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ABSTRACT

Objective: Stachybotrys chartarum is a hydrophilic fungal species commonly found as a contaminant
in water-damaged building materials. Although several studies have suggested that S. chartarum
exposure elicits a variety of adverse health effects, the ability to characterize the pulmonary immune
responses to exposure is limited by delivery methods that do not replicate environmental exposure.
This study aimed to develop a method of S. chartarum aerosolization to better model inhal-
ation exposures.

Materials and methods: An acoustical generator system (AGS) was previously developed and utilized
to aerosolize and deliver fungal spores to mice housed in a multi-animal nose-only exposure chamber.
In this study, methods for cultivating, heat-inactivating, and aerosolizing two macrocyclic trichothe-
cene-producing strains of S. chartartum using the AGS are described.

Results and discussion: In addition to conidia, acoustical generation of one strain of S. chartarum
resulted in the aerosolization of fungal fragments (<2 um aerodynamic diameter) derived from conidia,
phialides, and hyphae that initially comprised 50% of the total fungal particle count but was reduced
to less than 10% over the duration of aerosolization. Acoustical generation of heat-inactivated S.
chartarum did not result in a similar level of fragmentation. Delivery of dry, unextracted S. chartarum
using these aerosolization methods resulted in pulmonary inflammation and immune cell infiltration in
mice inhaling viable, but not heat-inactivated S. chartarum.

Conclusions: These methods of S. chartarum growth and aerosolization allow for the delivery of fun-
gal bioaerosols to rodents that may better simulate natural exposure within water-damaged indoor
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environments.

Introduction

Personal exposure to mycotoxin producing hydrophilic
fungi, such as Stachybotrys chartarum, has generated com-
munity and public health concern in the United States over
the last two decades (CDC 1994; Montana et al. 1997; Etzel
et al. 1998). S. chartarum, a darkly pigmented saprophytic
fungus, requires a cellulose-rich nutrient medium and a
high moisture content to support optimal growth
(Andersson et al. 1997; Boutin-Forzano et al. 2004; Pestka
et al. 2008). Based on these nutrient and growth require-
ments, S. chartarum is often identified as a building material
contaminant in water-damaged indoor environments
(Reponen et al. 2007; Madsen et al. 2016). In 1994, temporal
associations between S. chartarum exposure and infant pul-
monary hemosiderosis were reported by the Centers for
Disease Control and Prevention (CDC 1994; Montana et al.
1997; Etzel et al. 1998), but these results were later revised

due to limitations in the collection, analysis, and interpret-
ation of the reported data (CDC 1997). S. chartarum has
two chemotypes, with chemotype S producing macrocyclic
trichothecenes and chemotype A producing namely atra-
nones (Andersen et al. 2002, 2003). These mycotoxins may
contribute to the toxigenic health effects thought to be
caused by S. chartarum exposure (Jarvis et al. 1998; Rao,
Brain, et al. 2000). Rodent exposure to S. chartarum has
been shown to elicit pulmonary inflammatory responses
(Yike et al. 2003, 2005; Yike and Dearborn 2004; Ochiai
et al. 2008; Lichtenstein et al. 2010), which is consistent
with what has been observed following exposure in humans
(Johanning et al. 1996; Hodgson et al. 1998). Exposure has
also resulted specific IgE responses, suggesting that in add-
ition to toxigenic health effects, S. chartarum may also con-
tribute to allergic sensitization (Barnes et al. 2002; Chung
et al. 2010).

CONTACT Angela R. Lemons @ wrw0@cdc.gov e Allergy and Clinical Immunology Branch, Health Effects Laboratory Division, National Institute for
Occupational Safety and Health, Centers for Disease Control and Prevention, 1095 Willowdale Road, Morgantown, WV 26505, USA.

© 2019 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/08958378.2019.1705939&domain=pdf&date_stamp=2020-01-29
http://www.tandfonline.com

Although preliminary studies have explored associations
between S. chartarum exposure and adverse health effects,
knowledge gaps regarding the pulmonary immunological
mechanisms associated with the murine model are limited
by S. chartarum delivery methods that do not replicate
natural human exposure including intranasal exposure
(Nikulin et al. 1996), intratracheal instillation (Rao, Burge,
et al. 2000; Rand et al. 2002; Yike et al. 2005; Ochiai et al.
2008), or liquid aerosol inhalation (Korpi et al. 2002) of
spore suspensions or extracts. In order to better model the
relationship between S. chartarum exposure and pulmonary
responses, reproducible methods of S. chartarum cultivation
and spore aerosolization are necessary to simulate natural
exposure to dry, unextracted S. chartarum conidia.

