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Abstract

Stachybotrys chartarum is a fungal contaminant within the built environment and a respiratory
health concern in the United States. The objective of this study was to characterize the
mechanisms influencing pulmonary immune responses to repeatedly inhaled S. chartarum. Groups
of B6C3F1/N mice repeatedly inhaled viable trichothecene-producing S. chartarum conidia (strain
A or strain B), heat-inactivated conidia, or high-efficiency particulate absolute-filtered air twice
per week for 4 and 13 weeks. Strain A was found to produce higher amounts of respirable
fragments than strain B. Lung tissue, serum, and BAL fluid were collected at 24 and 48 hours after
final exposure and processed for histology, flow cytometry, and RNA and proteomic analyses. At 4
weeks after exposure, a T-helper cell type 2-mediated response was observed. After 13 weeks, a
mixed T-cell response was observed after exposure to strain A compared with a T-helper cell type
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2-mediated response after strain B exposure. After exposure, both strains induced pulmonary
arterial remodeling at 13 weeks; however, strain A-exposed mice progressed more quickly than
strain B-exposed mice. BAL fluid was composed primarily of eosinophils, neutrophils, and
macrophages. Both the immune response and the observed pulmonary arterial remodeling were
supported by specific cellular, molecular, and proteomic profiles. The immunopathological
responses occurred earlier in mice exposed to high fragment-producing strain A. The rather
striking induction of pulmonary remodeling by S. chartarum appears to be related to the presence
of fungal fragments during exposure.
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Fungal contamination in indoor environments is a public health concern in the United States.
Indoor fungal bioaerosols are generated by fungal disturbances, such as vibrations or airflow
through contaminated areas within buildings, and exposure to fungal bioaerosols has been
associated with human disease (1, 2). Among species that are frequently observed,
Stachybotrys chartarum exposure has become an area of heightened interest. Since a case
study in 1994 identified S. chartarum as a potential cause of acute idiopathic pulmonary
hemosiderosis among infants (3, 4), evidence has accumulated for the epidemiologic
association of S. chartarum with health effects; however, this association with acute
idiopathic pulmonary hemosiderosis is less convincing (5). Although recent consensus
documents have confirmed associations between damp indoor environments and adverse
respiratory symptoms (1, 2), the contribution of S. chartarumto adverse pulmonary immune
responses requires further delineation.

S. chartarum is a black, macroscopic, saprophytic, filamentous fungus that requires high
amounts of moisture and cellulose for optimal growth (6-8). S. chartarum spores are ~3-6
um in diameter and produce mycotoxins (9, 10) and allergens (11, 12). There are several
chemotypes of S. chartarum, including macrocyclic trichothecene-producing and atranone-
producing strains. Although this fungus has toxigenic properties, the fungal components
common to other fungal species are believed to be more critical to its pathophysiology (13—
16).

Fungal bioaerosols are composed of aerosolized fungal spores and fragments. These
fragments are derived from fragmented spores or hyphae and have been shown to aerosolize
in higher concentrations than spores (17). S. chartarum has previously been shown to
fragment (18, 19); however, the influence of S. chartarum fungal fragment exposure has not
been fully elucidated. The present study used two different S. chartarum strains that included
a high-fragmenting isolate and a low-fragmenting isolate. Aerosolized S. chartarum was
repeatedly delivered to mice housed in a nose-only chamber to more closely mimic natural
human exposure, a documented methodological advancement over studies using intranasal
instillations, intratracheal instillations, or liquid aerosol inhalations (20-26). This model has
been validated by characterizing the immune response and genetic profile after Aspergillus
fumigatus exposure (27-29).
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Previous data from our laboratory and others demonstrate pulmonary pathology after S.
chartarum exposure (24, 25, 30, 31); however, the underlying mechanisms need further
clarification. The aim of this study was to characterize the mechanisms contributing to the
pulmonary immune responses after repeated exposure to S. chartarum. Two different strains
of S. chartarum exhibiting varying degrees of fragmentation were individually employed.
After exposure, lung tissue, serum, and BAL fluid (BALF) were collected at 24 and 48 hours
after final exposure and processed for histology, flow cytometry, and RNA and proteomic
analyses to characterize immune mechanisms. The use of the two strains that fragmented to
a varying extent helped to differentiate the role of fungal fragmentation in the development
of immune response and disease pathology.

