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Pulmonary mycoses are difficult to treat and detrimental to patients. Fungal infections modulate the
lung immune response, induce goblet cell hyperplasia and metaplasia, and mucus hypersecretion in
the airways. Excessive mucus clogs small airways and reduces pulmonary function by decreasing
oxygen exchange, leading to respiratory distress. The forkhead box protein A2 (FOXA2) is a tran-
scription factor that regulates mucus homeostasis in the airways. However, little is known whether
pulmonary mycosis modulates FOXA2 function. Herein, we investigated whether Blastomyces der-
matitidis and Histoplasma capsulatumeinfected canine and feline lungs and airway epithelial cells
could serve as higher animal models to examine the relationships between fungal pneumonia and
FOXA2-regulated airway mucus homeostasis. The results indicate that fungal infection down-
regulated FOXA2 expression in airway epithelial cells, with concomitant overexpression of mucin
5AC (MUC5AC) and mucin 5B (MUC5B) mucins. Mechanistic studies reveal that B. dermatitidis
infection, as well as b-glucan exposure, activated the Dectin-1eSYKeepidermal growth factor re-
ceptoreAKT/extracellular signal-regulated kinase 1/2 signaling pathway that inhibits the expression
of FOXA2, resulting in overexpression of MUC5AC and MUC5B in canine airway cells. Further under-
standing of the role of FOXA2 in mucus hypersecretion may lead to novel therapeutics against
excessive mucus in both human and veterinary patients with pulmonary mycosis. (Am J Pathol 2021,
191: 108e130; https://doi.org/10.1016/j.ajpath.2020.09.013)
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Dimorphic fungi, including Blastomyces dermatitidis, His-
toplasma capsulatum, Coccidiodes immitis, and Coccidi-
odes posadasii, are important etiologic pathogens of
pulmonary mycoses. B. dermatitidis is present in the soil
and wet decaying wood of eastern North America and
central United States.1e3 H. capsulatum is prevalent in Ohio
and Mississippi river valleys, and commonly found in soil,
and in bird and bat droppings.4,5 C. immitis and C. posadasii
are commonly found in the soil of desert southwestern
stigative Pathology. Published by Elsevier Inc
United States and in both Central and South America.6

These fungal pathogens primarily infect immunocompro-
mised patients, but are also observed in healthy
. All rights reserved.
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FOXA2 Degradation in Pulmonary Mycosis
individuals.3,4,6 Because fungal infections are rare and
symptoms are not specific, definitive diagnosis is chal-
lenging and typically delayed by 1 month in 50% of human
patients, preventing proper treatment in a timely manner.7,8

In patients with B. dermatitidis who are immunosuppressed
because of organ transplant or AIDS, mortality rates range
between 30% and 40%8e10 and increase dramatically to
60% in individuals who develop acute respiratory distress
syndrome.9 Even in patients who eventually recover, anti-
fungal regimens can last 6 to 12 months, with potential
severe adverse effects such as nephrotoxicity.2,11 Pulmonary
mycosis occurs through inhalation of fungal particles (eg,
spores, yeasts, or mycelial fragments), or through breach of
barrier.3,4,6 Not surprisingly, pneumonia is the most com-
mon complication in patients with blastomycosis.2 From the
initial site of infection, fungi disseminate to other body or-
gans, including the central nervous, skeletal, and repro-
ductive systems, resulting in higher morbidity and
mortality.1,5