The National Institute of Occupational Safety and Health
has developed an acoustical generator system (AGS) for the
delivery of fungal spores to mice housed in a nose-only
exposure chamber (Buskirk et al. 2014). Aerosolization using
this inhalation exposure system allows for real-time meas-
urements of particle size and mass concentration that is
used to estimate the number of fungal particles deposited in
the murine lung. To develop a reproducible aerosolization
method, our laboratory cultured S. chartarum on a cellulose
substrate (rice) to replicate cellulose-containing building
materials that act as a substrate within indoor environments.
Heat inactivation of S. chartarum conidia was investigated
for potential use in exposure studies as a biological par-
ticle control.

In this study, we describe methods of culture, heat inacti-
vation, and aerosolization of two S. chartarum chemotype S,
or macrocyclic trichothecene-producing strains, IBT 9460
and IBT 7711, isolated from water-damaged buildings in
Finland and Denmark, respectively (Andersen et al. 2002).
To determine if these standardized methods can be imple-
mented as a tool to model acute and subchronic exposure
to fungal contaminants, repeated murine inhalation expo-
sures were conducted to determine if dry S. chartarum aero-
sols delivered to the lung-induced respiratory health effects.

Materials and methods
Fungal strains

Macrocyclic trichothecene-producing strains of Stachybotrys
chartarum, IBT 9460 and S. chartarum IBT 7711, were used
in this study. The two strains produced differing levels of
macrocyclic trichothecene, with IBT 9460 (229.3 +7.4 pmol
per 1x10° spores) producing over three times the
amount of IBT 7711 (71.0 + 10.4 pmol per 1 x 10° spores) as
determined by extracting and analyzing macrocyclic tricho-
thecenes from harvested spores using gas chromatography-
tandem mass spectrometry as previously described (Saito
et al. 2016). Using previously described methods, the
internal transcribed spacer (ITS) region were sequenced
using Sanger sequencing (Rittenour et al. 2014; Lemons
et al. 2017) to confirm the identity of the two isolates used
in this study. The ITS regions of the two strains were identi-
cal and were 100% homologous (100% coverage) with S.
chartarum strain UAMH 7900 (accession AF081469) and S.
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chartarum (chlorohalonata) strain ATCC 9182 (accession
AF081468) ITS 1 and 2 region sequences found in the
National Center for Biotechnology Information (NCBI)
database. While ITS region sequences for strains IBT 9460
and IBT 7711 were not found within the NCBI database, an
18S ribosomal RNA partial gene sequence for S. chartarum
strain IBT 7711 (AF548096) overlapped with the first 210
base pairs of the ITS region sequence and was found to
match with 100% homology.

Cultivation on rice

Each S. chartarum isolate was sub-cultured from glycerol
stock sources and grown for 10-14 days at 26°C (+2°C) in
standard unsealed Petri plates containing 15mL of malt
extract agar (MEA). S. chartarum particles including coni-
diogenous phialides, phialoconidia, and hyphae were liber-
ated from the media in 2mL of sterile distilled, deionized
water using an inoculating loop. The suspension was diluted
to a concentration of 2.5x 10°> spores/mL. White rice
(Mahatma, Riviana Foods Inc., Houston, TX) was auto-
claved in 250 mL flasks topped with aluminum foil (30g/
flask) with 10mL water on a liquid cycle for 30 min at
121°C. Rice was cooled and clumped rice was broken up
prior to S. chartarum inoculation. Flasks containing sterile
rice were inoculated with 5mL of spore suspension
(2.5 % 10° spores/mL) for each of the S. chartarum strains.
Flasks topped with aluminum foil were incubated at 26°C
(+2°C) for 21-28 days at 60% (+5%) humidity. Flasks were
shaken after 1week of growth to prevent the rice from

aggregating.