Fungal Cultures

Animals

The two macrocyclic trichothecene-producing strains of S. chartarum used in this study were
IBT 9460 (strain A) and IBT 7711 (strain B). Strain A produced sixfold higher
concentrations of verrucarol and fragmented to a greater extent (<0.5-2 pm in aerodynamic
diameter) compared with strain B (Figure 1). Fungal test articles were aerosolized using a
computer-controlled acoustical generator system as previously documented (28). See Data
Supplement E1 for further details.

Female B6C3F1/N mice, 5-6 weeks old, were acquired from the National Toxicology
Program mouse colony housed at Taconic Biosciences, Inc. Mice were housed in the
Assessment and Accreditation of Laboratory Animal Care International-accredited animal
facility at the National Institute for Occupational Safety and Health (NIOSH) and were
provided an NTP-2000 diet (Harlan Laboratories) and water ad /ibitum. The mice appeared
healthy throughout the study (Figure E2 in the data supplement). All animal procedures
were performed under a NIOSH Animal Care and Use Committee—approved protocol.

Fungal Exposures

Mice were randomly separated into six exposure groups with 15 mice per group: Groups 1
and 2 were S. chartarum strain A, viable or heat-inactivated conidia (HIC); groups 3 and 4
were S. chartarum strain B, viable or HIC; and groups 5 and 6 were control groups of high-
efficiency particulate absolute—filtered air only. The S. chartarum—exposed mice inhaled 1 x
10 particles (estimated pulmonary deposition/exposure), which was the highest aerosolized
dose that reproducibly induced a lymphoproliferative response. Mice were exposed twice
per week for 4 or 13 weeks as previously documented (28). Samples were collected 24 hours
and 48 hours after final exposure to assess temporal changes in immune responses. Mice
were Killed via intraperitoneal injection of 200 mg/kg sodium pentobarbital solution (Fatal-
Plus Solution; Vortech Pharmaceuticals, Ltd.) and exsanguinated via cardiac puncture. The
exposure scheme and harvesting time points were chosen on the basis of preliminary
immune response data (27, 29).
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Histopathology

Left lung lobes (n7= 3/group) were inflated with fixative and collected. The tissue was then
embedded, sectioned, and stained with hematoxylin and eosin for routine histopathological
evaluation as previously described (29). For additional details, see Data Supplement E2.

Flow Cytometric and Cell Differential Analyses

Cells collected from BAL (= 7/group) were enumerated using a Cellometer Vision
(Nexcelom Bioscience) and prepared for flow cytometric analysis as previously described
(29). Cells were blocked and stained using fluorochrome-conjugated antibodies (Table E1).
See Data Supplement E3 for additional details.

Proteomic and RNA Analyses

Statistics

Results

Right lung lobes (7 = 3/group) were sent to MS Bioworks for quantitative proteomic
analysis as previously described (29). Total RNA was extracted for microRNA (miRNA)
(Exigon Services) and mMRNA analyses as previously described (28). Additional analyzed
genes are reported in Table E2. T-helper cell type 1 (Th1), Th2, and Th17 gene expression
data were normalized to gusb (B-glucuronidase) and additional genes to gapah
(glyceraldehyde 3-phosphate dehydrogenase).

Proteomic and RNA data were analyzed by using Ingenuity Pathway Analysis (IPA)
software (Qiagen) for core, comparative, and miRNA target filter analyses (28). For
additional details, see Data Supplement E4.

Statistical power tests were conducted to determine the appropriate number of samples
needed for each endpoint measurement. Fold changes greater than or equal to 2 or less than
or equal to —2 were considered altered. £ < 0.05 was considered statistically significant (28,
29). See Data Supplement E5 for additional details.

