fold increased particles

deposition and reduced clearance (58).

Investigations of fungal exposure in field studies indicate that the ratio of fragment number versus
spores may be large; more specifically the fragment to spore number ratio was 103 for fragments
of size 0.3 um and 10°¢ for fragment size 0.03 pm (59, 60). The smaller mold particles/fragments
that deposit deeper into the lungs are not as rapidly removed and may thus trigger more pro-
inflammatory and immunological signals. They may interact with and even be translocated across
the epithelial barrier into the bloodstream and to secondary organs (61). Thus, a proper physical
characterization of particles in the fungal aerosols is important in order to provide good prediction

of their deposition and effects in the respiratory tract.

1.2.2 Immune responses
The respiratory system is constantly exposed to various microbes including molds (62). The
epithelium layer representing a structural barrier combined with the innate immune responses by

in particular the lung macrophages are crucial to maintain normal lung function (63).
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Pattern Recognition Receptors (PRRs) expressed on immune cells and respiratory epithelial cells
recognize various mold products excreted as well as components on the mold particle surface.
Important classes of PRRs in antifungal immunity are the toll-like receptors (TLRs), C-type lectin
receptors (CLRs), nucleotide-oligomerization domain (NOD)-like receptors (NLRs) and protease-
activated receptors (PARs) (64). Human TLRs comprise both extracellular and intracellular
receptors (65). TLR1, TLR2, TLR4, TLRS, TLR6, and TLR10 on the cellular surface, bind to
extracellular pathogens/ligands. In contrast, pathogens/ligands taken up by phagocytosis may fuse
with cytosolic endosomes and bind to TLR3, TLR7, TLR8, and TLR9. The specific receptor
location has been reported to partly depend on cell types and tissues (66, 67). Expression of TLRs
modulates rapidly in response to environmental stresses including pathogens and cytokines (68).
Furthermore, TLRs may interact with each other as well as CLRs, protease activated receptors
(PARs) or cofactor/adapter proteins to mediate mold-associated inflammation (69). TLR2 and

TLR4 have both been suggested to have a crucial role in mold recognition (70-73).

Several cell wall components such as B-glucans, chitins, and mannans act as ligands that are
readily recognized by CLRs like dectin-1, dectin-2 and mannose receptor (MR). Dectin-1 is the
major PRR involved in the recognition of B-glucans (74). CLRs collaborate with each other as
well as other PRRs in mounting a mold-specific immune response (64). The lung surfactant
proteins (SP) SP-A and SP-D also contribute to mold detection by trapping/agglutination of mold
particles which enhance their phagocytosis by pulmonary alveolar macrophages (75). NLRs are a
family of intracellular receptors that recognize internalized microbial components including mold
(64), and they can cooperate with TLRs to activate pro-inflammatory cytokine production (76).
They can be divided into the NOD subfamily including NOD1 and NOD2, and the leucine-rich
repeat and pyrin domain-containing protein (NLRP) subfamily (77). Proteases from mold can be
recognized directly by cell surface receptors on innate immune cells (epithelial and macrophages)
like protease-activated receptors (PARs) which comprise a family of four 7-transmembrane G
protein—coupled receptors (78). Secreted fungal proteases induce inflammatory responses by
changing the permeability of epithelial barrier and by induction of pro-inflammatory mediators

through PARs (26).

After a pathogen challenge, neutrophils are the first responders to be recruited and they have a
higher phagocytic activity than macrophages; whereas monocytes are recruited later to the infected

site within 24 to 48 hours (79). Freshly recruited monocytes display a pro-inflammatory phenotype
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with high phagocytic activity, but during a few days they are differentiated into macrophages in
the alveolar environment (80). The more specific adaptive immune responses develop slower, but

crosstalk with the less specific innate cells (81).

A number of cell types may participate in the immune responses following inhalation of mold
particles. The bronchial epithelium is pseudostratified and made up of a variety of cell types such
as basal, ciliated, mucous-secreting goblet and secretory non-ciliated club cells many responding
with cytokine secretion (82, 83). Type II cells recognize mold particles through membrane
receptors and secrete pulmonary surfactant and cytokines. Moreover, these cells are involved in
alveolar repair, by functioning as self-renewing cells and precursors of type I cells, which is

primarily involved in gas exchange (83).

Airway macrophages play an essential role in innate immunity by secretion of a range of
inflammatory mediators like cytokines and growth factors, crucial for the maintenance of healthy
tissues (84, 85). Macrophages recognize and engulf mold into phagosomes, which subsequently
fuse with lysosomes containing various antimicrobial effectors including proteases, antimicrobial
peptides, and lysozymal enzymes. Increased formation of reactive oxygen (ROS) and nitrogen
species (RNS), often called “oxidative burst”, are also important part in the defense against mold

(86).

Tissue-resident macrophages may arise from embryonic origin and self-maintain locally (87, 88),
or be recruited from circulating monocytes which in response to pro-inflammatory stimuli will be
recruited to the lung (89, 90). Monocytes also participate in the surveillance of the lung, as they
may enter tissues during steady state without differentiating to macrophages, and transport
antigens from tissue to lymphoid organs (91, 92). Thus, thereby contributing both to adaptive
immune responses and long-term immunity (93). Whereas blood monocyte-derived cells are pro-
inflammatory, alveolar macrophages seems to have more anti-inflammatory functions and thus
preventing excessive inflammation in response to environmental microbes (94). In response to
tissue damage resident macrophages seems to become polarized toward a pro-inflammatory
phenotype (95). However, the roles of monocyte-derived macrophages versus tissue-resident

macrophages in the lung are still not fully understood (96).
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1.2.3 Role of inflammation in disease linked to mold exposure

Mold may cause irritation or adversely affect human health through three specific mechanisms:
direct infection by the organism, generation of allergic and non-allergic immune responses, or
toxic effects from exposure to very high levels of mold byproducts such as mycotoxins and
proteases (97-99). In severe cases, mold exposure may pose a life-threatening risk for invasive
pneumonia in immunocompromised individuals (100). Allergic and non-allergic respiratory-
related disease outcomes such as shortness of breath, coughing, wheezing, development and
worsening of existing asthma, chronic bronchitis, allergic rhinitis, and other symptoms of upper
respiratory tract are more often reported (3, 5, 6). Deposition on the mucous membrane initiates
irritation that may result in conjunctivitis, allergy or asthma that are IgE mediated.
Hypersensitivity pneumonitis, chronic rhino-sinusitis and allergic fungal sinusitis, are mediated by
IgG and T-cell immune response. Between 3 and 10% of the world population is estimated to have
IgE mediated allergy against mold (101), and 5% are predicted to develop clinical allergy, making

mold exposure an important public health issue in many countries (99).

Whereas inflammatory reactions often are needed to destroy and remove intruders like mold,
prolonged duration pro-inflammatory responses may lead to tissue damage and airway disease.
Chronic inflammation is often found to be a key factor in mold-induced pulmonary diseases
(Figure 1). There is a positive association between mold exposure and elevated levels of pro-

inflammatory markers in the airways (102-104), which are linked to several respiratory diseases.
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Figure 1: Illustration of how mold-induced inflammation may cause health effects. T1= Type 1 pneumocyte, MO = monocyte, MO =
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macrophage, E = endothelial cell, N = neutrophil, NETs = neutrophils extracellular traps. Modified from A, K. Bolling, PhD-thesis, Oslo,
Norway2008.

2. Characterization and pro-inflammatory potential of mold particles

Many reviews on various aspects of indoor mold have been published (29), some focusing on
characterization of exposure (105), others on health effects associated with indoor mold exposure
(3). Here, we summarize some of the main methods for detection and characterization of fungal
aerosols and highlight in vitro and in vivo research elucidating how molds may induce toxicity and

pro-inflammatory reactions in human cell models relevant for airway exposure.

2.1 Methods for sampling of mold material

Experimental sampling of mold is most often done by sampling from specific mold species grown
on culture substrate, or on gypsum board which is commonly used as model for indoor building
material. Mold are cultured for various time periods which allow for more specific production of

spores, hyphal fragments with or without mycotoxins (22).

By using cellophane covered semi solid enriched agar media, mycelial biomass free of spores can
be grown on a solid substrate so to mimic the natural growth characteristics of molds. Depending
on the experimental exposure studies, different approaches of sampling are used among which
gently scraping of mold spores after flooding with an appropriate medium. Alternatively, mold
particles including both spores and fragments may be aerosolized using a particle generator (53),
so that the collected particles represent airborne particles. This technique is efficient for collecting
spores but not mycelial fragments that were collected in too low amount for in vitro exposure
studies. This sampling challenge can be efficiently overcome by grinding freeze-dried cellophane
grown mycelial biomass followed by aspiration and size-fractionation with a cyclone, so to obtain

the thoracic mold particle fraction.

Indoor sampling of mold particles from moisture-damaged buildings can be done from
contaminated surfaces, house dust and air. Detection and quantification of mold particles are the
preferred method for characterizing mold exposure indoor. However, as this requires more
resources and time due to practical constraints, sampling of settled particles and microbial growth
on surfaces are often used as an approximation. Airborne mold particles are most often collected

with instruments specifically developed for sampling of biological material (106). Airborne
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samples indoors will be a mixture of particle mater from various sources indoors as well as
outdoors and need to be further characterized, never the less, this is the best approach for
associating mold exposure with health outcome. Airborne sampling is too time consuming and
costly to be used in large population studies. Thus, specific sampling from surfaces or house dust
1s most often used, although a quantitation of mold exposure is difficult. House dust consists
mainly of textile fibers, and includes biological material from animals and plants as well as

bacteria besides mold (107).

2.2 Methods for detection and characterization of mold aerosols
Different approaches has been taken in order to characterize experimental obtained mold material
and identify mold in moisture-damaged buildings. Air samples can be collected on filters and on

semi-solid nutrient media by impactors or in liquid impingers.

The sampling method is highly dependent on the method for subsequent analysis. Analytical
methods can be divided in essentially different methods that quantify culturable organisms and
methods that do not depend on culturability. As the proportion of culturable organisms is highly
dependent on species, sampling strain and culture conditions the culture-based methods
underestimate the collected microorganisms substantially and with great variability, and provide at
best semi-quantitative results. On the other hand, when viability and species is important these
methods are essential. In indoor air viability is rarely important and are the non-culture-based

methods preferred.

Several comprehensive reviews of measurement methods of microorganisms have been published
(108, 109). These are shortly described below and extended with recent developments (29, 110).
Filter samples as well as material harvested from fungal cultures can be suspended into a liquid for

further quantification and analysis.

2.2.1 Culture

Culturing is a selective method, which provides qualitative and quantitative estimate about fungi
present in the sample that favor colony growth under the given conditions. By applying various
growth conditions, analysis may target specific mold types. The results are reported as colony
forming units (CFU) per volume of air sampled (108, 111). Culturing methods have been

extensively used in the characterization of mold concentrations and mycobiota in indoor air. The
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advantage of culture method is the possibility to assess phenotypic characteristics of fungal
species for identification. Research from such investigations suggest that the composition of mold
particle in indoor air shifts in the presence of dampness and can be dominated by certain ‘indicator
organisms’. Species indicative of increased dampness include Penicillium chrysogenum,
Penicillium expansum, Aspergillus versicolor, Aspergillus penicillioides and also Stachybotrys
chartarum (112, 113). Yet, the method is limited to detection and quantification of fungal spores
and fragments that can germinate on synthetic media. One CFU may contain many viable cells.
Not germinated fungal particles are overlooked, although these may be potential carriers of
allergens, antigens or toxins, and the total fungal bioaerosol can be substantially underestimated
(108). The sensitivity of the culture method has been estimated to be below 10 CFU per m? of air
samples (114).

2.2.1 Microscopic methods

Microscopic analyses allow detection, morphological characterization and enumeration of fungal
particles, regardless of their viability. However, although some spore types can be identified and
quantified directly from samples, in general microscopic counting does not provide taxonomic
discrimination. There are three major microscopic techniques commonly used in the detection and
characterization of fungal aerosols: light microscopy, fluorescence microscopy and scanning
electron microscopy (115). For indoor environments, direct microscopy is one of the methods that

can be used in “Indoor Air Quality-related building” investigations.

Light microscopy 1is routinely used for detection and quantification of fungal aerosols. Fungal
spores present in indoor or outdoor air samples can be recognized and quantified in light
microscope, but staining with fuchsine acid improves visibility of hyaline spores (116). Shapes,
sizes, colors and surface ornamentation of spores can be described to some extent, but

classification to species level is difficult to achieve (108).

Fluorescence microscopy including confocal microscopy can be used for identification and
quantification of fungal aerosols after staining with fluorochromes. The staining can be done either
by means of specific proteins like antibodies or lectins, or fluorescing compounds that bind to
chemical structures in the cells; e.g. acridine orange is commonly used to non-specifically stain

nucleic acids in airborne microorganisms including fungi (114, 117) and fluorescein diacetate to

This article is protected by copyright. All rights reserved



stain proteins. However, many fungal spores are not stained by fluorochromes, or if they do, their

fluorescence from the dye can be masked by their natural pigmentation (118).

Scanning electron microscopy has been used for identification and quantification of spores and
spore aggregates and hyphal fragments (108, 119, 120). It has also been used to confirm the
occurrence of submicronic fragments in in vitro aerosolization experiments (121, 122). Detailed
characteristics of surface morphology, shape and size can be revealed by scanning electron

microscopy. However species recognition is not possible.