Although fungal infection causes goblet cell metaplasia
and hyperplasia, and mucus hypersecretion and accumu-
lation,12e14 it is mechanistically understudied. Compared
with those in healthy lungs, airways in diseased lungs
frequently exhibit mucin hypersecretion, surface mucus
dehydration, and ciliary dysfunction that hinder the clearing
ofmicrobial pathogens, setting the stage for chronicmicrobial
infections.15,16 Despite the grim outcome of muco-
obstructive diseases, there is still a dearth of effective
muco-active therapies. Therefore, unraveling the regulatory
mechanism of mucus production could be the key to
improving treatment of muco-obstructive diseases. Mucin
glycoproteins are major constituents of airway mucus, and
they support hydration of mucus gels by increasing their
viscosity and elasticity.15,17 Among all mucins, the gel-
forming mucin 5AC (MUC5AC) and mucin 5B (MUC5B)
predominate in both healthy and diseased airways. MUC5AC
is secreted by goblet cells in both tracheal and bronchial
epithelium, whereas MUC5B is expressed in submucosal
glands of trachea and bronchi, and in surface secretory cells
throughout the airway down to the level of preterminal
bronchioles.17 As part of the mucus layer, MUC5AC and
MUC5B protect the airway epithelium by trapping and
removing inhaled microbes and pollutants, as well as regu-
lating the innate immune response. MUC5B, but not
MUC5AC, has been shown to be required for mucociliary
clearance and controlling infections in the airways andmiddle
ear, and for maintaining immune homeostasis in mouse
lungs.18 Interestingly, contrary to Roy et al,18 overexpression
of MUC5AC confers increased resistance to infection by the
PR8/H1N1 influenza virus.19 Furthermore, regardless of
ciliary beating, IL-13estimulated airway epithelium fails to
transport MUC5AC-containing gels, which are tethered to
mucus-producing cells,20 suggesting that mucin composition
is a major functional determinant in mucociliary clearance.

Mucus hypersecretion and failure in clearance are
prominent pathologic features of muco-obstructive diseases,
The American Journal of Pathology - ajp.amjpathol.org
including cystic fibrosis, chronic obstructive pulmonary
disease (COPD), chronic bronchitis (CB), primary ciliary
dyskinesis, and asthma.15,21,22 Studies in mouse models and
cultured human airway epithelial cells have shown that both
type 2 T helper (Th2) cellederived cytokines (eg, IL-4 and
IL-13)-STAT6-SAM pointed domainecontaining Ets
transcription factor (SPDEF)23,24 and epidermal growth
factor receptor (EGFR) signaling pathways25 positively
regulate goblet cell metaplasia and hyperplasia, and mucus
production. Activated STAT6-SPDEF and EGFR pathways
converge to down-regulate the forkhead box protein A2
(FOXA2), a key transcription factor that regulates lung
morphogenesis, surfactant protein production, goblet cell
differentiation, and mucin expression.26e28 More impor-
tantly, FOXA2 expression is depleted in the airways of
human patients with bronchopulmonary dysplasia and
bronchiectasis,27 asthma,17 and COPD.27 FOXA2 expres-
sion is also attenuated by cigarette smoke, the most
important cause of COPD.29 Infections by respiratory bac-
terial pathogens Pseudomonas aeruginosa, Mycoplasma
pneumoniae, and Bordetella bronchiseptica, as well as
exposure to P. aeruginosa exotoxin pyocyanin consistently
reduce the expression of FOXA2 in human, mouse, and
canine airways.28,30e34 FOXA2 is also depleted in human
COPD lungs34,35 and in canine patients with naturally
developed COPD and CB.35

Imbalance among cytokine responses often plays an
important role in driving and worsening airway disease
pathogenesis. Type 1 T helper (Th1) cytokines, including
interferon-g (IFN-g) and tumor necrosis factor-a/b (TNF-a/
b), elevate airway hyperresponsiveness and activate antigen-
presenting cells, including macrophages.36 Th2 cytokines,
including IL-4 and IL-13, promote goblet cell metaplasia
and mucin biosynthesis.25,37,38 IL-17 produced by type 17 T
helper (Th17) cells can trigger MUC5AC and MUC5B
expression in tracheobronchial epithelium,39 as well as
augment neutrophilic infiltration and Th2-mediated eosino-
philic airway inflammation.40,41 Also, proinflammatory
milieu, including pyrogenic cytokine IL-1b and chemokine
IL-8, increases mucin hyperproduction by activating airway
epithelial cells.42,43 Although B. dermatitidis and H. cap-
sulatum have been reported to modulate cytokine
productions,44e47 how these changes affect mucin produc-
tion in the airways is not well-characterized.