Histopathological Assessment

Inflammation and arterial remodeling were observed in murine lungs after repeated exposure
to viable S. chartarum (Figure 2). Differences in lesion development between the two strains
were most evident microscopically after 4 weeks (Table 1). No microscopic changes were
observed in lungs exposed to HIC or high-efficiency particulate absolute—filtered air controls
(Figure E2).

At 4 weeks, strain A exposure produced a robust peribronchiolar and perivascular
inflammatory response characterized by eosinophilic and neutrophilic infiltrates centered at
terminal bronchioles with extension into adjacent alveoli (Figure 2A). Similar inflammatory
cells were also observed surrounding smaller pulmonary arteries and within the vessel wall.
Remodeling of pulmonary arteries near the terminal bronchiole was evident after 4 weeks of
exposure to strain A (Figure 2A). Additional histological changes observed after 4-week
strain A exposure included alveolar histiocytosis, bronchiolar epithelial cell hyperplasia with
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mucous metaplasia, and vascular thrombi (Table 1), whereas strain B exposure resulted in
minimal airway inflammation (Figure 2B).

After 13 weeks of exposure, histopathology was nearly indistinguishable between the two
strains. Bronchiolitis and pulmonary arterial remodeling were observed in the lungs;
however, there was a shift in inflammatory cell composition from eosinophils and
neutrophils at 4 weeks to lymphocytes and macrophages at 13 weeks (Figures 2A and 2B),
indicating the mice were further along in the pulmonary arterial remodeling process.

A summary of the histopathology showing a continuum of microscopic changes ranging
from arteritis to pulmonary arterial remodeling is presented in Figure 2C. Early changes in
pulmonary arteries were characterized by inflammation, whereas later changes in vessels
were more severe and characterized by arterial remodeling. Remodeling in affected vessels
was characterized by symmetrical thickening of the artery wall and narrowing of the lumen,
affecting the small to medium-sized vessels at or below the level of the terminal bronchiole.
With increasing exposure duration, there was a shift in inflammatory cell types from
polymorphonuclear cells to mononuclear cells.

Flow Cytometry

The BALF was composed primarily of eosinophils, neutrophils, and macrophages (Figure
3). Compared with air-only controls, strain A exposure showed increased eosinophils and
neutrophils 24 hours after 4 and 13 weeks (Figures 3A and 3B). Alveolar macrophages were
significantly increased 48 hours after 13-week strain A exposure (Figure 3C). Only after 4-
week strain A HIC exposure were eosinophils, neutrophils, and alveolar macrophages
initially increased (Figures 4A-4C).

Strain B—exposed mice showed significantly increased eosinophils and alveolar
macrophages 48 hours after 4-week exposure (Figures 3D and 3F). After 13-week exposure,
eosinophils, neutrophils, and alveolar macrophages were significantly increased (Figures
3D-3F). Strain B HIC exposure did not result in significant cell population changes (Figures
4D-4F).