Immunolabelling of surface antigens for microscopic visualization is an efficient technique for
detection and characterization of cells or microorganisms in a complex matrix. Polyclonal primary
antibodies conjugated with detection probes are required in direct immunostaining. Spores from
Alternaria sp. Cladosporium herbarum, A. versicolor and P. chrysogenum have been successfully
stained with antibodies and gold particles that were resolved in scanning electron microscopy (55).
Monoclonal or polyclonal primary antibodies and secondary antibodies with detection probes are
required in indirect immunostaining of fungal or other microbial surface antigens (123). The
choice of detection probe is dependent on the type of microscope. For fluorescence and confocal
microscopy fluorochromes are used where excitation, emission wave length and bleaching
characteristics of these compounds are important. Various fluorochromes have been tested on
spores and large hyphal fragments with success (124, 125). For detection by high resolution in

electron microscopy, electron-dense probes such as gold and silver are required (126, 127).

Microscopy is one of the best techniques to describe morphological characteristics of particles.
The performance of quantification is dependent on the magnification, the size of the view field,
the number of counted fields and exposed filter area (for filter sampling). Some spore types can be
identified and quantified directly from samples, but in general, microscopic counting does not
provide taxonomic discrimination. Despite the fact that microscopy is time consuming, direct

microscopy 1s commonly used in indoor air quality investigations.
2.2.2 Flow cytometry

Flow cytometry has also been successfully used for quantification of fungal spores following
appropriate staining with fluorochrome or dyes (128, 129). As an example, the presence of 8 -
260x103/m? fungal spores in outdoor air samples (Beijing China) was successfully demonstrated

using flow cytometry following staining with Calcofluor-White M2R fluorochrome (129).
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However, flow cytometry does not reveal the shape characteristics and the fungal source of

quantified particles.
2.2.3 Chemical and biochemical methods for detection of fungal aerosols

Different fungal constituents have been used as biomarkers for detection of fungal aerosols in
indoor or outdoor air. Use of membrane constituents such as ergosterol, phospholipid-derived
fatty acids (PLFA) and B-glucans have been reported Also fungal allergens, antigens, fungal
alcohols (mannitol and arabitol) and mycotoxins have been used to demonstrate occurrence of
airborne fungal particles. Moreover, molecular techniques based on quantitative polymerase chain
reaction (QPCR) have also been used to reveal the presence of fungi in indoor bioaerosols. These
methods are suitable for quantification of fungal biomass in complex matrix, but do not provide

any information on fungal particle morphology.

Ergosterol is the main sterol of the fungal membrane and is considered as a robust indicator of
total fungal biomass (111, 130). Ergosterol has been used as a biomarker of fungal biomass in
settled house dust (131), in materials from moldy buildings in outdoor particulate matter with size
<2.5 um (PM;5) and particulate matter with size between 2.5 and 10 um (PM,5.1) samples (132,
133). Analysis of ergosterol requires high performance liquid chromatography (HPLC) (limit of
detection: 500 pg/sample) or gas chromatography/tandem mass spectrometry (GC/MS) (detection
limit: 10 pg/sample) (130). The average range of 0.68-1.89/ pg spore versus 1 pg/mg mycelia have
been reported (130, 133). Although ergosterol is a highly specific estimator of fungal biomass, it is
labile and degrades quickly after cell death (134), suggesting that non-viable and older fungal

fragments will be underestimated.

Fungal phospholipid-derived fatty acids (PLFA). There are two membrane PLFA (18:2w6 and
18:3®3) that are fungi specific (135). The 18:2w6 has been used for viable fungal biomass
quantification in complex matrix like soil (136). Both PLFA have been quantified in air samples as
surrogate for fungal biomass (137). The concentration of PLFA in Cladosporium spp. ranged
between 0.15 and 1.75 pg/spore. However, the use of PLFA is limited to detection of fresh or
viable fungal biomass due to their fast degradation after fungal cell death (136).

Beta-glucans are polymers of glucose molecules linked through B-(1—3); B-(1—4) and B-(1—06)
linkages (138). They can be quantified in environmental samples by Limulus amoebocyte lysates

(LAL) or antibody based assays (139-141). In environmental samples, the LAL assay is more
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efficient with detection limit of 20 pg/mL (142, 143) as compared to the antibody based assay
(800 pg/mL and 42600 pg/mL with monoclonal and polyclonal antibodies, respectively) (140,
144). Recently, Rivera-Mariani et al reported a halogen immunoassay adapted to microscopic

quantification of (1—3)-B-D-glucan-bearing airborne particles (145).

The presence of (1—3)-B-D-glucans in plant materials, algae and bacteria reduces their specificity
as biomarkers of fungal biomass (146). However, B-glucans independently from their origin have
been shown to be potent activators of different immune cells including macrophages and

neutrophils (141, 147).

Other fungal alcohols. Arabitol and mannitol have been suggested and used as specific tracers for
fungal spores in environmental samples (132, 148). Mean values of 1.2 (range: 0.8 — 1.8) and 1.7
(range: 1.2 — 2.4) pg were estimated per spore for arabitol and mannitol, respectively. High
correlations were found between the concentrations of arabitol (R?=0.75) or mannitol (R?=0.70) in

outdoor air and fungal spores measured by flow cytometry (129).

Immunoassay for enzymes, antigens and allergens. Different enzymes have been used as
molecular tracers for airborne fungal biomass. N-acetyl-f-D-glucosaminidase (NAGAse) and N-
acetyl- hexosaminidase (NAHA) have been associated with the presence of fungal biomass in
airborne or settled dust in moldy indoor environments (59, 149-151). This method is commercially
available as Mycometer Air™. Antigens and allergens can be detected by immunoassays based on
monoclonal or polyclonal antibodies against specific antigens or allergens present in the fungal

particles, usually by enzyme-linked immunosorbent assay (ELISA) techniques (152).

The polymerase chain reaction (PCR) is a molecular technique based on the extraction of fungal
genomic DNA followed by exponential amplification of a given DNA fragment (primer) in vitro
using the polymerase chain reaction. For fungal species detection, primers of the internal
transcribed spacer (ITS) region of the nuclear ribosomal coding cistron are used. This region has
been proposed as an universal DNA barcode for fungi (153) and has been sequenced for fungal
identification in indoor airborne or settled dust (154). There are two consensus primers (ITS4 and
ITS5) that have been used to amplify the region between 3’18S-like and 5°28S-like genes
including the 5.8S gene and 2 internal transcribed spacers (155). Other species specific primers

can be used for that purpose (156).
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Furthermore, fungal aerosols can be quantified using quantitative PCR (QPCR) of genomic DNA
in spores from targeted species. QPCR uses a fluorescence reporter whose signal increases
proportionally with the quantity of the PCR products. To date mold specific QPCR assays have
been developed at EPA (United States Environmental Protection Agency) with probes and primers
for about 100 fungal species (157). Results are reported as equivalent DNA per spore unit in
bioaerosol samples. The advantage of this method is that identification to species level is possible,
which is important for species profile characterization in indoor air. However, genomic DNA
extraction of fungi is challenging because of varying efficiency, and the number of nuclei per

cell/spore. It is not known whether submicronic fragments contain genomic DNA.
2.3 Mold induced toxicity and pro-inflammatory reactions in vitro

A lot of important information useful for approaches for testing of complex indoor samples is
obtained from experimental research on clean and more well-defined mold preparations in

different experimental models.

2.3.1 Mold samples

Many studies are conducted on viable spores (102, 158), some studies distinguish between
inactivated spores, germinating spores and hyphae (71, 103, 159, 160), whereas others have
studied the effects of mold extract (161, 162). As mold do not need to be intact or viable to have a
significant health impact (40), various methods to inactivate/’kill” the mold are often used to
study cellular responses triggered by specific mold stages (71, 163, 164). Treatment by X-ray are
often recommended, as this method for inactivation of mold samples does not alter enzymatic

activity or surface molecules important for the immune responses (71, 163, 164).

Resting spores are often found to be more inert toward recognition by the immune system when
compared to swelling spores and hyphae (102, 165-168). This is partly due to pigments such as
melanin and the rodlet layer composed of the hydrophobic RodA protein on the outer surface of
spores. These protective layers are lost upon swelling and germination (49, 50), resulting in
appearance of polysaccharide moieties and other more immunological active surface components
(47, 51). The core component B-glucan is consider to be an important factor as it has been found to
trigger strong inflammatory responses (169). Chitin which contribute to the rigidity and integrity
of the cell wall (48), may interact with immune cells and trigger both pro- and anti-inflammatory

immune responses (170). Galactosaminogalactan has pivotal roles in the adherence of hyphae to
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surfaces and the formation of an extracellular matrix that glues hyphae together (171). It is
consider to protect the fungal cell wall from immune recognition, as well as to modulate the
immune responses (172). Using extracts, many immunological important mold components have
been detected. However, the method may also have unrevealed masked elements in the mold that
cells not necessarily will be exposed to. The cytotoxicity of mold species are highly dependent on
growth conditions, due to the fact that this will influence their capacity to synthesize and excrete
mycotoxins as well as various proteases (52, 173). Mycotoxins may have a variety of different
biological effects; the immune modulating are often related to its capacity to induce cell death
(52). Dust sampled for mycotoxins have shown less than 1-43 pg/mg of dust (174, 175). Thus,
indoor air samples most often reveal very low concentrations of mycotoxins, and a causal link
between inhalation of mycotoxins and health problems is yet to be established (29, 98, 176, 177).
Proteases, mostly linked to the hyphal stage, have been suggested to compromising mucociliary
clearance as well as altering the permeability of epithelial barrier and thereby activating innate
immune responses (178). Obviously, it very difficult to determine “the most” important immune
triggering component of mold, as this will be highly dependent on its natural environment as well

as the host and immune response under investigation.

Several studies have reported that hyphal fragments induce more inflammatory reactions than
spores (42, 103, 179-181). In a recent study, mold spores and hyphal fragments from A. fumigatus,
P. chrysogenum, A. versicolor and S. chartarum were isolated and inactivated by X-ray. They
were characterized by number and morphology, mycotoxins, B-glucan and protease
content/activity as well as pro-inflammatory properties (182). As expected hyphal preparation had
a higher total level of B-glucans than spores. However, only the hyphal preparations of A.
fumigatus and P. chrysogenum were more potent than the respective spore preparations, showing
that swelling and germination not necessarily result in appearance of immune active surfaces in all
mold species. Most interestingly, none of the characteristics of the mold preparations alone could
explain the differences in their pro-inflammatory potential, illustrating that the response is a result

of multiple factors as discussed above.

This article is protected by copyright. All rights reserved



Table 1: Species differencesin inflammatoryresponses

Inflammatoryresponses *
Mold species Hyphal fragments Spores

A. fumigatus T T T T T(T)

P. chrysogenum T T T (T]‘ T
A. versicolor T T
S. chartarum T T

*A rough simplification of the relative inflammatory responses (cytokine release) based on studies in
various macrophage models (THP-1 macrophages and human monocyte derived macrophages; IL-1B, IL-6
and -8) and epithelial cells (IL-6 and -8) based on studies (167, 168, 182); illustrating that the
inflammatory responses are highly depending on the mold species.

The pro-inflammatory responses between mold species vary substantially, and growth conditions
may change their potency (173, 182, 183), as exemplified in Table 1. In a study in human
macrophage models hyphal fragments of the pathogenic A. fumigatus were found to induce
cytokines at concentrations that were in the order 103-10* lower than those from A. fumigatus
spores and from less pathogenic A. versicolor hyphal fragments, however, a rather similar
cytokine profiles were seen (167). Previous studies have reported similar differences between the
two Aspergillus spp. in mouse dendritic cells (104). In accordance, no production of inflammatory
mediators was induced by 4. versicolor in mouse RAW264.7, human 28SC macrophages or A549
lung epithelial cell lines (184).

Variation in pathogenic potential may in principle be determined by the molds’ capacity to form
hyphae and/or the immune cells’ capacity to recognize and destroy certain mold species.
Pathogens like 4. fumigatus have been reported to escape recognition by the immune system
(185). However, there are no apparent correlation between the pathogenicity of A. fumigatus
versus P. chrysogenum and A. versicolor their pro-inflammatory effects (168). Actually, the
inflammatory potential of 4. fumigatus hyphal fragments were higher than the two less pathogenic
species tested. In strong contrast to 4. fumigatus, spores of P. chrysogenum germinated poorly in
vitro (168). A mouse study found that resting A. fumigatus spores formed germ tubes in the lung

tissue rapidly after inhalation, whereas no signs of germination of A. versicolor spores were seen
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(158). Thus, the spores’ ability to germinate in sifu may be of more importance for pathogenic

properties than the molds potential to escape the immune system.

Although A. fumigatus is a pathogen, it poses no severe threat, as its relative levels are commonly
low in indoor air (186). Since chronic inflammation is linked to various health outcomes, sustained
release of pro-inflammatory cytokines due to continuous exposure to prevalent mold species with
strong pro-inflammatory potential may be more critical to health. Furthermore, substantial higher
levels of mold fragments compared to spores are often found in indoor air samples (28, 60, 187).
Thus, hyphal fragments of more prevalent species with strong pro-inflammatory potential
including P. chrysogenum (168, 182) could be pertinent candidates for respiratory diseases

associated with mold exposure.

From experimental studies it seems important to not only quantify the total amount of mold, but
also the specific mold species and the relative proportion of hyphal fragments versus spores. As
the growth conditions may affect the molds pro-inflammatory potential (188), this type of testing
should preferentially be done on environmental samples. Although individuals show characteristic
allergy linked IgE immune responses for different mold (23), the cytokine profiles obtained after
exposure to different mold species, as well as to either spores or hyphal fragments, seems to be
rather similar (167, 168). Thus, pattern of cytokine response in experimental systems or in human

studies does not necessarily give a straight answer to the type of immune triggering causal agent.

2.3.2 Experimental systems in vitro

In general, in vitro studies may provide information regarding cellular mechanisms linked to
mold-induced disease. They may also be useful for rapid screening of larger number of samples
for several endpoints under well-defined exposure conditions. Although macrophages, neutrophils
and epithelial cells are known as primary producers of inflammatory mediators in the lung after
exposure to fungi (184), monocytes and dendritic cells are also recruited to the lung during

inflammation (80).