Similar to humans, the lungs of companion animals are
continuously bombarded by environmental pollutants and
infectious agents. Many clinical features of respiratory
diseases in companion animals resemble human patients,
including CB, COPD, goblet cell metaplasia and hyper-
plasia, mucus hypersecretion, and chronic lung in-
fections.35 The prevalence of blastomycosis and
histoplasmosis in dogs and cats is comparable to
humans.48 Notably, geographic prevalence of canine pul-
monary mycoses overlaps with that of humans, allowing it
to be a potential epidemiologic marker to predict outbreaks
in human.11,49 However, it is unclear whether fungal
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Table 1 Clinical Cases of Dogs and Cats with Fungal Pneumonia Analyzed in This Study

Case no. Species, breed Etiologic agent FOXA2 depletion PAS MUC5AC MUC5B

19-30783 Canine, papillon None (control lung) No � Normal Normal
18-H49300 Canine, poodle mix Blastomyces dermatitidis Yes þ þ þ
18-H40147 Canine, German shepard B. dermatitidis Yes þ þ þ
19-30783 Feline, Persian None (control lung) No � Normal Normal
17-H54030 Feline, domestic longhair Histoplasma capsulatum Yes þ þ þ
18-34071 Feline, domestic shorthair H. capsulatum Yes þ þ þ
þ, positive staining for PAS and MUC5AC/MUC5B; �, lack of PAS and MUC5AC and MUC5B staining; FOXA2, forkhead box protein A2; PAS, periodic acid-

Schiff.
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infections modulate FOXA2 function. In this study, we
explored whether B. dermatitidis and H. capsu-
latumeinfected canine and feline lungs and airway cells
can serve as higher animal models to examine FOXA2
function during fungal pneumonia.

Materials and Methods

Chemicals, Reagents, and Antibodies

Unless stated otherwise, chemicals and reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO). The Saccha-
romyces cerevisiae b-glucan (CAS 9012 to 72-0; EMD
Millipore, Burlington, MA) is a major structural element of
fungal cell wall composed of linear b1,3-glucan with a small
number of b1,6-glucan branches. Antibodies were used at
dilutions recommended by manufacturers and optimized as
needed. Antibodies were diluted in 5% bovine serum al-
bumin. Antibodies against FOXA2 [sc-10160; immunohis-
tochemistry (IHC) 1:250; Western blot 1:1000], MUC5AC
(sc-20118; IHC 1:250; Western blot 1:1000), MUC5B (sc-
20119; IHC 1:500; Western blot 1:1000), STAT6 (sc-1689;
Western blot 1:1000), phosphorylated STAT6 (sc-71793;
Western blot 1:1000), EGFR (sc-03; Western blot 1:1000),
phosphorylated EGFR (pEGFR; sc-101668; Western blot
1:1000), AKT (Western blot 1:1000), phosphorylated AKT
(pAKT; sc-16646; Western blot 1:1000), and glyceralde-
hyde-3-phosphate dehydrogenase (sc-166545; Western blot
1:1000) were purchased from Santa Cruz Biotechnology
(Dallas, TX). Antibodies against SYK (13,198; Western blot
Table 2 Quantitative Real-Time PCR Primer Sequences

Cytokines Sense

IL-1b 50-CAAGTCTCCCACCAGCTCTGTA-30

IL-4 50-TCACCAGCACCTTTGTCCAC-30

IL-8 50-CTCTCTGTGAAGCTGCAGTTCTG-3
IL-13 50-TGTGGAGCGTCAACCTGA-30

IL-17 50-GGAATCTGCACCGCAATGAGGAC-3
IL-33 50-GATGTTGATGGCCAGACGTT-30

TNF-a 50-TCTCGAACCCCAAGTGACAAG-30

GAPDH 50-TGGGCTACACTGAGCACCAG-30

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF-a, tumor necrosis fac
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1:1000), phosphorylated SYK (2710; Western blot 1:1000),
extracellular signal-regulated kinase (ERK) 1/2 (4695;
Western blot 1:1000), phosphorylated ERK1/2 (pERK1/2;
4370; Western blot 1:1000), and histone H3 (9717; Western
blot 1:1000) were purchased from Cell Signaling Technol-
ogy (Danvers, MA). Specific inhibitors AG1478 (658,552),
LY294002 (440,202), and PD98059 (513,000) were pur-
chased from Sigma Aldrich. Piceatannol (SC-200610) was
purchased from Santa Cruz Biotechnology. Specific
Ambion siRNA silencers for CLEC7A (encoding Dectin-1)
(AM16708-249228) and SYK (AM16708-138814) genes
were purchased from Thermo Fisher Scientific (Waltham,
MA).
Canine Airway Epithelial Cell Cultures, Fungal Cultures,
and Infection