Quantitative Proteomic Analysis

Proteomic analysis of whole-lung homogenate detected 3,465 proteins in total (Table E3).
Table 2 shows differentially expressed proteins involved in tissue remodeling and
inflammation. Chil3 and chil4 (chitinase-like proteins 3 and 4, respectively) were
upregulated after 4-week and 13-week strain A exposures, but only after 13-week strain B
exposure. Only chil3 was decreased after 4-week strain A HIC exposure. Lgals3 (galectin-3)
was upregulated after 4-week and 13-week strain A exposures. After 4-week strain B
exposure, lgals3 was decreased, but it was increased after 13 weeks. In contrast, Igals3 was
downregulated after 4-week strains A and B HIC exposure. Von Willebrand factor was
upregulated after 13-week strain A exposure but downregulated after strain B exposure.
Strains A and B HIC exposure resulted in a downregulation of von Willebrand factor after 4-
week exposure. Strain A—exposed mice showed increased sftpa (pulmonary surfactant
protein A) after 4-week and 13-week exposures. In contrast, both sftpa and sftpd were
decreased after 4-week strain B exposure and after 4-week strains A and B HIC exposure.
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Inflammation-associated proteins retnla (resistin-like o) and mrc1 (macrophage mannose
receptor 1) were significantly increased after 4-week and 13-week strain A exposures. After
13-week strain B exposure, retnla was upregulated. Although mrc1 was downregulated at 4
weeks, expression was slightly increased after 13-week strain B exposure. Retnla was
unaltered in mice exposed to either HIC strain; however, mrc1 was decreased after 4-week
strains A and B HIC exposure. Located in the eosinophil matrix, earl and ear2 (eosinophil
cationic proteins 1 and 2 receptors, respectively) were significantly increased after 4-week
strain A exposure. After 13 weeks, both earl and ear2 were increased over 100-fold at 48
hours. With strain B, earl and ear2 were only upregulated after 13-week exposure, but not to
the same degree as with strain A. For HIC exposures, earl and ear2 were decreased after 4-
week strain A exposure, and earl was decreased after 13-week strain B exposure.

Carbohydrate-binding clec proteins (C-type lectins) are nonspecific pathogen recognition
receptors. After strain A exposure, clec7a and clec10a were increased after 4 weeks, and
after 13 weeks, clec10a and clec3b were increased. Strain B—exposed mice showed
increased clec7a after 4 weeks and increased clec10a after 13 weeks. Unaltered after strain
A HIC exposure, clec7a was decreased after 4-week strain B HIC exposure. Clec3b was also
decreased after 4-week strains A and B HIC exposure.

Core proteomic analysis conducted using IPA identified associations between altered
proteins and canonical pathways, diseases and disorders, and physiological system
development and functions, as well as the top cardiotoxicity pathways. These top
relationships, mechanisms, functions, and pathways relevant to a dataset are determined by
having the highest number of proteins that overlap those included in the specific pathway,
disease, or function. As reported in Tables 3 and 4, one of the top canonical pathways
identified after exposure to strain A is elF2 (eukaryotic initiation factor 2) signaling, a
component of protein synthesis. After strain A exposure, organismal injury and
abnormalities were identified as the top diseases and disorders at all time points, followed by
the inflammatory response and neurological disease. The top physiological system
developments and functions involving the proteins altered after strain A exposure were the
hematological system development and function, as well as immune cell trafficking and
tissue morphology. The top cardiotoxicity pathways included cardiac enlargement,
dysfunction, and fibrosis.

The core proteomic analysis identified elF2 signaling as well as mitochondrial dysfunction
and cytidine diphosphate (CDP)-diacylglycerol biosynthesis | as the top canonical pathways
associated with the proteins altered after exposure to strain B (Tables 3 and 4). CDP-
diacylglycerol biosynthesis results in the synthesis of CDP-diacylglycerol, which is an
intermediate product in the synthesis of cardiolipin, a phospholipid primarily located in the
inner mitochondrial membrane. After 13 weeks of exposure to strain B, Gg,, signaling, a
contributor to heart failure and inflammation, was one of the top canonical pathways
identified. In addition, organismal injury and abnormalities and inflammatory response were
among the top diseases and disorders associated with the proteins altered after exposure to
strain B.
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Gene Expression Profiles

The RT2 Profiler plates (Qiagen) measured genes involved in the Thi, Th2, or Th17
response pathways. Heat maps illustrate fold changes between viable exposed groups versus
the air-only control group for both time points after 4-week and 13-week exposures (Figures
5 and 6). The majority of differentially expressed genes associated with Th1/Th2 immune
responses were upregulated after strains A and B exposure (Figure 5), although not to the
same extent. Many Th17-associated genes were downregulated after strain A versus strain B
exposure (Figure 6). Overall, the Th1/Th2 and Th17 gene expression profiles were altered to
a greater extent in lungs from strain A—exposed mice than in those from strain B—exposed
mice.