Heat inactivation of conidia

For generation of heat-inactivated particles, some 21- to 28-
day S. chartarum cultures were incubated in a bead bath
(Lab Armor, LLC, Cornelius, OR) at 80°C for 2h with the
foil cap remaining on the flasks. Viability was assessed for
non-treated and heat-treated spores by plating 10* eluted
spores on MEA and culturing at 26 °C (+2°C) for 48-72h.
The resulting fungal colony-forming units (CFUs) were
counted to determine spore viability. The percentage of
viable spores within each suspension was determined by
dividing the number of CFUs observed by the total number
of spores plated.

Conidia protein extract analysis

Protein extracts were prepared by harvesting S. chartarum
conidia in sterile water before and after heat inactivation.
Conidia were frozen at —80°C prior to lyophilization over-
night. Dried conidia were mixed with 300 mg 0.5 mm glass
beads (soda lime; BioSpec Products, Inc., Bartlesville, OK)
and processed in a bead mill homogenizer for 3 x 1 min
cycles at 4.5m/s. Protein extract concentrations were deter-
mined using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Using a 4-20% polyacryl-
amide gel (Bio-Rad Laboratories, Inc., Hercules, CA), 20 ug
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Figure 1. An illustration depicting the acoustical generation system (AGS) used
to aerosolize S. chartarum spores. Conidia-laden rice grains are placed on a rub-
ber membrane within the generator where acoustical energy is used to aeroso-
lize the S. chartarum spores. Spores can then be delivered to an exposure
chamber where real-time particle size and concentration data are collected
using the aerodynamic particle sizer (APS) and DataRAM 4.

of protein extract from viable and heat-inactivated conidia
were separated using gel electrophoresis. The gel was stained
with Imperial Protein Stain (Thermo Fisher Scientific) for
1h and destained overnight in distilled water. Images were
captured using a Gel Doc EZ System (Bio-Rad
Laboratories).

Aerosolization

After 21-28 days of growth, conidia-laden rice cultures were
placed in a desiccator for 7-10days prior to aerosolization.
Viable and heat-inactivated S. chartarum conidia (IBT 9460
and IBT 7711) were aerosolized via the AGS as previously
described (Buskirk et al. 2014). Briefly, HEPA-filtered air
entered the modified PITT-3 generator where computer-
controlled acoustical energy was used to vibrate a rubber
membrane containing conidia-laden rice resulting in aeroso-
lization (Figure 1). Sample ports were placed within the
exposure chamber to measure particle size and concentra-
tion, as well as to collect samples for electron microscopy
and quantification of verrucarol.

Aerodynamic particle size measurements

Particle size distributions and count concentrations were
measured in real-time using an aerodynamic particle sizer
(APS; TSI Inc., Shoreview, MN) while real-time mass con-
centrations were determined with a calibrated DataRAM 4
light scattering device (ThermoElectron Co., Franklin, MA).
The DataRAM 4 was calibrated daily by comparing its 1h
average concentration to the actual average concentration
measurements determined by gravimetric filter readings
(0.45um pore size 37mm diameter PTFE filters with
0.20 mL/min sample flow). To compare the size distributions
observed between each strain and treatment, the raw counts
obtained following aerosolization were normalized based on
the particle count concentration observed in the chamber
when the measurements were recorded.

Verrucarol quantification from polycarbonate filters

Fungal material was aerosolized using the AGS and collected
onto 25mm 0.2 m pore size Whatman polycarbonate filters
(Whatman/GE Healthcare, Chicago IL) at a flow rate of 0.2 L/
min until approximately 2 x 10° spores were deposited on the
filter. Total spore counts were determined using the APS. The
filters were placed in a glass tube and one milliliter of extrac-
tion solution (a combination of 99% acetonitrile and 1% acetic
acid by volume) was added. The tube was incubated overnight
and then sonicated for an hour with 1 min of vortexing every
20 min. The tube was centrifuged for 3 min at 2000x g and
700 uL of the supernatant was transferred to an injection vial
that was dried under gentle nitrogen stream. Once dried,
200 puL of 0.2M methanolic NaOH was added to the vial,
which remained under the chemical hood overnight to hydro-
lyze macrocyclic trichothecene to verrucarol. On the third day,
the contents of the vial were dried by gentle nitrogen stream
and then reconstituted by 200 pL of injection solution (a com-
bination of 69% water, 30% methanol, and 1% acetic acid by
volume) and vortexed for 30s. Finally, 10 uL of the sample
extract was injected into a Ultra Performance Liquid
Chromatograph coupled to a tandem Mass Spectrometer
(UPLC/MSMS, Acquity H Class UPLC and Acquity Xevo
TqD Quadrupole Tandem Mass-Spectrometer, Waters,
Massachusetts, USA). Verrucarol (molecular weight 266.2 g/
mol; retention time = 4.9 min) was identified and quantified
with two transitions from a precursor ion (267.1 dalton,
[M+H]+) to product ions with molecular weights of 249.1
and 231.1 dalton at collision energy of 6 and 12kV (at cone
voltage of 52kV), respectively.