Monocytes. Monocytes are often directly involved in the very early effector phase of infection and
seen as the major producers of interleukin (IL)-1B during inflammation (189). The monocytic cell
line THP-1 (human peripheral blood, leukemia) is commonly used as a simplified model for
human blood monocytes to study cytokine production following immune stimuli including various

mold (162, 182, 190, 191). THP-1 monocytes has been reported to be far more sensitive than
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epithelial cells, and slightly less than THP-1 macrophages with regard to IL1-p and tumor necrosis
factor (TNF)-a release following exposure to mold (182, 190). There have been well-conducted
studies using both THP-1 cells and primary human peripheral blood monocytes strongly
suggesting that the THP-1 model does not seem to be a very representative (192, 193). In fact
these studies showed that THP-1 cells are less responsive to lipopolysaccharide (LPS), than human
peripheral blood monocytes due to low levels of CD14, an important part of TLR4 signal
transducing protein complex (192). Nevertheless, studies on THP-1 may give interesting

information.

Test system using whole human blood or monocytes (fresh or frozen) has been used broadly to
assess cytokine release for diverse immune stimuli also including spores from various fungi.
Fungal spores from various mold species may induce the release of IL-13 and TNF-a by human
whole blood (194, 195). Although the absolute response of the donors are found to differ, the
ranking of different stimuli in response of individual blood donors was found to be the same (194).
Monocytes have also been successfully used in mechanistic studies. However, as monocytes are
not exposed to mold unless infection, they are not often used to test mold samples typical for

indoor air.

Macrophages. Typically, macrophage in sifu seems to require a double stimulation to induce IL-

1B release, while this is not required in blood monocytes (196).

The RAW 264.7 cells are a monocyte/macrophage-like cells originating from Abelson leukemia
virus transformed cell line derived from BALB/c mice, which are often used to initially screen
natural products for bioactivity and to predict their immunological potential in vivo (197).
Exposure to living A. fumigatus spores increase the expression of TNFa, MIP-1a, MIP-1p, and
MCP-1 in RAW 264.7 (102). Even though there were no differences between the phagocytosis of
live and heat-killed spores, heat-killed spores were found to be inactive in the expression of
chemokines and cytokines. Fungal spores of S. chartarum, A. versicolor,or P. spinulosum are
reported to be weak inducers of inflammatory mediators in RAW 264.7 (184, 188). Despite
apparently giving a rather low response to mold spores, RAW 264.7 cells has been described as an
appropriate model for studying phagocytosis (198). Upon LPS stimulation RAW 264.7 cells
increase nitric oxide (NO) production and enhance phagocytosis. Furthermore, these cells are able
to kill target cells by antibody dependent cytotoxicity. An advantage is that it is easy to use as it

need no further differentiating to be used as a macrophage model.
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In contrast to RAW 264.7 cells, human THP-1 monocytes need to be differentiated in order to be
used as a macrophage model, often by treatment with phorbol-12-myristate-13-acetate (PMA)
(199-202). The THP-1 macrophages differentiation process provide several changes in phenotypes
including loss of proliferation, increased adherence and changed expression of receptors (200).
The THP-1 macrophages model is very sensitive to both X-ray killed spores and hyphal fragments
and respond with a broad cytokine response seen at very low doses (167). However, PMA
treatment also interfere with essential mechanisms of the cytokine production (203). Accordingly,
the treatment have been found to give a high cytokine baseline (167). Furthermore, in strong
contrast to what is seen in monocyte derived human macrophages, THP-1 macrophages give high
release of IL-1P following exposure to low concentrations of LPS (196) and mold (167, 190).
Besides the high release of IL-1p, the response seems to be rather similar to that seen in human
monocyte derived macrophage. Nevertheless, it should be pointed out that the often used THP-1
macrophages are not always a reliable model for human macrophages in situ, due to its high

release of IL-1p.

Human primary macrophages derived from peripheral blood from healthy volunteers represent a
practical and interesting model as they also may be derived from frozen monocytes. /n vivo and ex
vivo macrophage-differentiation from human blood monocytes is driven by human granulocyte-
macrophage colony—stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-
CSF), which may induce a pro-inflammatory or an anti-inflammatory phenotype respectively
(204). Both states of differentiation are reversible as macrophages may adapt and change
according to stimuli (200). Monocytes may also be differentiated into a type of dendritic cells

(205). The various models have successfully been used in various advanced mechanistic studies.

Monocyte derived macrophages differentiation with GM-CSF for studying pro-inflammatory has
been suggested as a model relevant for lung with an ongoing infection (206, 207). In a recent
study, testing various mold samples relevant for indoor air monocyte derived macrophages were
markedly less sensitive to mold exposures compared to THP-1 macrophages, as the significant
responses started at 100x higher concentrations (167). Interestingly, human monocyte derived
macrophages had a marked upregulation in the IL-1p expression which was not reflected in a
correspondingly high release of protein. This may indicate that these cells are primed in an alert
state, in which IL-1 may be rapidly released if exposed for signal triggering the second step in the

cytokine release process. The cytokine response observed besides IL-1p and the relative potency
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between the various mold species, spores versus hyphal fragments tested were rather similar in the

two different models.

Macrophages isolated from sputum with an adequate macrophage purity and viability and has
been characterized and suggested as a primary airway macrophage model (208). Although indeed
being a potential interesting model, the sputum macrophage model still needs to be refined as it
was found to have high background and give a very low cytokine/chemokine response following

exposure to mold particles (167).

Neutrophil granulocytes also play a major role in the early immune defense against IA, as they are
able to prevent germination and kill fungal hyphae through the release of ROS, phagocytosis, or
formation of neutrophil extracellular traps. Increased ROS as well as pro- and anti-inflammatory
cytokine release has been reported to be strongly induced in both murine and human macrophages
upon co-culture with A. fumigatus germ tubes, while resting spores were mostly inactive (209).
However, human and murine neurophiles differed in their pattern of cytokine response,
emphasizing the advantage of using human cell models. Neutrophils greatly enhanced the
upregulation of co-stimulatory molecules on dendritic cells exposed to A. fumigatus in vitro, a
process that was dependent on cell contact and the dendritic cell receptor DC-SIGN (210). Thus,
there may be an immunomodulatory cross talk between neutrophils and dendritic cells in response

to A. fumigatus that promotes the maturation and efflux of lung dendritic cells.

Dendritic cells represent an important bridge between innate and adaptive immunity as they
process fungal antigens and subsequently stimulate specific T-cells via antigen-presentation.
Human monocyte-derived dendritic cells are generated from leukocyte concentrates from healthy
human donors by the treatment with GM-CSF and IL-4 (211), but may also be derived from
murine bone marrow (209). Mechanistic studies done in vitro with such cells have shown that they
secrete various pro- and anti-inflammatory cytokines after exposure to 4. fumigatus, however, the

responses seen in murine and human immune cells are different (209).

Epithelial cells are a major target of inhaled mold particles as they make up the interface between
the external environment and the internal milieu. Alveolar and bronchiolar cell lines and primary
cells from various species has been used, although not so often as macrophages models. The
human bronchial epithelial cell line BEAS-2B has been reported to have great homology in gene

expression to primary human cells compared to other cell lines (212). Conidia from A. fumigatus
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in studies with BEAS-2B suggest that only a small fraction of conidia are internalized (119), while
the majority stay adherent to the surface of cells or are washed away during sample processing. 4.
fumigatus conidia are also taken up by alveolar epithelial A549 cells (213). They stay alive for
longer periods when compared to macrophage, and although their germination are reduced, these
cells may serve as a kind of reservoirs for immune cell evasion and dissemination throughout the

host (213).

While exposure to living spores or mold extract may give cytokine secretion responses in
epithelial cells, exposure to resting spores give almost no pro-inflammatory responses (168, 182).
While X-ray treated hyphal fragments A. fumigatus and P. chrysogenum did not induce release of
IL-1B in BEAS-2B cells, increased secretion of other cytokines such as IL-6 and IL-8 are seen.
The responses in epithelial cells are, however, seen first at much higher concentration in

comparison to most of the human macrophage models (168, 190).

The IL-1 family member IL-33 plays a critical role in type 2 innate immune responses to mold
allergens (214, 215) and is an important mediator of allergic asthma (216). Although the release of
IL1a, IL-1B, IL-33 and TNF-a was not significantly increased in BEAS-2B cells after mold
exposure, notably these cytokines/alarmins were markedly increased at gene level (168).
Apparently, the secondary proteolytic cleavage of their pro-forms by caspase-1, calpain and TACE
which is required for release, was not initiated by hyphal fragments or spores. Such steps may,
however, be activated by exposure to living mold and extracts of mold components. Indeed,
studies on cultured human airway epithelial cells subjected to acute challenge with 4. alternata
have increased secretion of IL-33, which depended critically on DUOX1-mediated activation of
epithelial epidermal growth factor (217). Most interestingly, DUOX1 expression and allergen
responses were found to be enhanced in cells from asthmatic patients. A serine protease from A.
alternata filtrate applied to human bronchial epithelial cells (16HBE140-) induced changes in

intracellular Ca®* concentration, by cleaving PAR-2 (218).

Despite the apparently low pro-inflammatory responses in BEAS-2B cells, the epithelial cells
communicate with immune cells and vice versa, and even low mediator levels may contribute to
modify responses in situ. Airway epithelial cells may regulate innate and adaptive immunity in the
lung by expressing various molecules that can modulate immune cells. Moreover, alveolar
macrophages coordinate the recruitment of neutrophils and monocytes to the lung through the

release of IL-1p, which induces IL-8 production by the respiratory epithelium (219).
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Recently more advanced experimental in vitro models mimicking various part of the human
respiratory system has been developed including lung-on-a chip (220), stem cell-derived models
(221), and primary cells obtained from various parts of the human respiratory system (222). These
respiratory primary cells can be further differentiated to human lung tissue consisting of multiple
cell types. Host infection were studied by adding conidia and germ tubes from A. fumigatus into a
trans-well membrane model of the alveolus with human alveolar epithelial cells (A549,) and
endothelial cells (HPAEC) (223). They found a relatively low number of differentially expressed
genes in A549 upon contact with 4. fumigatus, and an even lower and very limited differential
gene expression profile in HPAECT. The addition of dendritic cells to simulate the spatial and
cellular complexity in the alveolus greatly increased the number of differentially expressed
immune genes (223). On the other hand, the monocyte-derived dendritic cells added were also

proven to reduce the mold induced toxic responses (224).

Human bronchial epithelial cells on insert with or without macrophages may also differentiate and
form cilia and start mucus secretion (225). In such polarized air-liquid interface (ALI) culture with
16HBE cells, 4. alternata extracts stimulated release of IL-8 and TNF-q, leading to a concomitant
reduction in trans-epithelial electrical resistance (TER) (225). A further examination of these
effects with protease inhibitors suggested that serine proteases mediated the effects. ALI cultures
from asthmatic donors exhibited a reduced IL-8 response to 4. alternata extracts, as compared to
those from healthy controls, while neither responded with increased thymic stromal lymphopoietin
(TSLP) release. However, only cultures from asthmatic donors were susceptible to the barrier-
weakening effects of 4. alternata (reduced TER), suggesting a more susceptible bronchial

epithelium of severely asthmatic individuals (225).
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Table 2: Relative inflammatory responsesin experimental models

Hyphal fragments Spores
Experimental system IL-1g* IL-6 and -8 IL-18 IL-6 and -8

THP-1 macrophages T T T T T T T T T T

Monocyte derived macrophages | IRER = 1
Sputum derived macrophages T - - -
Epithelial cells (BEAS-2B) - 111 - -

*A rough simplification of the relative inflammatory responses (IL-1B, IL-6 and -8 release) after exposure to A. fumigatus (hyphal
fragments or spores) seen in various human macrophages models as well as in BEAS-2B lung epithelial cells based on studies (167,
168, 182); illustrating that the specific responses are highly depending on experimental system.

As illustrated in Table 2, the responses to mold exposure observed in the various cell models were
indeed very different in terms of both quantitative and qualitative responses. Based on the current
data combined with literature, human monocyte derived macrophages seems to be an interesting
and relevant test system for in vitro studies that should be further explored for testing of more
complex samples of indoor air. However, further studies are needed to clarify the most relevant
experimental model for studying pro-inflammatory effects of air samples; which should balance
between being simple and useful for high throughput screening, sensitive and giving responses

relevant for the synthesis and release of pro-inflammatory markers in situ.

2.3.3 Experimental systems in vivo

For ethical and cost reason, the use of animal studies for these type of testing should be limited,
and preferentially be replaced by validated alternative in vitro methods. Furthermore, there are
genetically as well as environmental factors to take into consideration when extrapolating from
animal studies to the human situation. Thus, information from in vitro studies of human cells give
important additional information to animal studies. As discussed in the following section, animal
studies add important understanding of health effects that may be linked to mold exposure. They
also illustrate that the results obtained from in vivo studies are highly depending on factors
including type and dose of mold sample, type of exposure and time after exposure for collecting

the samples.