Genes involved in tissue remodeling and the inflammatory response were increased after 4-
week and 13-week strain A exposures, such as retnla, chil3, arg1 (arginase 1), and mrcl
(Table 5). These genes were upregulated after 13-week strain B exposure, but not to the
extent of strain A. HIC exposure did not alter retn/aand chil3 expression by either strain;
however, arg and mrc1 were slightly upregulated after 4-week strain A HIC exposure.
Monocyte chemoattractant protein 1, or cc/2, was also significantly increased after 4-week
and 13-week strain A exposures (Figure 6), but it was only significantly increased after 13-
week strain B exposure.

Strain A increased //13at both time points after 4 weeks, together with //4and //6 at 48
hours. After 13-week strain A exposure, /ifng (IFN-v), //2, and /13 expression was increased
at both time points, 7//4 and //6 expression was increased at 48 hours (Figures 5 and 6). In
contrast, strain B—exposed mice showed upregulated //6 expression, together with
significantly increased //13expression, after 4 weeks. After 13 weeks, /ffg expression was
slightly increased, together with significantly upregulated //Z3and //5 at 24 hours and
increased //6 at 48 hours (Figures 5 and 6).

Involved with eosinophil recruitment, /33 expression was initially upregulated after 4-week
and 13-week strain A exposures compared with only after 13-week strain B exposure (Table
5). Ccl7 (monocyte chemotactic protein 3) and ccr3were upregulated after 4-week and 13-
week strain A exposures (Figure 5). Strain B exposure resulted in increased cc/7 expression
48 hours after 4-week exposure and 24 hours after 13-week exposure (Figure 5).
Inflammatory mediator cxc/5 (Chemokine [C-X-C motif] ligand 5) and cxc/I expression
was significantly increased after 4-week and 13-week strain A exposures (Figure 6). In
strain B—exposed mice, cxc/1 and cxc/5 were upregulated 48 hours after 4 weeks, but not
significantly. After 13 weeks, cxc/1 was significantly upregulated (Figure 6).

miRNA Profiles

miRNA profiling analysis identified 531 (strain A) and 512 (strain B) miRNAs in the lung
samples (Table E4). After 4-week strain A exposure, 116 (24 h) and 138 (48 h) miRNAs
were significantly altered compared with air-only controls. After 13-week strain A exposure,
15 (24 h) and 49 (48 h) miRNAs were significantly differentially expressed, the majority of
which were downregulated (Table E4). In contrast, no miRNAs were altered after 4-week
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strain B exposure, and only 14 (24 h) and 35 (48 h) miRNAs were differentially expressed
after 13 weeks.

Using IPA, the miRNA target filter predicts miRNAs and target genes included in this study.
A regulator of /73and 7/33, miR-339-5p was decreased after strain A and strain A HIC
exposures (Table 6). Downregulation of miR-365 after 4-week strain A viable and HIC
exposure was predicted to regulate /6. Expression of //Z0was predicted to increase due to
decreased miR-144-5p or miR-374b-5p expression after strain A viable and HIC exposure.
After strain B viable and HIC exposure, the expression of these miRNAs was unchanged
(Table 6). Expression of Th1l cytokines, such as //2and tnf, may be regulated by
miR-181b-5p (//2), miR-21a-5p (Inf), and miR-669d-5p (#nf). miR-181b-5b was decreased
after 4-week strain A exposure and at 4-week and 13-week strain A HIC exposure.
miR-21a-5p was upregulated only after 13-week strain A exposure, but it was downregulated
24 hours after 13-week strain A HIC exposure. After strain A viable and HIC exposure,
miR-669d-5p expression was increased. After strain B viable and HIC exposure, the
expression of these miRNAs was unchanged. Critical to eosinophilic recruitment,
miR-133a-3p and miR-335-5p were downregulated after strain A viable and HIC exposure,
but unchanged after strain B exposure. miR-23b-3p, a regulator of argZ and mrcl, was
downregulated after strain A exposure, but not after HIC exposure. In contrast to
downregulation after 13-week strain B exposure, miR-23b-3p was unchanged after HIC
exposure.