The immortalized canine airway carcinoma cell line
(BACA) was provided by Dr. Timothy Fan (Department of
Veterinary Clinical Medicine, College of Veterinary Medi-
cine (CVM), University of Illinois at Urbana-Champaign
(UIUC). BACA cells were cultured in the Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin
solution in 5% CO2 at 37�C. After reaching 95% con-
fluency, cells were exposed to either live or heat-killed B.
dermatitidis strain SCB-2 (Gilchrist et Stokes; ATCC,
Manassas, VA; ATCC 26199) for 24 hours at a multiplicity
of infection of 1:1 or 5:1, or to b-glucan at indicated
Antisense

50-GGGCTTCTTCAGCTTCTCCAA-30

50-CGCTTGTGTTCTTTGGAGCA-30
0 50-GGAAAGGTGTGGAGTGTGTTTTT-30

50-TGCGTTCACTGGAAATCTGC-30
0 50-CGCAGAACCAGGATCTCTTGCTGG-30

50-CCTGGTCTGGCAATTGGTTT-30

50-CAACCCATCTGACGGCACTA-30

50-GGGTGTCGCTGTTGAAGTCA-30

tor-a.
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Figure 1 Airway expression of forkhead box
protein A2 (FOXA2) is inversely correlated with mucin
abundance in canine pulmonary mycosis. Paraffin-
embedded lung sections from healthy and fungal-
infected animals were stained with Grocott methe-
namine silver (GMS), periodic acid-Schiff (PAS), and
immunohistochemistry (IHC) for the presence of
fungal pathogens and the expression of FOXA2 and
mucins. Healthy control lung sections stained nega-
tive for fungal organisms and mucin secretion with
GMS and PAS, with strong expression of FOXA2 in
bronchial surface epithelia (black arrows). Fungal-
infected canine lungs were positive for yeast bodies
under GMS staining (black spots; black arrows) in the
submucosa and bronchial lumens, accompanied by
positive PAS staining (pink spots; black arrows) in
surface epithelia, which colocalized to the regions
expressingMUC5AC andMUC5B in IHC (black arrows).
FOXA2 expression was down-regulated in the bron-
chial surface epithelia of the infected lung tissues
(black arrows), with successful positive controls
shown in basal epithelial cells (red arrows). Addi-
tional images can be found in the Supplemental
Figure S2. Scale bars Z 50 mm.

FOXA2 Degradation in Pulmonary Mycosis
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Figure 2 Airway expression of forkhead box
protein A2 (FOXA2) is inversely correlated with
mucin abundance in feline pulmonary mycosis.
Paraffin-embedded lung sections from healthy
and fungal-infected animals were stained with
Grocott methenamine silver (GMS), periodic acid-
Schiff (PAS), and immunohistochemistry (IHC)
for the presence of fungal pathogens and the
expression of FOXA2 and mucins. Healthy control
lung sections stained negative for fungal organ-
isms and showed basal levels of mucin secretion
with GMS and PAS, with strong expression of
FOXA2 in bronchial surface epithelia (black ar-
rows) and basal cells (red arrows). Fungal-
infected feline lungs were positive for yeast
bodies under GMS staining (black spots; black
arrows) in the submucosa and bronchial lumens,
accompanied by positive PAS staining (pink
spots; black arrows) in surface epithelia, which
colocalized to the regions expressing MUC5AC
and MUC5B in IHC (black arrows). FOXA2
expression was depleted in the bronchial surface
epithelia of the infected lung tissues (black ar-
rows), with successful positive controls shown in
basal epithelial cells (red arrows). Additional
images can be found in the Supplemental
Figure S3. Scale bars: 50 mm (all other
panels); 200 mm (MUC5AC left panel).
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FOXA2 Degradation in Pulmonary Mycosis
concentrations. B. dermatitidis ATCC 26199 (SCB-2) was
maintained as yeast on BD Middlebrook 7H10 agar sup-
plemented with oleic acidealbumin complex (Sigma-
Aldrich) slants at 39�C. Histoplasma capsulatum ATCC
26032 (G217B) was grown at 37�C in Ham’s F12 medium
supplemented with glucose (18.2 g/L), glutamic acid (1 g/
L), HEPES (6g/L), and cysteine (8.4 mg/L). The yeasts were
heat killed by incubating at 65�C for 30 minutes.
Canine and Feline Lung Specimens