A number of experimental studies on animals have shown that inhalation exposure may result in
pro-inflammatory effects. Spores of 4. versicolor are frequently present in the indoor air. One

month after exposure to spores of 4. versicolor via aspiration, germ-free rats had high proliferation
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rate of cells in lymphoid tissues, increased foamy alveolar macrophages, increased expression of
IL-1 and frequent granulomatous lesions (226). In another study, mice were exposed via intra-
tracheal instillation to various single doses of 4. versicolor spores. The highest TNF-a and IL-6
concentrations in lungs were measured at 6 hours after the dose, and they returned to the control
level by 3 days (227). Some inflammatory responses were observed already at the dose level of
1x10° spores of A. versicolor. A radical increase in the non-specific inflammatory mediator were
seen at higher doses, probably due to overload of the alveolar macrophages capacity to
phagocytose the spores (227). TNF-a and IL-6 are also found to be important components of host
defense in A. fumigatus-induced inflammation in mouse lungs (228). Increased production of
TNF-a protein in response to inhalation of A. fumigatus spores have also been detected in rat
bronchoalveolar lavage (BAL) cells, 95-98% of which are macrophages (229). Notably,
expression of IL-B was not markedly enhanced within 24 hours following exposure to A.
fumigatus spores, which in line with a controlled release of IL-1p in lung tissue due to continues

expose to microbiota.

Inflammation-associated gene transcription and expression in mouse lungs has been reported to be
induced 12 hours after intratracheally instilled single doses of low molecular weight compounds
(toxins) from mold common on damp building materials (230). Expression of transcriptionally
regulated genes was confirmed using immunohistochemistry that demonstrated MIP-2 and TNF-a
staining in respiratory bronchiolar epithelia, alveolar macrophages and alveolar type II cells. The
authors suggested that the inflammatory nature of metabolites/toxins from such fungi may

contribute to the development of non-allergenic respiratory health effects.

Studies in mice and humans describe plasticity among Ty17 and transitional stage Tyl effector
populations in secreting IL-13 in response to inhalation of foreign antigens (231-233). This
plasticity is suggested to be due to re-programming of Tyl and Tyl7 cells to secrete Ty2

cytokines.

A recent study on BALB/cJ mice showed that repeated inhalation of A. fumigatus spores can result
in dysregulation of immunological mediators impacting the pulmonary architecture and function
(234). In exposed mice the immune response were similarly skewed toward an allergic phenotype,
resulting in significant expansion of diverse subpopulations of CD4" T cells, whereas Tcl7 cells
were no longer detectable. Antifungal T cell responses (IFN-y(+) or IL-17A(+) ) co-expressed IL-

13, and total IgE production was augmented in animals repeatedly exposed. The study emphasize
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the role of pulmonary innate recognition of inhaled fungal spores in providing composite signals
for promoting fungal clearance and allergic responses. Based on the results, the authors suggested
that personal exposure to low doses of fungal bioaerosols for long durations may result in the
development of allergic responses involving moderate airway inflammation (234). Interestingly,
mice pre-treated with vehicle of the major allergen (a serine protease) from A. fumigatus (Afa) has
been reported to promote airway hyper-responsiveness by infiltrating the bronchial submucosa,
and thereby disrupting interactions between airway smooth muscle and cell-extracellular matrix
(235). Thus, illustrating how exposure to A. fumigatus may result in modification of pulmonary
architecture and function as described above. Another indoor fungi with potential health issues is
S. chartarum. In a recent sub-chronic exposure study in mice, immuno-pathological responses
including Th2 biased immune responses with pulmonary arterial remodeling occurred earlier in
mice exposed to strain producing more fragments as compared to the one producing more spores

(236).

Epidemiological studies have reported strong correlation between A. alternata sensitization and an
increased risk of severe and fatal asthma (237, 238). Mice exposed to A. alternata extract intra-
nasally develop an allergic airway response characterized by increases in lung expression of the
type 2 cytokines IL-4 and IL-13, eosinophil infiltration, and high levels of serum IgE (239, 240).
Exposure to A. alternata is characterized by a predominant Ty2 response, but may also induce
factors associated with Ty17 responses (e.g., CXCL8) from epithelial cells (241). Human with
asthma have various distinct phenotypes, including differential expressions of Ty2 and Tyl7
signatures (242, 243). IL-17A expression and neutrophils are present at high levels in patients with
severe, persistent asthma (244). Studies in mice suggest that the suppression of neutrophil
responses is dependent on Ty2 cytokine production by T cells and that airway neutrophilia is
primarily an innate response to allergen (241), thus once more illustrating the important crosstalk
between innate and adaptive immune system and the relevance of testing for pro-inflammatory

responses.
2.4 Induced toxicity and pro-inflammatory reactions experimentally mixed mold samples

The microbial exposure in houses with dampness related health problems consists of a
heterogeneous group of components, including live and dead bacteria and fungi. The possible
interactions for cytotoxicity and inflammatory potential are huge and complex, and still little is

known. A study in mouse RAW264.7 macrophages, spores of S. chartarum alone did not evoke

This article is protected by copyright. All rights reserved



any inflammatory responses in these cells, however, when exposed in conjunction with a low dose
of the gram-positive bacterium Streptomyce californicus they triggered a significant dose-
dependent cytokine response (245). On the other hand, no other synergistic increase were seen

among the tested six indoor air microbes (245).

Interestingly, studies have documented the synergistic effects of bacterial endotoxins such as LPS
and abiotic factors such as mineral particles (246, 247). Recently, a similar synergistic releases of
IL-1B in primary human airway macrophages, peripheral blood monocyte-derived macrophages
and in BEAS-2B cells after co-exposure of A. fumigatus hyphal fragments and crystalline silica
(190). Thus, there may be unwanted synergistic effect of between various type of microbes and

other type of air pollution that are not easily revealed in epidemiological studies.

As microbiota are considered to be a natural part of the lung, and play a crucial role in developing
and maintaining the pulmonary immune system (248-251). Unbalanced microbiota may cause
irritation and modify the epithelial barrier, thereby increasing probability for infection, as well as
allergic and non-allergic pro-inflammatory reactions which often are linked to health effects such
as asthma and sinusitis (251, 252). Similarly to unbalanced microbiota in the gastrointestinal tract
(253), unbalanced lung microbiota may also skewed a developing immune system towards a more

allergic phenotype.

2.5 Induced toxicity and pro-inflammatory reactions of indoor samples

There have also been studies where complex indoor samples have been tested in different
experimental models for markers mediating inflammatory reaction such as NO and cytokines.
Such studies have shown to give relevant information when assessing the immunotoxic potential

of moldy house microbes and organic dust.

In an intervention study, the effect of moisture-damage repairs on the exposure and on the upper
airway inflammatory responses of the occupants were evaluated and compared with inflammatory
potential of air-borne particle samples (254). After the repair of moisture-damage, concentrations
of the measured airborne microbes decreased. The samples had significantly lower production of
IL-6 and TNF-o in RAW264.7 macrophages and the concentration of IL-4 in the nasal lavage
samples was significantly lower after the renovation. These results illustrate a correlation between
various approaches taken to measure repair of the moisture damage. The immunotoxic potential

(cell death, TNF-a and IL-6) of the furniture dust from moisture-damaged buildings tested in
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RAW264.7 cells were also found to decrease after cleaning with steam wash and ozone (255).
RAW264.7 macrophages exposed to indoor air filter sample extracts representing 'low' and 'high'
exposure to viable fungi or bacteria suggested that bacterial stains induced more profound
production of NO, TNF-alpha and IL-6 than the studied fungal strains as well as a decrease in cell
viability (256). Altogether, these results suggest that indoor air bacterial strains are potent inducers
of inflammatory responses and thus possibly related to adverse health effects of the inhabitants.
However, it should also be noted that the relative immune response between bacteria and mold

will be highly depending on experimental model used.

Occupational health symptoms related to bio-aerosols exposure containing microorganisms and
microbial components have been observed in a variety of working environments. Personal filter
samples collected from the subjects living areas homes and working places with high microbial
exposure induced a significant increase in the production of cytokines in the RAW264.7
macrophages, as compared to those from the subjects with low exposure (257). Using an in vitro
assay based on granulocyte-like cells the total inflammatory potential of bio-aerosols were found
to be well-correlated with more direct method to measure microbial composition (149). High
inflammatory values measured with the granulocyte assay were found to be correlate with bio-
aerosol samples from areas that were highly contaminated and was found to react to multiple

contaminants in the environment.

Monocytes are the major producers of IL-1B during inflammation. Memory tends to enhance the
reaction of monocytes, which are the effector cells in inflammatory reactions, thereby making
them more efficacious in combating the potential danger. Thus, the induction of innate memory
could help increasing the host resistance to infections without causing excessive local tissue
damage (189). Most interestingly, the release of IL-8 and IL-1p after stimulation of whole blood
with A. versicolor was increased in subjects exposed to moisture damage (258). Furthermore, in
the exposed subjects the IL-1p release was significantly enhanced after in vitro stimulation with E.
coli endotoxin (1000 pg/mL). The authors concluded that certain features of the innate immune
system (receptor expression and mediator release of monocytes) are altered in subjects exposed to
moisture damage which may be a potential explanation for the increased incidence of respiratory

health diseases observed in these populations.
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3 Perspectives and future studies

Recent studies find that a substantial part of the mold particles in indoor air are hyphal fragments,
which possess different and often much stronger pro-inflammatory effects than spores. The
inflammatory potential differs highly between various mold species and some of the highly
prevalent non-pathogenic species may give strong pro-inflammatory responses. Although
acknowledging the fact that it is not easy to know the most relevant experimental model for human
exposure, it should be noted that some these pro-inflammatory responses may be detected at very
low concentrations. Thus, future epidemiological studies should perform better characterization
and quantification of the air samples, and include hyphal fragments from both pathogenic and non-
pathogenic species. The possibility to include more direct analysis of pro-inflammatory responses
should be further explored, as this may give valuable additional information to epidemiological

studies exploring adverse respiratory health effects of indoor dampness/mold.

A number of relevant in vitro lung cell models have been established and used to compare
different inflammatory responses of mold particles. These models should be further developed and
evaluated in order to find a high throughput sensitive and relevant test model (or battery) for
characterizing the pro-inflammatory potential of samples from indoor environments. More
complex in vitro models with polarized differentiated human bronchial epithelial cells grown on
insert with macrophages and endothelial cells in ALI should be explored to further explore the

relevance of these findings.

Recently, a connection between subtle innate immune system elements and fungal allergic disease
is being revealed. Thus, further studies should address whether chronic fungal exposure may lead
to changes in the innate immune system and how such changes are linked to the adaptive
immunity and allergic disease such as in patients with allergies. More specifically, it would be
interesting to more directly compare the effects obtained in primary cells from susceptible sub-
populations (e.g. asthmatics) versus those from healthy population. Furthermore, important
information with regard to the role of environmental factors may be obtained by doing similar
studies on cells derived from their corresponding stem cells. Finally, there is a need for research
on effects on microbiota in the lungs and linked to combined exposure with biotic as well as

abiotic air pollution.

Acknowledgement

This article is protected by copyright. All rights reserved



The present work is a part of the project “Fungal particles in indoor air” that is funded by the
Research Council of Norway: Grant number NFR196130/H10.

4 References

1. Bush RK, Portnoy JM, Saxon A, Terr Al, Wood RA. The medical effects of mold exposure. Journal of
Allergy and Clinical Immunology. 2006;117(2):326-33.

2. Park JH, Cox-Ganser JM. Mold exposure and respiratory health in damp indoor environments.
Front Biosci (Elite Ed). 2011;3:757-71.

3. Mendell MJ, Mirer AG, Cheung K, Tong M, Douwes J. Respiratory and allergic health effects of
dampness, mold, and dampness-related agents: a review of the epidemiologic evidence. Environmental
health perspectives. 2011;119(6):748-56.

4, Baxi SN, Portnoy JM, Larenas-Linnemann D, Phipatanakul W, Barnes C, Baxi S, et al. Exposure and
Health Effects of Fungi on Humans. The Journal of Allergy and Clinical Immunology: In Practice.
2016;4(3):396-404.

5. WHO. WHO Guidelines for indoor air quality: Dampness and mould. Geneva: World Health
Organization.; 2009.

6. IOM. Institute of Medicine; Human health effects, damp indoor spaces and health. National
Academies Press, Washington, DC. 2004:189-243.

7. Tischer C, Chen CM, Heinrich J. Association between domestic mould and mould components, and
asthma and allergy in children: a systematic review. The European respiratory journal. 2011;38(4):812-24.
8. Fisk WJ, Lei-Gomez Q, Mendell MJ. Meta-analyses of the associations of respiratory health effects
with dampness and mold in homes. Indoor Air. 2007;17(4):284-96.

9. Burnett R, Chen H, Szyszkowicz M, Fann N, Hubbell B, Pope CA, 3rd, et al. Global estimates of
mortality associated with long-term exposure to outdoor fine particulate matter. Proceedings of the
National Academy of Sciences of the United States of America. 2018;115(38):9592-7.

10. Myers I, Maynard RL. Polluted air—outdoors and indoors. Occupational Medicine.
2005;55(6):432-8.

11. Nemmar A, Holme JA, Rosas |, Schwarze PE, Alfaro-Moreno E. Recent advances in particulate
matter and nanoparticle toxicology: a review of the in vivo and in vitro studies. Biomed Res Int.

2013;2013:279371.

This article is protected by copyright. All rights reserved



12. Happo MS, Sippula O, Jalava PI, Rintala H, Leskinen A, Komppula M, et al. Role of microbial and
chemical composition in toxicological properties of indoor and outdoor air particulate matter. Particle and
fibre toxicology. 2014;11(1):60.

13. Jalava PI, Happo MS, Huttunen K, Sillanpaa M, Hillamo R, Salonen RO, et al. Chemical and
microbial components of urban air PM cause seasonal variation of toxicological activity. Environmental
toxicology and pharmacology. 2015;40(2):375-87.

14. Dennekamp M, Howarth S, Dick CA, Cherrie JW, Donaldson K, Seaton A. Ultrafine particles and
nitrogen oxides generated by gas and electric cooking. Occupational and environmental medicine.
2001;58(8):511-6.