Discussion

The results of this study showed that repeated exposure to S. chartarum results in
inflammation and pulmonary arterial remodeling. The molecular and immunological
markers underlying the inflammatory response, as well as the rate at which the remodeling
occurred, varied between the two strains. Strain A, the higher-fragmenting strain, elicited an
earlier Th2-mediated immune response after 4 weeks that shifted to a mixed T-cell response
after 13 weeks. Arterial remodeling after strain A exposure was observed at an earlier time
point than in mice exposed to the lower-fragmenting strain B; however, arterial remodeling
was evident after 13 weeks of exposure to both strains. After 4 weeks, strain B exposure also
elicited a pulmonary Th2 immune response, which remained after 13 weeks. Although HIC
exposure did not result in significant lung pathology, alterations in protein, gene, and
miRNA profiles were evident, suggesting a unique fungus-induced profile, regardless of
viability. Neither viable strain B nor either HIC strain generated as many fragments as viable
strain A; therefore, mice exposed to viable strain A fragments inhaled a greater number of
smaller particles, resulting in less mass deposition within the lungs of these mice than in
mice exposed to strain B or to either strain of HIC. This difference in exposure suggests that
exposure to fungal fragments, despite decreased pulmonary mass deposition, elicits an
earlier pulmonary immune response and pathology after repeated S. chartarum exposure.

Using the same concentration of S. chartarum as in the present study, Ochiai and colleagues
also reported that repeated intratracheal instillations of S. chartarum resulted in pulmonary
arterial hypertension (PAH) as early as 4 weeks (24). In the present study, histopathology
showed pulmonary arterial remodeling after strains A and B exposure; however, arterial
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remodeling developed earlier with strain A than with strain B. In another study of repeated
intratracheal instillations of S. chartarum, goblet cell metaplasia was observed after seven
exposures, but not after a single exposure, indicative of airway remodeling after S.
chartarum exposure (25). In agreement with Fan and colleagues, retnla was increased with
arterial remodeling, together with asthma pathogenesis and tissue remodeling—associated
proteins (32). These proteins and respective genes were significantly increased after both
viable S. chartarum exposures compared with air-only and HIC controls, as well as at an
earlier time point in strain A—exposed versus strain B—exposed mice. A potential protein
biomarker for PAH, lgals3 (33), and cc/Z, involved in pulmonary inflammation and vascular
tissue remodeling, were upregulated after 4-week and 13-week strain A exposures, but only
after 13-week strain B exposure. Proteomic core analysis indicated associations with
inflammatory responses, tissue remodeling, and cardiac abnormalities after exposure to both
strains (Tables 3 and 4). Highly affected canonical pathways, such as mitochondrial
dysfunction (34) and pathways contributing to heart failure (35, 36) and inflammation (37),
suggested that the pulmonary vasculature may be affected after fungal exposures. Pulmonary
arterial remodeling is a Th2-mediated response (13, 30, 38) and is in agreement with the
Th2- mediated immune response observed in this study, as well as in other studies of
repeated exposure to S. chartarum (25, 30). The resultant pulmonary arterial remodeling
progressed at strain-specific rates, which is further supported by gene and proteomic
alterations.

Increased ///3, i/4, and i/5 gene expression, together with no significant /fng or tnfincrease,
after 4-week strains A and B exposures indicates a Th2-mediated immune response.
Interestingly, 13-week strain B exposure maintained the Th2-dominant response, whereas
strain A exposure shifted to a mixed T-cell response. A limitation of our study was that, for
unknown reasons, the cycle threshold values for genes from HIC-exposed lungs were
reported as undetermined after RT-PCR. Differential staining of BALF cells collected from
strain A— and strain B—exposed mice supported //4 gene expression data (not shown);
however, BALF volume limited the measurement of IL-13. In another study, increased
eosinophils, IL-4, and IL-5, but not IFN-y, were observed in BALF after intratracheal
instillation for 12 weeks (30), which agreed with strain B but differed from strain A. Taken
together, the results suggest that different strains of S. chartarum elicit a continuum of
immune response, dependent on the duration and composition of exposure.