The fungal pneumonia cases (Table 1) and lung tissue
sections from feline and canine animals were provided by
the UIUC CVM Veterinary Diagnostic Laboratory. Healthy
control lungs were found to be free of infection on necropsy,
and the animals were euthanized of unrelated causes. Ani-
mals with fungal pneumonia either died or were euthanized
because of infection with B. dermatitidis, H. capsulatum, or
C. immitis. Lung tissues were paraffin embedded, divided
into sections and stained.
GMS, Periodic Acid-Schiff, and IHC Staining

Grocott methenamine silver (GMS) staining was performed
according to the instruction provided by the manufacturer
(HT100A-1 KT; Sigma-Aldrich). Periodic acid-Schiff
(395B; Sigma-Aldrich) and IHC staining were performed
as we have previously published.28,31e35,50 For IHC, lung
sections were probed with primary antibodies and detected
by using an ABC kit (PK-6101 or PK-105; Vector Labo-
ratories, Burlingame, CA). Images were captured using an
Olympus DP70 light microscope (Central Valley, PA).
Western Blot Analysis

Protein extracts were prepared from BACA cells using the
M-PER Mammalian Protein Extraction Reagent (78,501;
Thermo Fisher Scientific). Protein concentration was
determined using the BCA Protein Assay Kit (23,227;
Thermo Fisher Scientific). Proteins were separated using
10% SDS-PAGE, transferred to nitrocellulose membranes
(88,018; Thermo Fisher Scientific), and probed with normal
or phospho-specific antibodies against FOXA2, STAT6,
SYK, phosphorylated SYK, EGFR, pEGFR, AKT, pAKT,
ERK1/2, and pERK1/2. Histone H3 and glyceraldehyde-3-
phosphate dehydrogenase were used as loading controls.
Mucins were resolved on 1% agarose and 3% to 6%
acrylamide hybrid gels in the triseborate-ethyl-
enediaminetetraacetic acid (EDTA; TBE) buffer,34,35,51 and
transferred onto polyvinylidene difluoride membranes
(88518; Thermo Fisher Scientific). Western blots were
probed with the horseradish peroxidaseeconjugated sec-
ondary antibodies and visualized using the ECL Western
Blotting Detection System (RPN2132; Amersham Bio-
sciences, Pistacaway, NJ).
The American Journal of Pathology - ajp.amjpathol.org
Measurement of Intracellular ROS

Reactive oxygen species (ROS) levels in BACA cells
exposed to B. dermatitidis or b-glucan were measured using
the Cellular Reactive Oxygen Species Assay kit (ab186027;
Abcam, Cambridge MA), according to procedures provided
by the manufacturer.

HBEGF Neutralization Assays

BACA cells (0.5 � 106) were seeded on 6-well plates
overnight. After three washes with sterile phosphate-
buffered saline (PBS), the cells were incubated in fetal
bovine serumefree DMEM. Subsequently, the cells were
treated for 2 hours with 1 mg of antieheparin-binding
epidermal growth factor (EGF)-like growth factor (HBEGF)
primary antibody (SC-74441; Santa Cruz Biotechnology) or
control mouse IgG (SC-2025; Santa Cruz Biotechnology)
dissolved in 1% bovine serum albuminePBS solution.
Then, the cells were exposed to heat-killed B. dermatitidis
for 24 hours in DMEM with 10% fetal bovine serum, and
total cell lysates were prepared for Western blot analysis.