Field emission scanning electron microscopy

Aerosolized fungal particles were collected on 25mm 0.2 pm
pore size Whatman polycarbonate filters (Whatman/GE
Healthcare, Chicago IL) at a flow rate of 1 L/min for approxi-
mately 5s. The filter was attached with double-stick carbon
tape to an aluminum mount and sputter coated with gold/
palladium. Images were then collected on a Hitachi S-4800
(Tokyo, Japan) field emission scanning electron microscope.

Animals and inhalation exposures

Female B6C3F1/N mice aged 5-6 weeks were obtained from
Taconic Biosciences, Inc. (Germantown, NY) and were
maintained in the AAALAC International accredited animal
facility located at the National Institute for Occupational
Safety and Health (NIOSH, Morgantown WV). Mice were
provided NTP2000 diet (Harlan Laboratories, Madison, WI)
and tap water ad [libitum. All procedures were conducted
under an approved NIOSH Animal Care and Use
Committee protocol. After a 1-week facility acclimation and
1 week of acclimation to the exposure pods, mice were
exposed twice a week for a total of 4 weeks (8 exposures) to
aerosolized Stachybotrys chartarum until 1x 10* conidia
were estimated to be deposited in the lung as previously
described (Buskirk et al. 2014; Croston et al. 2016).



Exposure groups included HEPA-filtered air-only (n=30),
S. chartarum IBT 9460 viable (n=15) and heat-inactivated
(n=15), and S. chartarum IBT 7711 viable (n=15) and
heat-inactivated (n=15). Measurements of temperature,
humidity and gravimetric mass concentration recorded dur-
ing the 8 exposures (Table 1) were consistent among each
of the strains. Twenty-four hours following the final expos-
ure, mice were euthanized via intraperitoneal injection of
200mg/kg sodium pentobarbital solution (Fatal-Plus,
Vortech Pharmaceuticals, LTD., Dearborn, MI) followed by
exsanguination via cardiac puncture. Bronchoalveolar lavage
fluid (BAL, 3mL) and lung tissue were collected follow-
ing euthanasia.

Flow cytometry analysis

BAL with 1 mL phosphate-buffered saline (pH 7.2) was per-
formed three times following euthanasia. Cells collected in
the BAL (n=7 per exposure group) were enumerated using
a Cellometer Vision CBA (Nexcelom Bioscience, Lawrence,
MA) and prepared for flow cytometric analysis as previously
described (Nayak et al. 2018). Cells were incubated with Fc
Block (CD16/CD32) (BD Biosciences, San Jose, CA, USA)
and rat serum (Sigma-Aldrich, St Louis, MO, USA) prior to
staining with the following BD Biosciences fluorochrome-
conjugated antibodies: APC Hamster Anti-Mouse CD3e
clone 145-2C11, Alexa Fluor 700 Rat Anti-Mouse CD4 clone
RM4-5, APC-H7 Rat Anti-Mouse CD8 clone 53-6.7, BV786
Rat Anti-Mouse CD19 clone 1D3. Stained cells were eval-
uated using a BD LSR II (BD Biosciences) and the resulting
data were analyzed wusing FlowJo (FlowJo LLC,
Ashland, OR).

Table 1. Measurements within the AGS during murine exposures®.

Temperature Humidity Mass concentration
Test article Q) (%) (mg/m?)
S. chartarum 1BT 9460
Viable 23.1+£0.8 473+36 8.86+1.76
Heat-inactivated 21.6+0.8 474+40 6.95+1.10
S. chartarum BT 7711
Viable 21.0+£0.7 46.6 £2.3 8.06 £ 1.47
Heat-inactivated 21.7+0.5 334+3.6 7.24+1.98
“Measurements represent the average recorded over eight animal

exposures + SD.
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Histopathologic analysis of lung tissues

Murine lungs were harvested and the left lung lobes (n=3
per exposure group) were tied off, perfused with formalin,
and then paraffin-embedded and sectioned at 5 microns as
previously described (Nayak et al. 2018). Sections were
hematoxylin and eosin (H&E) stained for histopathology
evaluation. Representative photomicrographs were captured
using Olympus AX-70 (Olympus Corporation, Central
Valley, PA, USA) microscope with DP73 (Olympus) digital
camera. Images were captured using a 20x objective.