Histology and BALF collected from S. chartarum-exposed mice showed the presence of
eosinophils, neutrophils, and macrophages. In agreement with the present study, a study
comparing a single intratracheal instillation of S. chartarum spores with multiple instillations
(once per week for 7 wk) showed increased lymphocytes and eosinophils after multiple
exposures (25). Released during degranulation of eosinophils, earl and ear2 were
significantly increased after 4-week and 13-week strain A exposures, compared with only
13-week strain B exposure. Critical to eosinophil commitment, IL-5 is preceded by IL-33
(39), both of which were upregulated after both 4-week and 13-week strain A exposures
compared with only after 13-week strain B exposure. Having eosinophilic chemoattractant
properties, cc/7and ccr3were upregulated after strain A exposure. Eosinophils produce
cxcl5, which, together with cxcll, attracts neutrophils (40). Exposure to both strains resulted
in a temporal increase in cxc/5and cxclI expression, indicative of the progressive influx of
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pulmonary neutrophils. Associated with alternatively activated macrophages, arg and mrcl
were upregulated after exposure to both strains. Together with other increased M2 markers
such as retnla, chil3, and i//33 (41-43), these data correlate with increased macrophages
observed in exposed lungs. Overall, the results support the increased presence of
inflammatory cell infiltrates and the earlier induction of an immune response after strain A
versus strain B exposure.

Clec proteins are critical in the recognition and neutralization of pathogens (44). Exposure to
both strains increased clec7a protein expression after 4-week exposure. Gene expression was
increased after 4-week strain A and 13-week strain B exposures. Although S. chartarum
spores are too large to deposit deep within the lung and subsequently germinate, previous
studies highlighted the association between increased clec7a expression with germination
after A. fumigatus exposure (28, 29). In addition, gene expression analyses showed
increased clec4n after 4-week and 13-week strain A exposures, with decreased expression
after 4-week strain B exposure. Mrcl also contributes to pathogen recognition by
recognizing complex carbohydrates (45). Together, increased expression of proteins involved
in pathogen recognition supports the hypothesis that fungal fragments enter the lung and
elicit an immune response.

Increased gene expression associated with decreased expression of regulating miRNAs
suggests a possible mechanism underlying the immune response after S. chartarum
exposure. Using the same delivery system, altered miRNAs after A. fumigatus exposure (28)
were also found to be altered in the present study (Table 6). miR-23b-3p, one of the highest-
altered miRNAs after A. fumigatus exposure, was also altered after S. chartarum exposure.
In A. Fumigatus-exposed mice, mir-706 expression was increased (28); however, after strain
A exposure, miR-706 consistently had the highest fold change for all time points, except 24
hours after 13 weeks, when miR-21a-5p expression was highest (Table 6). miR-706 is
involved in liver fibrogenesis (46); however, the present results also suggest involvement in
pulmonary tissue remodeling. In agreement with the present study, miR-21a is involved in
pulmonary fibrogenesis (47) and was surprisingly decreased after A. fumigatus exposure
(28). The difference in miR-21a expression is most likely due to the difference in fungal
species; however, research suggests that A. fumigatus elicits an immune response due to
fungal germination (28, 29), whereas this study suggests the earlier induction of an immune
response is driven by the fungal fragments present in greater numbers in the composition of
strain A exposure.