Immunofluorescence Analysis

Dual-immunofluorescence staining of FOXA2 with
MUC5AC or MUC5B was conducted using BACA cells
cultured on coverslips. The cells were incubated with or
without 10 mmol/L SYK inhibitor piceatannol for 1 hour
before 24 hours of stimulation by heat-killed B. dermatitidis
(multiplicity of infection 5:1). BACA cells were fixed in 4%
paraformaldehyde for 30 minutes. Then, the cells were
blocked with 1% goat serum in PBS for 1 hour and incubated
for 16 hours with primary antibody against FOXA2,
MUC5AC, or MUC5B (1:500 dilution). The cells were then
incubated with the Alexa Fluor 488e or Alexa Fluor
594econjugated secondary antibody (1:500 dilution) for 1
hour. Subsequently, the cells were mounted with the ProLong
Gold Antifade Mountant with DAPI (P36942; Invitrogen,
Carlsbad, CA) and imaged using an A1R confocal micro-
scope (Nikon, Melville, NY). Images were quantified by the
ImageJ software version 1.52a (Java 1.8.0_112; NIH,
Bethesda, MD; http://imagej.nih.gov/ij).

Gene Knockdown by siRNA

BACA cells were seeded at densities of 0.5 � 106 and
0.5 � 105 on 6- and 96-well plates, respectively, and
cultured overnight. They were subsequently washed with
sterile PBS and incubated with siRNA transfection reagent
composed of Lipofectamine RNAiMAX (Invitrogen; num-
ber 13778030), specific siRNAs against CLEC7A and SYK,
and Opti-MEM (Thermo Fisher Scientific; number
31785070). After 4 hours of transfection, transfected cells
were washed three times with PBS and cultured in DMEM
containing fetal bovine serum and penicillin-streptomycin
for 24 hours. On day 3, the cells were exposed to B.
113
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Figure 3 Blastomyces dermatitidis and b-
glucan induce mucin expression in the immor-
talized canine airway carcinoma (BACA) cells.
BACA cells at 90% confluency were challenged
with live (LV) or heat-killed (HK) B. dermatitidis
strain SCB-2 at the indicated multiplicity of
infection (MOI), or indicated concentrations of
b-glucan for 24 hours. Control (Ctrl) cells were
exposed to the same volume of sterile
phosphate-buffered saline. Cytoplasmic and
nuclear protein extracts were separated on
acrylamide-agarose (mucins) and acrylamide
[FOXA2, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), and H3] gels, respectively,
and probed with specific antibodies against
each protein. GAPDH and H3 were used as
loading controls. The experiments were inde-
pendently performed three times with similar
results. Western blots from one typical experi-
ment are shown. Additional replicates of
Western blots can be found in Supplemental
Figure S4. Expression levels of MUC5AC,
MUC5B, and forkhead box protein A2 (FOXA2)
were measured by ImageJ software version
1.52a. Densitometry data of FOXA2, MUC5AC,
and MUC5B expression are expressed as
means � SEM from all three experiments (A
and B). *P < 0.05, **P < 0.01, and
***P < 0.001 (t-test).
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dermatitidis or b-glucan for 24 hours in penicillin-strepto-
mycinefree DMEM before analysis for ROS, FOXA2, and
mucins.

Quantitative Real-Time PCR Analysis of the Expression
of Cytokine Genes in BACA Cells

Ninety percent confluent BACA cells were incubated with
either live or heat-killed B. dermatitidis, or with b-glucan.
After 24 hours of incubation, BACA cells were lysed by the
Trizol reagent (Ambion, Naugatuck, CT; 15596018). Ly-
sates were mixed with equal volume of 100% ethanol and
centrifuged. The supernatants were collected for total RNA
extraction by using the Direct-zol RNA miniprep plus
(Zymo Research, Tustin, CA; R2070). cDNA synthesis was
performed by using the SuperScript III First-Strand Syn-
thesis System (Invitrogen; number 18080051). Synthesized
cDNAs were used for quantitative real-time PCR to examine
relative mRNA levels of IL-1b, TNF-a, IL-33, IL-4, IL-13,
IL-8, and IL-17 genes after normalizing to glyceraldehyde-
3-phosphate dehydrogenase. Quantitative real-time PCR
was performed using Power SYBR green PCR Master
Mix (Applied Biosystems, Foster City, CA; number
4367659) with specific primers (Table 2).