Statistical analysis

Verrucarol quantification was statistically evaluated using a
two-way analysis of variance (ANOVA) followed by a
Sidak’s multiple comparison test to determine the source of
variation. Cell populations evaluated by flow cytometry were
analyzed by one-way ANOVA followed by Dunnett’s mul-
tiple comparison test to compare each test group to the air-
only control. A p value less than or equal to 0.01 was con-
sidered statistically significant. All analyses were performed
using GraphPad Prism v. 7 (GraphPad Software Inc., San
Diego, CA)

Results
Cultivation and heat inactivation of S. chartarum

Cultivation of S. chartarum on rice resulted in the growth
and sporulation of fungi on a cellulose-based substrate that
could be easily disturbed to release fungal spores and frag-
ments. The cultures were shaken mid-incubation to allow
for individual rice grains to be almost entirely coated in S.
chartarum (Figure 2). To reduce S. chartarum conidia via-
bility, some flasks were heat-treated at 80 °C. The heat-treat-
ment resulted in 100% reduction in spore viability in both
S. chartarum strains tested (Table 2). Although the viability
of the conidia was reduced, the morphology of the spores
remained intact (Figure 3). Analysis of the protein profiles
of extracted conidia demonstrated a loss or reduction in
most proteins larger than 15 kD (Figure 4). Endotoxin was
detected on both conidia-laden and uninoculated rice at lev-
els less than 0.1 EU/mg rice grain for all samples tested.

IBT 7711

Figure 2. Images presenting the growth of viable S. chartarum IBT 9460 and IBT 7711 on grains of white rice. Individual rice grains were almost entirely covered in

sporulating S. chartarum.
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Aerosolization of S. chartarum conidia

The viable and heat-inactivated cultures were aerosolized
using the AGS and the aerodynamic particle size distribu-
tion of the bioaerosols produced ranged from <0.5um to
8 um and peaked between 3 and 5um (Figure 5). The APS
data as well as SEM analysis suggested that the aerosol con-
sisted primarily of single spores but also included clusters of
conidia as well as fragments derived from fungal particulate.
The two strains behaved similarly during aerosolization;
however, the aerosol derived from the higher toxin-produc-
ing strain (IBT 9460) was comprised of more small frag-
ments (<0.5-2 pum) during early aerosolization as shown by
the size distribution of the aerosol particulate (Figure 5).
While fragments were observed in the >2um fraction of
strain IBT 9460, the fungal material aerosolized within the
3-5um range of both strains was derived from primarily
single spores. The fragmentation that occurred with viable
strain IBT 9460 did not appear during aerosolization of its

Table 2. Viability of S. chartarum conidia following prior to and following
heat inactivation.

Test article®
S. chartarum 1BT 9460

Percentage viable spores

Viable 53.50+£13.20
Heat-inactivated oP

S. chartarum IBT 7711
Viable 60.75+7.63
Heat-inactivated o°

“n=4 test articles with two replicates per group. Values represent the aver-
age percentage of viable spores + SD.

PHeat inactivation resulted in 100% reduction in spore viability for both
strains tested.

heat-inactivated  counterpart  (Figure 5, Table 3).
Aerosolization of viable and heat-inactivated S. chartarum
IBT 7711 resulted in particle distributions that were nearly
identical (Figure 5, Table 3).

Analysis of the two S. chartarum aerosols revealed that at
early time points (<20 min), 50% of the total particle counts
from strain IBT 9460 were derived from fragments with an
aerodynamic diameter measuring <2pm compared to IBT

kD

250
150

100
75

50
37
25
20

15
10

Figure 4. Polyacrylamide gel electrophoresis analysis of S. chartarum conidia
extracts prior to and after heat inactivation. MW — molecular weight marker;
Lane 1 — IBT 9460 viable conidia extract; Lane 2 - IBT 9460 heat-inactivated
conidia extract; Lane 3 — IBT 7711 viable conidia extract; Lane 4 — IBT 7711
heat-inactivated conidia extract.