The repeated fungal exposure model presented in this study reproducibly elicited pulmonary
arterial remodeling in both S. chartarum strains. Other studies that have induced PAH
through well-known mechanisms, such as hypoxic conditions or monocrotaline injury, have
several limitations, as discussed by Provencher and colleagues (48), including less stringent
study designs. The model in the present study appears to overcome several of the described
methodological limitations (48, 49); however, future studies focusing on critical parameters
required to identify PAH, such as cardiac measurements and pulmonary artery smooth
muscle thickness, will need to be conducted to better understand the initiation and recovery
of PAH using fungal test articles such as S. chartarum.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2020 July 06.
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Respiratory morbidities in patients exposed to S. chartarum have been reported (50, 51),
highlighting the importance of characterizing mechanisms influencing the pulmonary
immune response and disease pathology. Published studies have identified fungal particles
aerosolized from moldy building materials (52, 53), but those studies were unable to isolate
and characterize the effect of individual fungal species. Having different mycotoxin profiles,
both A. fumigatus (29) and S. chartarum induce pulmonary arterial remodeling; therefore, it
appears more likely that common fungal antigens present on the respirable S. chartarum
fragments are inducing the early pathophysiological response. Collectively, the results of this
study demonstrate that exposure to S. chartarum elicits pulmonary immune responses and
pulmonary arterial remodeling; however, it is the presence of fungal fragments that induces
these responses.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance

Stachybotrys chartarum, or black mold, is found in damp indoor environments and is a
respiratory health concern in the United States. Two strains of S. chartarum were used in
the present study, with one strain fragmenting to a greater extent. Repeated exposure
resulted in inflammation and pulmonary arterial remodeling and suggested that the
presence of fungal fragments induced an earlier response.
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Figurel.

Fragmentation of Stachybotrys chartarum. Aerodynamic particle size distributions of (A)
viable and (B) heat-inactivated S. chartarum conidia (HIC) collected during exposures. Data
are a representation of the particle size distribution observed over multiple exposures and
have been normalized to 1,000 particle counts for comparison. S. chartarum = Stachybotrys
chartarum.
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Pulmonary arterial remodeling. Representative photomicrographs of hematoxylin and eosin—
stained sections of lung from mice exposed to viable (A) strain A and (B) strain B. The mice
were killed at 24 hours after 4 or 13 weeks of exposure. Lung from an air-exposed mouse is
shown for reference. (C) Representative photomicrographs showing the range of changes
seen in pulmonary arteries in lungs of mice exposed to viable fungal conidia. The blue
arrows indicate different inflammatory cells (i.e., eosinophils and macrophages). Scale bars:
200 um and 100 um. PA=pulmonary arteries (indicated by black arrows); TB=terminal
bronchiole.
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Cell populations of BAL fluid (BALF) after exposure to strain A and strain B. (A-F) BALF
collected at 24 and 48 hours after 4- and 13-week exposures to strain A (A-C) or strain B
(D-F) consisted of eosinophils (A and D), neutrophils (Band £), and macrophages (Cand
F). Values are expressed as mean £ SEM; n=7 per group. *P < 0.05 for exposed group
versus air-only control group. ns = not significant.
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Figure 4.

Cell populations of BAL fluid after exposure to strain A HIC and strain B HIC. (A-F) BALF
collected at 24 and 48 hours after a 4- and 13-week exposure to strain A HIC (A-C) or strain
B HIC (D-F) consisted of eosinophils (A and D), neutrophils (B and £), and macrophages
(Cand F). Values are expressed as mean + SEM; n= 7 per group. *P< 0.05 for exposed

group versus air-only control group.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2020 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Croston et al.

Strain A

Strain B

80
60
40
20
0
4wks at 24hrs

Euclidean distance

4wks at 48hrs

13wks at 24hrs

13wks at 48hrs

4wks at 24hrs

4wks at 48hrs

13wks at 24hrs

13wks at 48hrs

Figure5.
Heat map of genes involved in the T-helper cell type 1 (Th1) and Th2 immune response

pathways. Altered genes involved in the Thl and Th2 response pathways after 4 weeks and
13 weeks of exposure to strain A and to strain B. Genes are color coded (red and green for
up- and downregulation, respectively) and are arranged by Euclidean distance; 7= 3-5 per

group.
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Figure6.
Heat map of genes involved in the Th17 immune response pathway. Altered genes involved

in the Th17 response pathways after 4-week and 13-week exposures to strain A and to strain
B. Genes are color coded (red and green for up- and downregulation, respectively) and are
arranged by Euclidean distance; n= 3-5 per group.
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