15. Mitchell Clifford S, Zhang J, Sigsgaard T, Jantunen M, Lioy Paul J, Samson R, et al. Current State of
the Science: Health Effects and Indoor Environmental Quality. Environmental Health Perspectives.
2007;115(6):958-64.

16. Gautier C, Charpin D. Environmental triggers and avoidance in the management of asthma.
Journal of asthma and allergy. 2017;10:47-56.

17. Lan Q, Chapman RS, Schreinemachers DM, Tian L, He X. Household stove improvement and risk of
lung cancer in Xuanwei, China. Journal of the National Cancer Institute. 2002;94(11):826-35.

18. Frazer K, McHugh J, Callinan JE, Kelleher C. Impact of institutional smoking bans on reducing
harms and secondhand smoke exposure. The Cochrane database of systematic reviews.
2016(5):Cd011856.

19. Chen C, Zhao B. Review of relationship between indoor and outdoor particles: 1/0 ratio,
infiltration factor and penetration factor. Atmospheric Environment. 2011;45(2):275-88.

20. Meklin T, Potus T, Pekkanen J, Hyvarinen A, Hirvonen MR, Nevalainen A. Effects of moisture-
damage repairs on microbial exposure and symptoms in schoolchildren. Indoor Air. 2005;15 Suppl 10:40-
7.

21. Huttunen K, Rintala H, Hirvonen MR, Vepsalainen A, Hyvarinen A, Meklin T, et al. Indoor air
particles and bioaerosols before and after renovation of moisture-damaged buildings: the effect on
biological activity and microbial flora. Environmental research. 2008;107(3):291-8.

22. Eduard W. Fungal spores: a critical review of the toxicological and epidemiological evidence as a
basis for occupational exposure limit setting. Critical reviews in toxicology. 2009;39(10):799-864.

23. Barnes C. Fungi and Atopy. Clinical reviews in allergy & immunology. 2019.

24, Simon-Nobbe B, Denk U, Poll V, Rid R, Breitenbach M. The spectrum of fungal allergy.
International archives of allergy and immunology. 2008;145(1):58-86.

25. CAST. Mycotoxins - Risks in Plant, Animals and Human Systems. Task Force Report. 2003;No 139.

This article is protected by copyright. All rights reserved



26. Yike I. Fungal Proteases and Their Pathophysiological Effects. Mycopathologia. 2011;171(5):299-
323.

27. Korpi A, Jarnberg J, Pasanen AL. Microbial volatile organic compounds. Crit Rev Toxicol.
2009;39(2):139-93.

28. Gorny RL, Reponen T, Willeke K, Schmechel D, Robine E, Boissier M, et al. Fungal fragments as
indoor air biocontaminants. Appl Environ Microbiol. 2002;68(7):3522-31.

29. Nevalainen A, Taubel M, Hyvarinen A. Indoor fungi: companions and contaminants. Indoor Air.
2015;25(2):125-56.

30. Andersen B, Frisvad JC, Sondergaard |, Rasmussen IS, Larsen LS. Associations between fungal
species and water-damaged building materials. Appl Environ Microbiol. 2011;77(12):4180-8.

31. Becher R, Hoie AH, Bakke JV, Holos SB, Ovrevik J. Dampness and Moisture Problems in Norwegian
Homes. International journal of environmental research and public health. 2017;14(10).

32. Nevalainen A, Partanen P, Jadskeldinen E, Hyvarinen A, Koskinen O, Meklin T, et al. Prevalence of
Moisture Problems in Finnish Houses*. Indoor Air. 1998;8(54):45-9.

33. Gunnbjornsdottir Ml, Franklin KA, Norback D, Bjornsson E, Gislason D, Lindberg E, et al.
Prevalence and incidence of respiratory symptoms in relation to indoor dampness: the RHINE study.
Thorax. 2006;61(3):221-5.

34. Holme J, Greving, S., and Jenssen, J. Moisture and Mould Damage in Norwegian Houses,
Proceedings of the 8yh Symposium on Building Physics in the Nordic Countries (Rode C. eds), Report R-
189, Dept. of Civil Engineering, Techincal University of Denmark, Kgs. Lyngby, Denmark. 2008:1213-20.
35. Norback D, Zock JP, Plana E, Heinrich J, Svanes C, Sunyer J, et al. Lung function decline in relation
to mould and dampness in the home: the longitudinal European Community Respiratory Health Survey
ECRHS II. Thorax. 2011;66(5):396-401.

36. Demain JG. Climate Change and the Impact on Respiratory and Allergic Disease: 2018. Current
allergy and asthma reports. 2018;18(4):22.

37. Chew GL, Wilson J, Rabito FA, Grimsley F, Igbal S, Reponen T, et al. Mold and endotoxin levels in
the aftermath of Hurricane Katrina: a pilot project of homes in New Orleans undergoing renovation.
Environmental health perspectives. 2006;114(12):1883-9.

38. Rao CY, Burge HA, Chang JC. Review of quantitative standards and guidelines for fungi in indoor
air. Journal of the Air & Waste Management Association (1995). 1996;46(9):899-908.

39. Twaroch TE, Curin M, Valenta R, Swoboda I. Mold allergens in respiratory allergy: from structure

to therapy. Allergy, asthma & immunology research. 2015;7(3):205-20.

This article is protected by copyright. All rights reserved



40. Zhang Z, Reponen T, Hershey GK. Fungal Exposure and Asthma: IgE and Non-IgE-Mediated
Mechanisms. Curr Allergy Asthma Rep. 2016;16(12):86.

41. Baxi SN, Portnoy JM, Larenas-Linnemann D, Phipatanakul W. Exposure and health effects of fungi
on humans. The journal of allergy and clinical immunology In practice. 2016;4(3):396-404.

42. Bellanger AP, Millon L, Khoufache K, Rivollet D, Bieche |, Laurendeau |, et al. Aspergillus fumigatus
germ tube growth and not conidia ingestion induces expression of inflammatory mediator genes in the
human lung epithelial cell line A549. J Med Microbiol. 2009;58(Pt 2):174-9.

43, Egbuta MA, Mwanza M, Babalola OO. Health Risks Associated with Exposure to Filamentous
Fungi. International journal of environmental research and public health. 2017;14(7).

44, Heinekamp T, Schmidt H, Lapp K, Pahtz V, Shopova |, Koster-Eiserfunke N, et al. Interference of
Aspergillus fumigatus with the immune response. Semin Immunopathol. 2015;37(2):141-52.

45, Cho S-H, Seo S-C, Schmechel D, Grinshpun SA, Reponen T. Aerodynamic characteristics and
respiratory deposition of fungal fragments. Atmospheric Environment. 2005;39(30):5454-65.

46. Pestka JJ, Yike |, Dearborn DG, Ward MD, Harkema JR. Stachybotrys chartarum, trichothecene
mycotoxins, and damp building-related illness: new insights into a public health enigma. Toxicological
sciences : an official journal of the Society of Toxicology. 2008;104(1):4-26.

47. Latge JP, Beauvais A. Functional duality of the cell wall. Current opinion in microbiology.
2014;20:111-7.

48. Free SJ. Fungal cell wall organization and biosynthesis. Advances in genetics. 2013;81:33-82.

49. Aimanianda V, Latge JP. Fungal hydrophobins form a sheath preventing immune recognition of
airborne conidia. Virulence. 2010;1(3):185-7.

50. Aimanianda V, Bayry J, Bozza S, Kniemeyer O, Perruccio K, Elluru SR, et al. Surface hydrophobin
prevents immune recognition of airborne fungal spores. Nature. 2009;460(7259):1117-21.

51. Valsecchi |, Dupres V, Michel JP, Duchateau M, Matondo M, Chamilos G, et al. The puzzling
construction of the conidial outer layer of Aspergillus fumigatus. Cellular microbiology. 2018:€12994.

52. CAST. Mycotoxins: risk in plant, animal, and human systems. Council for Agricultural Science and
Technology, Ames, lowa, USA, Task Force Rep.2003.

53. Afanou KA, Straumfors A, Skogstad A, Skaar |, Hjeljord L, Skare O, et al. Profile and morphology of
fungal aerosols characterized by field emission scanning electron microscopy (FESEM). Aerosol Science
and Technology. 2015;49(6):423-35.

54, Scott JAS, R.C.; Green, B.J. . Fundamentals of mold growth in indoor environments and strategies

for healthy living. Wageningen Academic Publishers2011.

This article is protected by copyright. All rights reserved



55. Green BJ, Tovey ER, Sercombe JK, Blachere FM, Beezhold DH, Schmechel D. Airborne fungal
fragments and allergenicity. Medical mycology. 2006;44 Suppl 1:5245-55.

56. Phalen RF. The particulate air pollution controversy. Nonlinearity in biology, toxicology, medicine.
2004;2(4):259-92.

57. Hernandez-Chavez MJ, Perez-Garcia LA, Nino-Vega GA, Mora-Montes HM. Fungal Strategies to
Evade the Host Immune Recognition. Journal of fungi (Basel, Switzerland). 2017;3(4).

58. Chalupa DC, Morrow PE, Oberdorster G, Utell MJ, Frampton MW. Ultrafine particle deposition in
subjects with asthma. Environmental health perspectives. 2004;112(8):879-82.

59. Adhikari A, Reponen T, Rylander R. Airborne fungal cell fragments in homes in relation to total
fungal biomass. Indoor Air. 2013;23(2):142-7.

60. Reponen T, Seo SC, Grimsley F, Lee T, Crawford C, Grinshpun SA. Fungal Fragments in Moldy
Houses: A Field Study in Homes in New Orleans and Southern Ohio. Atmospheric environment (Oxford,
England : 1994). 2007;41(37):8140-9.

61. Croft CA, Culibrk L, Moore MM, Tebbutt SJ. Interactions of Aspergillus fumigatus conidia with
airway epithelial cells: A critical review. Frontiers in microbiology. 2016;7:472.

62. Sullivan A, Hunt E, MacSharry J, Murphy DM. 'The Microbiome and the Pathophysiology of
Asthma'. Respiratory research. 2016;17(1):163.

63. Espinosa V, Rivera A. First line of defense: Innate cell-mediated control of pulmonary aspergillosis.
Front Microbiol. 2016;7:272.

64. Plato A, Hardison SE, Brown GD. Pattern recognition receptors in antifungal immunity. Seminars in
immunopathology. 2015;37(2):97-106.

65. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate receptors in infection and
immunity. Immunity. 2011;34(5):637-50.

66. McClure R, Massari P. TLR-Dependent Human Mucosal Epithelial Cell Responses to Microbial
Pathogens. Frontiers in immunology. 2014;5:386.

67. Leiva-Juarez MM, Kolls JK, Evans SE. Lung epithelial cells: therapeutically inducible effectors of
antimicrobial defense. Mucosal immunology. 2018;11(1):21-34.

68. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006;124(4):783-
801.

69. Bartemes KR, Kita H. Innate and adaptive immune responses to fungi in the airway. J Allergy Clin

Immunol. 2018;142(2):353-63.

This article is protected by copyright. All rights reserved



70. Wang JE, Warris A, Ellingsen EA, Jorgensen PF, Flo TH, Espevik T, et al. Involvement of CD14 and
toll-like receptors in activation of human monocytes by Aspergillus fumigatus hyphae. Infection and
immunity. 2001;69(4):2402-6.

71. Mambula SS, Sau K, Henneke P, Golenbock DT, Levitz SM. Toll-like receptor (TLR) signaling in
response to Aspergillus fumigatus. The Journal of biological chemistry. 2002;277(42):39320-6.

72. Meier A, Kirschning CJ, Nikolaus T, Wagner H, Heesemann J, Ebel F. Toll-like receptor (TLR) 2 and
TLR4 are essential for Aspergillus-induced activation of murine macrophages. Cellular microbiology.
2003;5(8):561-70.

73. Netea MG, Warris A, Van der Meer JW, Fenton MJ, Verver-Janssen TJ, Jacobs LE, et al. Aspergillus
fumigatus evades immune recognition during germination through loss of toll-like receptor-4-mediated
signal transduction. The Journal of infectious diseases. 2003;188(2):320-6.

74. Hardison SE, Brown GD. C-type lectin receptors orchestrate antifungal immunity. Nature
immunology. 2012;13(9):817-22.

75. Madan T, Eggleton P, Kishore U, Strong P, Aggrawal SS, Sarma PU, et al. Binding of pulmonary
surfactant proteins A and D to Aspergillus fumigatus conidia enhances phagocytosis and killing by human
neutrophils and alveolar macrophages. Infection and immunity. 1997;65(8):3171-9.

76. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010;140(6):805-20.
77. Portnoy JM, Williams PB, Barnes CS. Innate immune responses to fungal allergens. Current allergy
and asthma reports. 2016;16(9):62.

78. Reed CE, Kita H. The role of protease activation of inflammation in allergic respiratory diseases.
The Journal of allergy and clinical immunology. 2004;114(5):997-1008; quiz 9.

79. Goto Y, Hogg JC, Whalen B, Shih CH, Ishii H, Van Eeden SF. Monocyte recruitment into the lungs in
pneumococcal pneumonia. Am J Respir Cell Mol Biol. 2004;30(5):620-6.

80. Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nature reviews
Immunology. 2011;11(11):762-74.

81. McDade TW, Georgiev AV, Kuzawa CW. Trade-offs between acquired and innate immune
defenses in humans. Evolution, medicine, and public health. 2016;2016(1):1-16.

82. Gao W, Li L, Wang Y, Zhang S, Adcock IM, Barnes PJ, et al. Bronchial epithelial cells: The key
effector cells in the pathogenesis of chronic obstructive pulmonary disease? Respirology (Carlton, Vic).
2015;20(5):722-9.

83. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary innate immunity.

Nature immunology. 2015;16(1):27-35.