10 pm

10 pm

Figure 3. Representative field emission scanning electron microscopy images of viable and heat-inactivated S. chartarum conidia derived from strains IBT 9460 and
IBT 7711 illustrating no difference in conidia morphology following heat inactivation. (A) IBT 9460 viable conidia, (B) IBT 9460 heat-inactivated conidia, (C) IBT 7711

viable conidia, (D) IBT 7711 heat-inactivated conidia. Magnification, 5000 x.
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Figure 5. Aerodynamic particle size distributions following aerosolization of viable and heat-inactivated S. chartarum conidia. The top 2 panels show the viable
and heat-inactivated IBT 9460 aerosols captured during the early (<20 min) and late (>60 min) stages of aerosolization. The bottom panel shows the aerodynamic
particle size distributions following aerosolization of S. chartarum IBT 7711 conidia, which remained constant throughout the course of the aerosolization. The
graphs shown here are representative of the size distributions observed over multiple aerosolization experiments and have been normalized based on the particle
count concentration observed within the chamber for comparison.

7711 fragments comprising less than 5% of the total fungal
aerosol count (Table 3). These fragments appeared as early
as 5min in the aerosolization time course and began to
taper off by 20 min (Figure 6). At this point, the fragmenta-
tion of conidia and hyphae from IBT 9460 was reduced to
approximately 10% of the total fungal particle counts (Table
3) and the size distribution looked similar to that of IBT
7711 (Figure 5). Interestingly, less than 10% of the fungal

particle counts derived from the heat-treated IBT 9460 fell
in the <2pm aerodynamic diameter size fraction. The
source of the fragments observed in S. chartarum IBT 9460
were microscopically determined to be derived from the
organism and not from the rice substrate itself. Acoustical
generation of un-inoculated rice revealed that no fragments
were aerosolized into the chamber. Based on the surface
architecture of the small fragments observed through
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Figure 6. The aerodynamic particle size distributions of the smaller fragments
(0.5-2 um) derived from viable S. chartarum 1BT 9460 after 5 (solid line), 20
(dashed line) and 40 (dotted line) minutes of aerosolization. The size distribu-
tions at each time point have been normalized based on the particle count con-
centration observed within the chamber for comparison.

Table 3. Proportion of fragments observed following aerosolization of S. char-
tarum conidia-laden rice cultures®.

Percentage of
particles <2 pm
(aerodynamic

Percentage of
particles >2 pm
(aerodynamic

Test article diameter) diameter)
S. chartarum BT 9460 (<20 min)
Viable 50.58% * 1.40% 49.42% + 1.40%
Heat-inactivated 2.25% +0.35% 97.75% + 0.35%
S. chartarum BT 9460 (>60 min)
Viable 10.86% =+ 0.48% 89.14% + 0.48%

Heat-inactivated 9.58% +0.18% 90.42% + 0.18%
S. chartarum IBT 7711°
Viable

Heat-inactivated

4.87% +1.43% 95.13% + 1.43%
4.11% +1.48% 95.89% + 1.48%

“The proportions presented in the table are representative of the size distribu-
tions observed over multiple aerosolization experiments. Measurements for
IBT 9460 (n=3) were obtained at each time interval (<20 min and >60 min)
while measurements for IBT 7711 (n=6) were obtained over the course of a
60 min aerosolization. Values represent the average percentage + SD.

PTime course measurements of S. chartarum IBT 7711 showed no difference in
size distribution at varying time intervals.

scanning electron microscopy, it is hypothesized that the
fragments were derived from S. chartarum spores, phialides
and hyphae (Figure 7).

Verrucarol, a hydrolysis product of macrocyclic tricho-
thecene, was detected on filters sampled from within
the exposure chamber following the aerosolization of S.
chartarum (Figure 8). The viable and heat-treated aerosols
demonstrated similar levels of verrucarol with no statistic-
ally significant difference observed. Strain IBT 9460 pro-
duced approximately four times the amount of IBT 7711.
This difference was determined to be statistically significant
(p<0.01). Endotoxin levels measured on all test filters
were 0.03 EU or less per filter (LOD = 0.023 EU/filter).
The levels following S. chartarum aerosolization were
similar to those measured in air-only and rice-only
control filters.

Murine inhalation exposures

Following inhalation of S. chartartum aerosols (estimated
lung deposition of 1 x 10* spores), airway inflammation was
observed after exposure to both strains of viable S. charta-
rum (Figure 9). The extent of inflammation was more pro-
nounced in strain IBT 9460 compared to IBT 7711. In
addition, analysis of lymphocyte populations in the BAL
revealed significant increases in B and T cells following
exposure to viable S. chartarum IBT 9460 (Figure 10).
Exposure to IBT 7711 resulted in increased CD8+ T-cell
populations, but not CD4+ T-cell or B-cell populations.
Lung histology following exposure to heat-inactivated
S. chartarum IBT 7711 was similar to air-only controls
(Figure 9) and no significant changes in lymphocyte popula-
tions were observed (Figure 10).

Discussion

Methods for aerosolizing fungi that better mimic natural
exposures in contaminated environments are required to
gain a better understanding of the health effects that result
following exposure. This study describes a method of S.
chartarum cultivation on rice, a solid cellulose substrate that
is similar to building materials that are often susceptible to
fungal growth. Cultivation on rice allows for spores and
other fungal particulates to be easily disturbed and aerosol-
ized without the need for high speed air, which has been
used in previous inhalation models using building materials
as the culture substrate (Brasel et al. 2005; Cho et al. 2005;
Mensah-Attipoe et al. 2016). Aerosolization using the AGS
system described here resulted in a bio-aerosol comprised of
only S. chartarum-derived particles, as fragments of sub-
strate shown to be confounding variables in studies utilizing
building materials were not observed.

In addition to cultivation on rice, this study describes a
method of heat inactivation for the development of a non-
viable S. chartarum aerosol. Previous studies have demon-
strated that spore viability and in vivo germination influence
the pulmonary immune response (Templeton et al. 2011;
Nayak et al. 2018). As natural exposures to fungi include
both viable and non-viable fungal particles, it is important
to understand the contribution of each following inhalation
exposure. The developed method of S. chartarum cultivation
and heat inactivation resulted in reproducible dry aerosol
suspensions consisting primarily of single conidia that can
be feasibly delivered to rodents for nose-only murine inhal-
ation studies.

Aerosolization of S. chartarum IBT 9460 resulted in the
production of fragments ranging in size from <0.5um to
2pum aerodynamic diameter that made up 50% of the total
fungal particle counts. This fragmentation was present at
early aerosolization time points (within the first 20 min)
and tapered off to 10% over time. The heat-treated cultures
did not produce these small fragments for reasons that
remain unclear. As S. chartarum spores are on average
approximately 4.6 um in aerodynamic diameter (Sorenson
et al. 1987; Reponen 1995), it was presumed that the par-
ticles aerosolized within the <2um aerodynamic diameter
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Figure 7. Field emission scanning electron microscopy images of fragments derived from viable S. chartarum strain IBT 9460. Fragments appear to be derived from
both conidia and hyphae and range in size from <0.5um to 2pum. (A) Magnification, 100,000%; (B) Magnification, 60,000%; (C) Magnification, 70,000x; (D)

Magpnification, 45,000; (E) Magnification, 30,000x; (F) Magnification, 20,000.
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Figure 8. UPLC/MSMS quantification of verrucarol present on polycarbonate fil-
ters sampled within the acoustical generator chamber following S. chartarum
aerosolization. Verrucarol was derived from aerosolized viable and heat-inacti-
vated IBT 9460 and IBT 7711 strains. Based on the number of spores estimated
to be deposited on the filter by real-time APS measurements, verrucarol (pmol)
per 1 x 10° . chartarum spores was calculated. Statistically significant differen-
ces were observed between strains (p <0.01) but not as a result of heat
inactivation.