This article is protected by copyright. All rights reserved



84. Mowat AM, Scott CL, Bain CC. Barrier-tissue macrophages: functional adaptation to
environmental challenges. Nature medicine. 2017;23(11):1258-70.

85. Byrne AJ, Mathie SA, Gregory LG, Lloyd CM. Pulmonary macrophages: key players in the innate
defence of the airways. Thorax. 2015;70(12):1189-96.

86. Slauch JM. How does the oxidative burst of macrophages kill bacteria? Still an open question.
Molecular microbiology. 2011;80(3):580-3.

87. Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and tissue
homeostasis. Nature reviews Immunology. 2014;14(6):392-404.

88. Ginhoux F, Guilliams M. Tissue-Resident Macrophage Ontogeny and Homeostasis. Immunity.
2016;44(3):439-49.

89. Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific context. Nature reviews
Immunology. 2014;14(2):81-93.

90. Guilliams M, Scott CL. Does niche competition determine the origin of tissue-resident
macrophages? Nature reviews Immunology. 2017;17(7):451-60.

91. Jakubzick C, Gautier EL, Gibbings SL, Sojka DK, Schlitzer A, Johnson TE, et al. Minimal
differentiation of classical monocytes as they survey steady-state tissues and transport antigen to lymph
nodes. Immunity. 2013;39(3):599-610.

92. Rodero MP, Poupel L, Loyher PL, Hamon P, Licata F, Pessel C, et al. Immune surveillance of the
lung by migrating tissue monocytes. elife. 2015;4:e07847.

93. Serbina NV, Jia T, Hohl TM, Pamer EG. Monocyte-mediated defense against microbial pathogens.
Annual review of immunology. 2008;26:421-52.

94. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nature reviews
Immunology. 2011;11(11):723-37.

95. Lichtnekert J, Kawakami T, Parks WC, Duffield JS. Changes in macrophage phenotype as the
immune response evolves. Current opinion in pharmacology. 2013;13(4):555-64.

96. Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue macrophages. Immunity.
2014;41(1):21-35.

97. Mazur LJ, Kim J. Spectrum of noninfectious health effects from molds. Pediatrics.
2006;118(6):€1909-26.

98. Bush RK, Portnoy JM, Saxon A, Terr Al, Wood RA. The medical effects of mold exposure. The
Journal of allergy and clinical immunology. 2006;117(2):326-33.

99. Hardin BD, Kelman BJ, Saxon A. Adverse human health effects associated with molds in the indoor

environment. Journal of occupational and environmental medicine. 2003;45(5):470-8.

This article is protected by copyright. All rights reserved



100. Chaudhary N, Marr KA. Impact of Aspergillus fumigatus in allergic airway diseases. Clinical and
translational allergy. 2011;1(1):4.

101. Horner WE, Helbling A, Salvaggio JE, Lehrer SB. Fungal allergens. Clinical microbiology reviews.
1995;8(2):161-79.

102.  Pylkkanen L, Gullsten H, Majuri ML, Andersson U, Vanhala E, Maatta J, et al. Exposure to
Aspergillus fumigatus spores induces chemokine expression in mouse macrophages. Toxicology.
2004;200(2-3):255-63.

103. Gersuk GM, Underhill DM, Zhu L, Marr KA. Dectin-1 and TLRs permit macrophages to distinguish
between different Aspergillus fumigatus cellular states. Journal of immunology (Baltimore, Md : 1950).
2006;176(6):3717-24.

104. Vincent M, Percier P, De Prins S, Huygen K, Potemberg G, Muraille E, et al. Investigation of
inflammatory and allergic responses to common mold species: Results from in vitro experiments, from a
mouse model of asthma, and from a group of asthmatic patients. Indoor Air. 2017;27(5):933-45.

105. Tischer CG, Heinrich J. Exposure assessment of residential mould, fungi and microbial components
in relation to children's health: Achievements and challenges. International journal of hygiene and
environmental health. 2013;216(2):109-14.

106. Reponen T, Vesper S, Levin L, Johansson E, Ryan P, Burkle J, et al. High environmental relative
moldiness index during infancy as a predictor of asthma at 7 years of age. Annals of Allergy, Asthma &
Immunology. 2011;107(2):120-6.

107. Rintala H, Pitkdranta M, Taubel M. Chapter 4 - Microbial Communities Associated with House
Dust. In: Laskin Al, Sariaslani S, Gadd GM, editors. Advances in Applied Microbiology. 78: Academic Press;
2012. p. 75-120.

108. Eduard W, Heederik D. Methods for quantitative assessment of airborne levels of noninfectious
microorganisms in highly contaminated work environments. Am Ind Hyg Assoc J. 1998;59(2):113-27.
109. Pasanen AL. A review: fungal exposure assessment in indoor environments. Indoor Air.
2001;11(2):87-98.

110. Eduard W, Heederik D, Duchaine C, Green BJ. Bioaerosol exposure assessment in the workplace:
the past, present and recent advances. Journal of environmental monitoring : JEM. 2012;14(2):334-9.
111. Martinez K, Rao, C. and Burton, N. . Exposure assessment and analysis for biological agents. .
Grana. 2004;43(4):193-208

112.  Miller JD, P. D. Haisley and J. H. Reinhardt. Air sampling results in relation to extent of fungal
colonization of building materials in some water-damaged buildings. Indoor Air-International Journal of

Indoor Air Quality and Climate 2000;10(3):146-51.

This article is protected by copyright. All rights reserved



113.  Muller A, Lehmann |, Seiffart A, Diez U, Wetzig H, Borte M, et al. Increased incidence of allergic
sensitisation and respiratory diseases due to mould exposure: results of the Leipzig Allergy Risk children
Study (LARS). International journal of hygiene and environmental health. 2002;204(5-6):363-5.

114. Dillon HK, Miller JD, Sorenson WG, Douwes J, Jacobs RR. Review of methods applicable to the
assessment of mold exposure to children. Environ Health Perspect. 1999;107 Suppl 3:473-80.

115. Eduard W, Lacey J, Karlsson K, Palmgren U, Strom G, Blomquist G. Evaluation of methods for
enumerating microorganisms in filter samples from highly contaminated occupational environments. Am
Ind Hyg Assoc J. 1990;51(8):427-36.

116.  Burge HA. Fungi: toxic killers or unavoidable nuisances? Annals of allergy, asthma & immunology :
official publication of the American College of Allergy, Asthma, & Immunology. 2001;87(6 Suppl 3):52-6.
117. Mainelis G, Gorny R, Willeke K, Reponen T. Rapid counting of liquid-borne microorganisms by light
scattering spectrometry. Ann Agric Environ Med. 2005;12(1):141-8.

118. Burge HA. Aerobiology of the indoor environment. Occupational medicine (Philadelphia, Pa).
1995;10(1):27-40.

119. Clark HR, Powell AB, Simmons KA, Ayubi T, Kale SD. Endocytic Markers Associated with the
Internalization and Processing of Aspergillus fumigatus Conidia by BEAS-2B Cells. mSphere. 2019;4(1).
120. Halstensen AS, Nordby KC, Wouters IM, Eduard W. Determinants of microbial exposure in grain
farming. The Annals of occupational hygiene. 2007;51(7):581-92.

121. Lee JH, Hwang GB, Jung JH, Lee DH, Lee BU. Generation characteristics of fungal spore and
fragment bioaerosols by airflow control over fungal cultures. Journal of Aerosol Science. 2010;41(3):319-
25.

122.  Afanou KA, Straumfors A, Skogstad A, Nilsen T, Synnes O, Skaar |, et al. Submicronic fungal
bioaerosols: High-resolution microscopic characterization and quantification. Applied and Environmental
Microbiology. 2014;80(22):7122-30.

123.  Sanborn WR, & Heuck, C. C. Fluorescence microscopy for disease diagnosis and environmental
monitoring. World Health Organization, Regional Publications, Eastern Mediterranean Series 28 Geneva,
Switzerland: WHO. 2005;2005:76.

124.  Green BJ, Schmechel D, Sercombe JK, Tovey ER. Enumeration and detection of aerosolized
Aspergillus fumigatus and Penicillium chrysogenum conidia and hyphae using a novel double
immunostaining technique. Journal of immunological methods. 2005;307(1):127-34.

125. Nayak AP, Green BJ, Janotka E, Blachere FM, Vesper SJ, Beezhold DH, et al. Production and
characterization of IgM monoclonal antibodies against hyphal antigens of Stachybotrys species.

Hybridoma (Larchmt). 2011;30(1):29-36.

This article is protected by copyright. All rights reserved



126. Fischer ER, Hansen BT, Nair V, Hoyt FH, Dorward DW. Scanning electron microscopy. Current
protocols in microbiology. 2012;Chapter 2:Unit 2B..

127.  Afanou KA, Straumfors A, Skogstad A, Nayak AP, Skaar I, Hjeljord L, et al. Indirect
immunodetection of fungal fragments by field emission scanning electron microscopy. Applied and
Environmental Microbiology. 2015;81(17):5794-803.

128. Rydjord B, Namork E, Nygaard UC, Wiker HG, Hetland G. Quantification and characterisation of
IgG binding to mould spores by flow cytometry and scanning electron microscopy. Journal of
immunological methods. 2007;323(2):123-31.

129. LianglL, Engling G, Cheng Y, Duan F, Du Z, He K. Rapid detection and quantification of fungal
spores in the urban atmosphere by flow cytometry. J Aerosol Sci. 2013;66:179-86.

130. Miller JD, Young JC. The Use of Ergosterol to Measure Exposure to Fungal Propagules in Indoor
Air. American Industrial Hygiene Association Journal. 1997;58(1):39-43.

131. Saraf A, Larsson L, Burge H, Milton D. Quantification of ergosterol and 3-hydroxy fatty acids in
settled house dust by gas chromatography-mass spectrometry: comparison with fungal culture and
determination of endotoxin by a Limulus amebocyte lysate assay. Appl Environ Microbiol.
1997;63(7):2554-9.

132. DiFilippo P, Pomata, D., Riccardi, C., Buiarelli, F., & Perrino, C. Fungal contribution to size-
segregated aerosol measured through biomarkers. Atmospheric Environment,. 2013;64:132-40.

133. Lau APS, Lee AKY, Chan CK, Fang M. Ergosterol as a biomarker for the quantification of the fungal
biomass in atmospheric aerosols. Atmospheric Environment. 2006;40(2):249-59.

134.  Mille-Lindblom C, von Wachenfeldt E, Tranvik LJ. Ergosterol as a measure of living fungal biomass:
persistence in environmental samples after fungal death. Journal of microbiological methods.
2004;59(2):253-62.

135.  Macnaughton SJ, Cormier, M. R, Jenkins, T. L., Davis, G. a, & White, D. C. . Chamber evaluation of
a personal, bioaerosol cyclone sampler. . Journal of Occupational and Environmental Hygiene, .
1999;5(11):702-12.

136.  Frostegard A, & Baath, E. The use of phospholipid fatty acid analysis to estimate bacterial and
fungal biomass in soil. . Biol Fertil Soils, . 1996;22.

137.  Womiloju TO, Miller, J. D., Mayer, P. M., & Brook, J. R. Methods to determine the biological
composition of particulate matter collected from outdoor air. Atmospheric Environment,.
2003;37(31):4335-44.

138.  Cabib E, Roh DH, Schmidt M, Crotti LB, Varma A. The yeast cell wall and septum as paradigms of

cell growth and morphogenesis. The Journal of biological chemistry. 2001;276(23):19679-82.

This article is protected by copyright. All rights reserved



139. Douwes J. (1-->3)-Beta-D-glucans and respiratory health: a review of the scientific evidence.
Indoor Air. 2005;15(3):160-9.

140. Douwes J, Doekes, G., Montijn, R. O. Y., & Heederik, D. Measurement of (1->3)-B-D-glucans in
occupational and home environments with an inhibition enzyme immunoassay. Applied and
Environmental Microbiology. 1996;62(9):3176-82.

141. Rylander R, Lin RH. (1-->3)-beta-D-glucan - relationship to indoor air-related symptoms, allergy
and asthma. Toxicology. 2000;152(1-3):47-52.

142. Tamura H, Arimoto Y, Tanaka S, Yoshida M, Obayashi T, Kawai T. Automated kinetic assay for
endotoxin and (1-->3)-beta-D-glucan in human blood. Clinica chimica acta; international journal of clinical
chemistry. 1994;226(1):109-12.

143. Thorn J, Rylander R. Airways inflammation and glucan in a rowhouse area. American journal of
respiratory and critical care medicine. 1998;157(6 Pt 1):1798-803.

144. Milton DK, Alwis KU, Fisette L, Muilenberg M. Enzyme-linked immunosorbent assay specific for (1-
->6) branched, (1-->3)-beta-D-glucan detection in environmental samples. Applied and environmental
microbiology. 2001;67(12):5420-4.

145.  Rivera-Mariani FE, Mihalic JN, Rule AM, Breysse PN. Immunodetection and quantification of
airborne (1-3)-beta-D-glucan-carrying particles with the halogen immunoassay. Journal of immunological
methods. 2013;388(1-2):86-9.

146. Portnoy JM, Barnes CS, Kennedy K. Sampling for indoor fungi. The Journal of allergy and clinical
immunology. 2004;113(2):189-98; quiz 99.

147. Rylander R, Holt PG. (1-->3)-beta-D-glucan and endotoxin modulate immune response to inhaled
allergen. Mediators of inflammation. 1998;7(2):105-10.

148. Bauer H, Claeys, M., Vermeylen, R., Schueller, E., Weinke, G., Berger, A., & Puxbaum, H. . Arabitol
and mannitol as tracers for the quantification of airborne fungal spores. Atmospheric Environment, .
2008;42(3):588-93.