size range were fragments derived from both spores and
hyphae and did not consist of intact spores, which was
confirmed by scanning electron microscopy. Similar to the
S. chartarum fragments released in this study, the release
of fungal particles from moldy building materials has been
shown to result in the aerosolization of submicron frag-
ments (Madsen et al. 2016; Mensah-Attipoe et al. 2016).
While the fungal fragments acoustically generated in the
present study accounted for up to half of the fungal par-
ticle count concentration, fungal fragments derived from a
non-toxin-producing isolate of S. chartarum were released
using high air flow at a concentration over 500 times
higher than that of spores (Cho et al. 2005). Using a com-
puter-based model, the deposition of these fungal fragments
in the human respiratory tract was predicted to be over
200 fold higher than spores (Cho et al. 2005). Within
indoor environments, fungal fragments have been shown to
contribute to the overall fungal biomass (Reponen et al
2007; Adhikari et al. 2013). In a field study, submicron
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Figure 9. Representative photomicrographs of murine lung sections following exposure to S. chartarum IBT 9460 (top panel) or IBT 7711 (bottom panel). Images
shown represent air-only control (n = 3), heat-inactivated (n = 3/strain), or viable (n = 3/strain) S. chartarum exposures. Airway inflammation (indicated by the black
arrowheads) was observed following exposure to both viable strains of S. chartarum, but not following exposure to heat-inactivated S. chartarum. Images were cap-

tured using a 20x objective.
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Figure 10. Changes in bronchoalveolar lavage cell populations after exposure to S. chartarum IBT 9460 or IBT 7711. Graphs represent the fold change in cell num-
ber compared to air-only controls for total BAL cells, B cells, CD4" T cells, and CD8* T cells as determined by flow cytometry. Statistically significant increases in
each cell population were observed following exposure to viable, but not heat-inactivated S. chartarum IBT 9460 (** represents p < 0.01). Increases, although not

significant, were also seen following exposure to viable S. chartarum I1BT 7711 (* represents p = 0.05).



fractions collected with a cyclone air sampler revealed
1,3-B-p-glucan concentrations that were similar or higher
than that of the spore fractions (Reponen et al. 2007), indi-
cating that their contribution to personal exposure may be
substantial.

This study also demonstrated that both viable and non-
viable fungi contain trichothecene mycotoxins, which have
been shown to cause negative health effects (Islam et al.
2006; Carey et al. 2012). Detection of verrucarol on the fil-
ters suggests that murine exposure to aerosolized S. charta-
rum could result in exposure to the mycotoxins and
secondary metabolites produced by the organism. Although
trichothecenes were not directly measured in the small frag-
ment fraction in this study, trichothecene mycotoxins have
been shown to be associated with submicron fragments as
well as spores derived from S. chartarum (Brasel et al.
2005), suggesting that the smaller fragments aerosolized fol-
lowing acoustical generation are biologically relevant in
terms of overall fungal exposure. In addition, enzyme-linked
immunosorbent assay analyses of fungal bioaerosols derived
from Aspergillus and Penicillium species (Goérny et al. 2002)
and immunodetection of Aspergillus versicolor fragments by
FESEM (Afanou et al. 2015) demonstrated that both fungal
fragments and spores contain common antigens, further
emphasizing the potential biological importance of exposure
to these submicron fungal particles.

This study describes the feasibility of cultivating and
aerosolizing S. chartarum for application in animal inhal-
ation exposure studies that better simulate human exposure
in contaminated indoor environments. While the majority
of the bioaerosol was made up of homogenous single
spores, we demonstrated that one of the S. chartarum
strains produced significant amounts of respirable fungal
fragments within the first 20 min of aerosolization. These
fragments accounted for up to half of the overall fungal
count concentration observed following aerosolization by
acoustical generation. Additionally, mycotoxins and other
secondary metabolites were also detectable in the aerosol.
Murine inhalation exposure to viable, but not heat-inacti-
vated, S. chartarum bioaerosol resulted in airway inflamma-
tion as well as T and B cell infiltration. The extent of
immune cell infiltration and inflammation was greater fol-
lowing exposure to strain IBT 9460, which produced more
trichothecene and more respirable fungal fragments upon
aerosolization. Given that a similar amount of trichothecene
was detected in heat-inactivated and viable IBT 9460 filters
following aerosolization, it can be hypothesized that the
increase in respirable fungal fragments produced during
IBT 9460 aerosolization may be influencing the pulmonary
immune responses following exposure. This hypothesis is
supported by previous studies showing higher concentra-
tions of fungal fragments in the homes of asthmatic chil-
dren compared to homes of non-asthmatic children (Seo
et al. 2014). These fragments and associated metabolites
represent a contribution to the overall exposure that may
influence adverse health effects following the inhalation of
S. chartarum bioaerosols.
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