149. Timm M, Madsen AM, Hansen JV, Moesby L, Hansen EW. Assessment of the total inflammatory
potential of bioaerosols by using a granulocyte assay. Appl Environ Microbiol. 2009;75(24):7655-62.

150. Frankel M, Beko G, Timm M, Gustavsen S, Hansen EW, Madsen AM. Seasonal variations of indoor
microbial exposures and their relation to temperature, relative humidity, and air exchange rate. Appl
Environ Microbiol. 2012;78(23):8289-97.

151. Madsen AM, Schlunssen V, Olsen T, Sigsgaard T, Avci H. Airborne fungal and bacterial components
in PM1 dust from biofuel plants. The Annals of occupational hygiene. 2009;53(7):749-57.

This article is protected by copyright. All rights reserved



152. Barnes C, Portnoy J, Sever M, Arbes S, Jr., Vaughn B, Zeldin DC. Comparison of enzyme
immunoassay-based assays for environmental Alternaria alternata. Annals of allergy, asthma &
immunology : official publication of the American College of Allergy, Asthma, & Immunology.
2006;97(3):350-6.

153.  Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear ribosomal
internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proceedings of the
National Academy of Sciences of the United States of America. 2012;109(16):6241-6.

154. Adams MN, Ramachandran R, Yau MK, Suen JY, Fairlie DP, Hollenberg MD, et al. Structure,
function and pathophysiology of protease activated receptors. Pharmacology & therapeutics.
2011;130(3):248-82.

155. White TJ, Bruns, T, Lee, S., & Taylor, J. Amplification and direct sequencing of fungal robosomal
DNA genes for phylogenetics. Academic Press. 1990:315-22.

156.  Williams RH, Ward E, McCartney HA. Methods for integrated air sampling and dna analysis for
detection of airborne fungal spores. Appl Environ Microbiol. 2001;67(6):2453-9.

157.  Vesper S. Traditional mould analysis compared to a DNA-based method of mould analysis. Critical
reviews in microbiology. 2011;37(1):15-24.

158. Templeton SP, Buskirk AD, Law B, Green BJ, Beezhold DH. Role of germination in murine airway
CD8+ T-cell responses to Aspergillus conidia. PloS one. 2011;6(4):e18777.

159. Rgdland EK, Ueland T, Pedersen TM, Halvorsen B, Muller F, Aukrust P, et al. Activation of platelets
by Aspergillus fumigatus and potential role of platelets in the immunopathogenesis of Aspergillosis.
Infection and immunity. 2010;78(3):1269-75.

160. Chai LY, Kullberg BJ, Vonk AG, Warris A, Cambi A, Latge JP, et al. Modulation of Toll-like receptor 2
(TLR2) and TLR4 responses by Aspergillus fumigatus. Infection and immunity. 2009;77(5):2184-92.

161. Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ, Borger P. Protease-dependent activation
of epithelial cells by fungal allergens leads to morphologic changes and cytokine production. The Journal
of allergy and clinical immunology. 2000;105(6 Pt 1):1185-93.

162.  Pei R, Gunsch CK. Inflammatory cytokine gene expression in THP-1 cells exposed to Stachybotrys
chartarum and Aspergillus versicolor. Environ Toxicol. 2013;28(1):51-60.

163. Cote CK, Buhr T, Bernhards CB, Bohmke MD, Calm AM, Esteban-Trexler JS, et al. A standard
method to inactivate Bacillus anthracis spores to sterility using gamma-irradiation. Appl Environ

Microbiol. 2018.

This article is protected by copyright. All rights reserved



164. Rgdland EK, Ager-Wick E, Halvorsen B, Muller F, Froland SS. Toll like receptor 5 (TLR5) may be
involved in the immunological response to Aspergillus fumigatus in vitro. Medical mycology.
2011;49(4):375-9.

165. Hohl TM, Van Epps HL, Rivera A, Morgan LA, Chen PL, Feldmesser M, et al. Aspergillus fumigatus
triggers inflammatory responses by stage-specific beta-glucan display. PLoS pathogens. 2005;1(3):e30.
166. Bozza S, Gaziano R, Spreca A, Bacci A, Montagnoli C, di Francesco P, et al. Dendritic cells transport
conidia and hyphae of Aspergillus fumigatus from the airways to the draining lymph nodes and initiate
disparate Th responses to the fungus. Journal of immunology (Baltimore, Md : 1950). 2002;168(3):1362-
71.

167. @yaE, Solhaug A, Bglling AK, @vstebg R, Steensen TB, Afanou AKJ, et al. Pro-inflammatory
responses induced by A. fumigatus and A. versicolor in various human macrophage models. Journal of
toxicology and environmental health Part A. 2019:1-19.

168. @yaE, Becher R, Ekeren L, Afanou AKJ, @vrevik J, Holme JA. Pro-Inflammatory Responses in
Human Bronchial Epithelial Cells Induced by Spores and Hyphal Fragments of Common Damp Indoor
Molds. International journal of environmental research and public health. 2019;16(6).

169. Camilli G, Tabouret G, Quintin J. The Complexity of Fungal beta-Glucan in Health and Disease:
Effects on the Mononuclear Phagocyte System. Frontiers in immunology. 2018;9:673.

170. Becker KL, Aimanianda V, Wang X, Gresnigt MS, Ammerdorffer A, Jacobs CW, et al. Aspergillus Cell
Wall Chitin Induces Anti- and Proinflammatory Cytokines in Human PBMCs via the Fc-gamma
Receptor/Syk/PI3K Pathway. mBio. 2016;7(3).

171. van de Veerdonk FL, Gresnigt MS, Romani L, Netea MG, Latge JP. Aspergillus fumigatus
morphology and dynamic host interactions. Nature reviews Microbiology. 2017;15(11):661-74.

172.  Speth C, Rambach G, Lass-Florl C, Howell PL, Sheppard DC. Galactosaminogalactan (GAG) and its
multiple roles in Aspergillus pathogenesis. Virulence. 2019:1-8.

173.  Murtoniemi T, Nevalainen A, Suutari M, Toivola M, Komulainen H, Hirvonen MR. Induction of
cytotoxicity and production of inflammatory mediators in RAW264.7 macrophages by spores grown on six
different plasterboards. Inhalation toxicology. 2001;13(3):233-47.

174.  Gottschalk C, Bauer J, Meyer K. Detection of satratoxin g and h in indoor air from a water-
damaged building. Mycopathologia. 2008;166(2):103-7.

175. Bloom E, Bal K, Nyman E, Must A, Larsson L. Mass spectrometry-based strategy for direct
detection and quantification of some mycotoxins produced by Stachybotrys and Aspergillus spp. in indoor

environments. Appl Environ Microbiol. 2007;73(13):4211-7.

This article is protected by copyright. All rights reserved



176.  FungF, Clark RF. Health effects of mycotoxins: a toxicological overview. Journal of toxicology
Clinical toxicology. 2004;42(2):217-34.

177. Chang C, Gershwin ME. The Myth of Mycotoxins and Mold Injury. Clinical reviews in allergy &
immunology. 2019.

178. Osherov N. Interaction of the pathogenic mold Aspergillus fumigatus with lung epithelial cells.
Frontiers in microbiology. 2012;3:346.

179. Loeffler J, Haddad Z, Bonin M, Romeike N, Mezger M, Schumacher U, et al. Interaction analyses of
human monocytes co-cultured with different forms of Aspergillus fumigatus. ) Med Microbiol. 2009;58(Pt
1):49-58.

180. Said-Sadier N, Padilla E, Langsley G, Ojcius DM. Aspergillus fumigatus stimulates the NLRP3
inflammasome through a pathway requiring ROS production and the Syk tyrosine kinase. PloS one.
2010;5(4):e10008.

181.  Sun H, Xu XY, Tian XL, Shao HT, Wu XD, Wang Q, et al. Activation of NF-kappaB and respiratory
burst following Aspergillus fumigatus stimulation of macrophages. Immunobiology. 2014;219(1):25-36.
182.  @yaE, Afanou AKJ, Malla N, Uhlig S, Rolen E, Skaar |, et al. Characterization and pro-inflammatory
responses of spore and hyphae samples from various mold species. Indoor Air. 2018;28(1):28-39.

183.  Murtoniemi T, Hirvonen MR, Nevalainen A, Suutari M. The relation between growth of four
microbes on six different plasterboards and biological activity of spores. Indoor Air. 2003;13(1):65-73.
184. Huttunen K, Hyvarinen A, Nevalainen A, Komulainen H, Hirvonen MR. Production of
proinflammatory mediators by indoor air bacteria and fungal spores in mouse and human cell lines.
Environmental health perspectives. 2003;111(1):85-92.

185. Chai LY, Netea MG, Vonk AG, Kullberg BJ. Fungal strategies for overcoming host innate immune
response. Medical mycology. 2009;47(3):227-36.

186.  Benndorf D, Muller A, Bock K, Manuwald O, Herbarth O, von Bergen M. Identification of spore
allergens from the indoor mould Aspergillus versicolor. Allergy. 2008;63(4):454-60.

187.  Afanou AK, Straumfors A, Eduard W. Fungal aerosol composition in mouldy basements. Indoor Air.
2019.

188. Murtoniemi T, Penttinen P, Nevalainen A, Hirvonen MR. Effects of microbial cocultivation on
inflammatory and cytotoxic potential of spores. Inhalation toxicology. 2005;17(12):681-93.

189. Madej MP, Topfer E, Boraschi D, Italiani P. Different Regulation of Interleukin-1 Production and
Activity in Monocytes and Macrophages: Innate Memory as an Endogenous Mechanism of IL-1 Inhibition.

Frontiers in pharmacology. 2017;8:335.

This article is protected by copyright. All rights reserved



190. @yaE, Zegeye FD, Bglling AK, @vstebg R, Afanou AKJ, @vrevik J, et al. Hyphae fragments from A.
fumigatus sensitize lung cells to silica particles (Min-U-Sil): Increased release of IL-1beta. Toxicology in
vitro : an international journal published in association with BIBRA. 2018;55:1-10.

191. Simitsopoulou M, Roilides E, Georgiadou E, Paliogianni F, Walsh TJ. Differential transcriptional
profiles induced by amphotericin B formulations on human monocytes during response to hyphae of
Aspergillus fumigatus. Medical mycology. 2011;49(2):176-85.

192. Bosshart H, Heinzelmann M. THP-1 cells as a model for human monocytes. Annals of translational
medicine. 2016;4(21):438.

193. Tomlinson GS, Booth H, Petit SJ, Potton E, Towers GJ, Miller RF, et al. Adherent human alveolar
macrophages exhibit a transient pro-inflammatory profile that confounds responses to innate immune
stimulation. PloS one. 2012;7(6):e40348.

194. Hasiwa N, Daneshian M, Bruegger P, Fennrich S, Hochadel A, Hoffmann S, et al. Evidence for the
detection of non-endotoxin pyrogens by the whole blood monocyte activation test. Altex. 2013;30(2):169-
208.

195. Popa C, Netea MG, Barrera P, Radstake TR, van Riel PL, Kullberg BJ, et al. Cytokine production of
stimulated whole blood cultures in rheumatoid arthritis patients receiving short-term infliximab therapy.
Cytokine. 2005;30(2):72-7.

196. Netea MG, Nold-Petry CA, Nold MF, Joosten LA, Opitz B, van der Meer JH, et al. Differential
requirement for the activation of the inflammasome for processing and release of IL-1beta in monocytes
and macrophages. Blood. 2009;113(10):2324-35.

197.  Merly L, Smith SL. Murine RAW 264.7 cell line as an immune target: are we missing something?
Immunopharmacology and immunotoxicology. 2017;39(2):55-8.

198. Taciak B, Bialasek M, Braniewska A, Sas Z, Sawicka P, Kiraga L, et al. Evaluation of phenotypic and
functional stability of RAW 264.7 cell line through serial passages. PloS one. 2018;13(6):e0198943.

199. Meijer K, Weening D, de Vries MP, Priebe MG, Vonk RJ, Roelofsen H. Quantitative proteomics
analyses of activation states of human THP-1 macrophages. Journal of proteomics. 2015;128:164-72.
200. Daigneault M, Preston JA, Marriott HM, Whyte MK, Dockrell DH. The identification of markers of
macrophage differentiation in PMA-stimulated THP-1 cells and monocyte-derived macrophages. PloS one.
2010;5(1):e8668.

201.  Park EK, Jung HS, Yang HI, Yoo MC, Kim C, Kim KS. Optimized THP-1 differentiation is required for
the detection of responses to weak stimuli. Inflammation research : official journal of the European

Histamine Research Society [et al]. 2007;56(1):45-50.

This article is protected by copyright. All rights reserved



202.  Starr T, Bauler TJ, Malik-Kale P, Steele-Mortimer O. The phorbol 12-myristate-13-acetate
differentiation protocol is critical to the interaction of THP-1 macrophages with Salmonella typhimurium.
PloS one. 2018;13(3):e0193601.

203. Lund ME, To J, O'Brien BA, Donnelly S. The choice of phorbol 12-myristate 13-acetate
differentiation protocol influences the response of THP-1 macrophages to a pro-inflammatory stimulus.
Journal of immunological methods. 2016;430:64-70.

204. Lacey DC, Achuthan A, Fleetwood AJ, Dinh H, Roiniotis J, Scholz GM, et al. Defining GM-CSF- and
macrophage-CSF-dependent macrophage responses by in vitro models. Journal of immunology
(Baltimore, Md : 1950). 2012;188(11):5752-65.

205.  Schmid MA, Kingston D, Boddupalli S, Manz MG. Instructive cytokine signals in dendritic cell
lineage commitment. Immunological reviews. 2010;234(1):32-44.

206.  Ushach I, Zlotnik A. Biological role of granulocyte macrophage colony-stimulating factor (GM-CSF)
and macrophage colony-stimulating factor (M-CSF) on cells of the myeloid lineage. Journal of leukocyte
biology. 2016;100(3):481-9.

207. Riddy DM, Goy E, Delerive P, Summers RJ, Sexton PM, Langmead CJ. Comparative genotypic and
phenotypic analysis of human peripheral blood monocytes and surrogate monocyte-like cell lines
commonly used in metabolic disease research. PloS one. 2018;13(5):e0197177.

208. Bglling AK, Steensen TB, Alexis NE, Sikkeland LIB. Isolating and culturing of sputum macrophages:
A potential ex vivo/in vitro model. Experimental lung research. 2018:1-11.

209. Hellmann AM, Lother J, Wurster S, Lutz MB, Schmitt AL, Morton CO, et al. Human and Murine
Innate Immune Cell Populations Display Common and Distinct Response Patterns during Their In Vitro
Interaction with the Pathogenic Mold Aspergillus fumigatus. Frontiers in immunology. 2017;8:1716.

210.  Park SJ, Burdick MD, Mehrad B. Neutrophils mediate maturation and efflux of lung dendritic cells
in response to Aspergillus fumigatus germ tubes. Infection and immunity. 2012;80(5):1759-65.

211. Tang)J, Tian D, Liu G. Immunosuppressive effect of Cordyceps CS-4 on human monocyte-derived
dendritic cells in vitro. The American journal of Chinese medicine. 2010;38(5):961-72.

212.  Ghio AJ, Dailey LA, Soukup JM, Stonehuerner J, Richards JH, Devlin RB. Growth of human bronchial
epithelial cells at an air-liquid interface alters the response to particle exposure. Particle and fibre
toxicology. 2013;10:25.

213.  Wasylnka JA, Moore MM. Uptake of Aspergillus fumigatus Conidia by phagocytic and
nonphagocytic cells in vitro: quantitation using strains expressing green fluorescent protein. Infection and

immunity. 2002;70(6):3156-63.

This article is protected by copyright. All rights reserved



214.  Garth JM, Steele C. Innate Lung Defense during Invasive Aspergillosis: New Mechanisms. Journal
of innate immunity. 2017;9(3):271-80.

215.  Garth JM, Reeder KM, Godwin MS, Mackel JJ, Dunaway CW, Blackburn JP, et al. IL-33 Signaling
Regulates Innate IL-17A and IL-22 Production via Suppression of Prostaglandin E2 during Lung Fungal
Infection. Journal of immunology (Baltimore, Md : 1950). 2017;199(6):2140-8.

216.  Piehler D, Eschke M, Schulze B, Protschka M, Muller U, Grahnert A, et al. The IL-33 receptor (ST2)
regulates early IL-13 production in fungus-induced allergic airway inflammation. Mucosal immunology.
2016;9(4):937-49.

217.  Hristova M, Habibovic A, Veith C, Janssen-Heininger YM, Dixon AE, Geiszt M, et al. Airway
epithelial dual oxidase 1 mediates allergen-induced IL-33 secretion and activation of type 2 immune
responses. The Journal of allergy and clinical immunology. 2016;137(5):1545-56.e11.

218. Boitano S, Flynn AN, Sherwood CL, Schulz SM, Hoffman J, Gruzinova |, et al. Alternaria alternata
serine proteases induce lung inflammation and airway epithelial cell activation via PAR2. American journal
of physiology Lung cellular and molecular physiology. 2011;300(4):L605-14.

219.  Marriott HM, Gascoyne KA, Gowda R, Geary |, Nicklin MJ, lannelli F, et al. Interleukin-1beta
regulates CXCL8 release and influences disease outcome in response to Streptococcus pneumoniae,
defining intercellular cooperation between pulmonary epithelial cells and macrophages. Infection and
immunity. 2012;80(3):1140-9.

220.  Guenat OT, Berthiaume F. Incorporating mechanical strain in organs-on-a-chip: Lung and skin.
Biomicrofluidics. 2018;12(4):042207.

221.  Miller AJ, Spence JR. In Vitro Models to Study Human Lung Development, Disease and
Homeostasis. Physiology (Bethesda, Md). 2017;32(3):246-60.

222. Toor A, Culibrk L, Singhera GK, Moon KM, Prudova A, Foster LJ, et al. Transcriptomic and
proteomic host response to Aspergillus fumigatus conidia in an air-liquid interface model of human
bronchial epithelium. PloS one. 2018;13(12):e0209652.

223.  Morton CO, Fliesser M, Dittrich M, Mueller T, Bauer R, Kneitz S, et al. Gene expression profiles of
human dendritic cells interacting with Aspergillus fumigatus in a bilayer model of the alveolar
epithelium/endothelium interface. PloS one. 2014;9(5):€98279.

224.  Morton CO, Wurster S, Fliesser M, Ebel F, Page L, Hunniger K, et al. Validation of a simplified in
vitro Transwell((R)) model of the alveolar surface to assess host immunity induced by different
morphotypes of Aspergillus fumigatus. International journal of medical microbiology : IMM.

2018;308(8):1009-17.

This article is protected by copyright. All rights reserved



225.  Leino MS, Loxham M, Blume C, Swindle EJ, Jayasekera NP, Dennison PW, et al. Barrier disrupting
effects of alternaria alternata extract on bronchial epithelium from asthmatic donors. PloS one.
2013;8(8):e71278.

226. SumiY, Nagura H, Takeuchi M, Miyakawa M. Granulomatous lesions in the lung induced by
inhalation of mold spores. Virchows Archiv : an international journal of pathology. 1994;424(6):661-8.
227. JussilaJ, Komulainen H, Kosma VM, Nevalainen A, Pelkonen J, Hirvonen MR. Spores of Aspergillus
versicolor isolated from indoor air of a moisture-damaged building provoke acute inflammation in mouse
lungs. Inhalation toxicology. 2002;14(12):1261-77.

228. Cenci E, Mencacci A, Casagrande A, Mosci P, Bistoni F, Romani L. Impaired antifungal effector
activity but not inflammatory cell recruitment in interleukin-6-deficient mice with invasive pulmonary
aspergillosis. The Journal of infectious diseases. 2001;184(5):610-7.

229. Shahan TA, Sorenson WG, Paulauskis JD, Morey R, Lewis DM. Concentration- and time-dependent
upregulation and release of the cytokines MIP-2, KC, TNF, and MIP-1alpha in rat alveolar macrophages by
fungal spores implicated in airway inflammation. American journal of respiratory cell and molecular
biology. 1998;18(3):435-40.

230.  Miller JD, Sun M, Gilyan A, Roy J, Rand TG. Inflammation-associated gene transcription and
expression in mouse lungs induced by low molecular weight compounds from fungi from the built
environment. Chemico-biological interactions. 2010;183(1):113-24.

231. Gallo E, Katzman S, Villarino AV. IL-13-producing Th1l and Th17 cells characterize adaptive
responses to both self and foreign antigens. European journal of immunology. 2012;42(9):2322-8.

232.  Brandt EB, Kovacic MB, Lee GB, Gibson AM, Acciani TH, Le Cras TD, et al. Diesel exhaust particle
induction of IL-17A contributes to severe asthma. The Journal of allergy and clinical immunology.
2013;132(5):1194-204.e2.

233.  Wang YH, Voo KS, Liu B, Chen CY, Uygungil B, Spoede W, et al. A novel subset of CD4(+) T(H)2
memory/effector cells that produce inflammatory IL-17 cytokine and promote the exacerbation of chronic
allergic asthma. The Journal of experimental medicine. 2010;207(11):2479-91.

234. Nayak AP, Green BJ, Lemons AR, Marshall NB, Goldsmith WT, Kashon ML, et al. Subchronic
exposures to fungal bioaerosols promotes allergic pulmonary inflammation in naive mice. Clinical and
experimental allergy : journal of the British Society for Allergy and Clinical Immunology. 2016;46(6):861-
70.

235.  Balenga NA, Klichinsky M, Xie Z, Chan EC, Zhao M, Jude J, et al. A fungal protease allergen

provokes airway hyper-responsiveness in asthma. Nature communications. 2015;6:6763.

This article is protected by copyright. All rights reserved



236. Croston TL, Lemons AR, Barnes MA, Goldsmith WT, Orandle MS, Nayak AP, et al. Inhalation of
Stachybotrys chartarum Fragments Induces Pulmonary Arterial Remodeling. American journal of
respiratory cell and molecular biology. 2019:10.1165/rcmb.2019-02210C.

237.  Bush RK, Prochnau JJ. Alternaria-induced asthma. The Journal of allergy and clinical immunology.
2004;113(2):227-34.

238. Downs SH, Mitakakis TZ, Marks GB, Car NG, Belousova EG, Leuppi JD, et al. Clinical importance of
Alternaria exposure in children. American journal of respiratory and critical care medicine.
2001;164(3):455-9.

239. Bartemes KR, lijima K, Kobayashi T, Kephart GM, McKenzie AN, Kita H. IL-33-responsive lineage-
CD25+ CD44(hi) lymphoid cells mediate innate type 2 immunity and allergic inflammation in the lungs.
Journal of immunology (Baltimore, Md : 1950). 2012;188(3):1503-13.

240. Kobayashi T, lijima K, Radhakrishnan S, Mehta V, Vassallo R, Lawrence CB, et al. Asthma-related
environmental fungus, Alternaria, activates dendritic cells and produces potent Th2 adjuvant activity.
Journal of immunology (Baltimore, Md : 1950). 2009;182(4):2502-10.

241.  Valladao AC, Frevert CW, Koch LK, Campbell DJ, Ziegler SF. STAT6 Regulates the Development of
Eosinophilic versus Neutrophilic Asthma in Response to Alternaria alternata. Journal of immunology
(Baltimore, Md : 1950). 2016;197(12):4541-51.

242. Truyen E, Coteur L, Dilissen E, Overbergh L, Dupont LJ, Ceuppens JL, et al. Evaluation of airway
inflammation by quantitative Th1/Th2 cytokine mRNA measurement in sputum of asthma patients.
Thorax. 2006;61(3):202-8.

243.  Choy DF, Hart KM, Borthwick LA, Shikotra A, Nagarkar DR, Siddiqui S, et al. TH2 and TH17
inflammatory pathways are reciprocally regulated in asthma. Science translational medicine.
2015;7(301):301ra129.

244.  Molet S, Hamid Q, Davoine F, Nutku E, Taha R, Page N, et al. IL-17 is increased in asthmatic
airways and induces human bronchial fibroblasts to produce cytokines. The Journal of allergy and clinical
immunology. 2001;108(3):430-8.

245.  Huttunen K, Pelkonen J, Nielsen KF, Nuutinen U, Jussila J, Hirvonen MR. Synergistic interaction in
simultaneous exposure to Streptomyces californicus and Stachybotrys chartarum. Environmental health
perspectives. 2004;112(6):659-65.

246.  Morishige T, Yoshioka Y, Inakura H, Tanabe A, Yao X, Narimatsu S, et al. The effect of surface
modification of amorphous silica particles on NLRP3 inflammasome mediated IL-1beta production, ROS

production and endosomal rupture. Biomaterials. 2010;31(26):6833-42.

This article is protected by copyright. All rights reserved



247. Sandberg WJ, Lag M, Holme JA, Friede B, Gualtieri M, Kruszewski M, et al. Comparison of non-
crystalline silica nanoparticles in IL-1beta release from macrophages. Particle and fibre toxicology.
2012;9:32.

248. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank |, Yadav A, et al. Topographical continuity of
bacterial populations in the healthy human respiratory tract. American journal of respiratory and critical
care medicine. 2011;184(8):957-63.

249. Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et al. Microbiota regulates
immune defense against respiratory tract influenza A virus infection. Proceedings of the National
Academy of Sciences of the United States of America. 2011;108(13):5354-9.

250.  Gollwitzer ES, Saglani S, Trompette A, Yadava K, Sherburn R, McCoy KD, et al. Lung microbiota
promotes tolerance to allergens in neonates via PD-L1. Nature medicine. 2014;20(6):642-7.

251. Shima K, Coopmeiners J, Graspeuntner S, Dalhoff K, Rupp J. Impact of micro-environmental
changes on respiratory tract infections with intracellular bacteria. FEBS letters. 2016;590(21):3887-904.
252.  Denning DW, Chakrabarti A. Pulmonary and sinus fungal diseases in non-immunocompromised
patients. The Lancet Infectious diseases. 2017;17(11):e357-e66.

253. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell. 2014;157(1):121-
41.

254. Roponen M, Meklin T, Rintala H, Hyvarinen A, Hirvonen MR. Effect of moisture-damage
intervention on the immunotoxic potential and microbial content of airborne particles and on occupants'
upper airway inflammatory responses. Indoor Air. 2013;23(4):295-302.

255.  Huttunen K, Kauhanen E, Meklin T, Vepsalainen A, Hirvonen MR, Hyvarinen A, et al. The effect of
ozonization on furniture dust: microbial content and immunotoxicity in vitro. The Science of the total
environment. 2010;408(11):2305-11.

256.  Hirvonen MR, Huttunen K, Roponen M. Bacterial strains from moldy buildings are highly potent
inducers of inflammatory and cytotoxic effects. Indoor Air. 2005;15 Suppl 9:65-70.

257. Roponen M, Toivola M, Alm S, Nevalainen A, Jussila J, Hirvonen MR. Inflammatory and cytotoxic
potential of the airborne particle material assessed by nasal lavage and cell exposure methods. Inhalation
toxicology. 2003;15(1):23-38.

258. Punsmann S, Liebers V, Lotz A, Bruning T, Raulf M. Ex vivo cytokine release and pattern
recognition receptor expression of subjects exposed to dampness: pilot study to assess the outcome of

mould exposure to the innate immune system. PloS one. 2013;8(12):e82734.

This article is protected by copyright. All rights reserved