Statistical Analysis

Quantitative data were expressed as the means � SEM.
Statistical significance comparison for samples with equal
variances was determined using the parametric t-test for
two unpaired samples. Statistical significance was
expressed as not significant, P � 0.05, P � 0.01, or
P � 0.001.
Results

Retrospective Analysis of Fungal Pneumonia Cases at
the UIUC CVM Veterinary Diagnostic Laboratory

We analyzed fungal infections in canines and felines that
were identified by 18s rRNA PCR, mycology culture, or lung
biopsy presented to the UIUC CVM Veterinary Diagnostic
Laboratory between January 2014 and June 2019. The
number of fungal infection cases ranged from 0 to 14, with the
highest caseload occurring in 2015 (Supplemental
Figure S1A). Most cases for culture and 18s rRNA were
sampled from unknown areas, followed by respiratory tract
and skin. Of the 63 total fungal cases, 15 were pulmonary
mycosis (Supplemental Figure S1B). The 15 cases of fungal
pneumonia were further classified by year (Supplemental
Figure S1C). The year with the highest number of pulmo-
nary mycoses was 2018, with 6 cases, followed by 2015, with
5 cases. Eight of the respiratory mycoses were caused by B.
dermatitidis, followed by H. capsulatum (3 cases) and C.
immitis (1 case), and 3 cases were unidentified (Supplemental
Figure S1D). On the basis of lung tissue availability (Table 1),
The American Journal of Pathology - ajp.amjpathol.org
we examined the role of FOXA2 in mucus hypersecretion
during fungal pneumonia in canines and felines.

FOXA2 Expression Is Down-Regulated with
Concomitant Up-Regulation of Mucins in Airways of
Dogs and Cats with Fungal Pneumonia

Recently, we demonstrated that diseased canine lungs
(COPD and CB) with bacterial infection showed FOXA2
depletion, accompanied by increased expression of
MUC5AC and MUC5B.35 We hypothesized that pulmonary
fungal infection would deplete FOXA2 and cause mucus
hypersecretion. We compared healthy canine and feline
lungs with those infected by B. dermatitidis and H. capsu-
latum, respectively. Cases used are displayed in Table 1.
Healthy canine and feline lung tissues showed no evidence
of fungal organisms with GMS staining (Table 1, Figures 1
and 2, and Supplemental Figures S2 and S3). In contrast,
fungal-infected canine and feline lung tissues were positive
for intralesional round typical yeast bodies under GMS
staining, indicating the presence of B. dermatitidis or H.
capsulatum, respectively (Figures 1 and 2 and Supplemental
Figures S2 and S3). Airways from healthy lungs had basal
levels of mucins, as evidenced by the weak staining with
periodic acid-Schiff, and low immunoreactivity with IHC
for MUC5AC and MUC5B. In contrast, B. dermatitidis and
H. capsulatumeinfected airway epithelia exhibited
increased expression of mucins (Figures 1 and 2 and
Supplemental Figures S2 and S3). FOXA2 expression was
inversely correlated with MUC5AC and MUC5B in healthy
and infected lungs. IHC analysis indicated that FOXA2 was
strongly expressed in healthy canine and feline lungs, but
was severely depleted in the bronchial surface epithelia of
the infected lungs, which overlapped the area of MUC5AC
and MUC5B overexpression (Figures 1 and 2 and
Supplemental Figures S2 and S3). Some residual FOXA2
expression could be seen in the basal epithelial cells of
infected airways, serving as internal positive controls
(Figures 1 and 2 and Supplemental Figures S2 and S3).
These results indicate that fungal infections deplete the
expression of airway FOXA2 that is inversely associated
with increased MUC5AC and MUC5B.

B. dermatitidis Infection and b-Glucan Exposure
Deplete FOXA2 Expression in Cultured Canine Bronchial
Epithelial Cells

To gain insight into the mechanisms by which fungal
pneumonia causes mucin overexpression, we used BACA
cells to examine the expression dynamics of FOXA2 and
mucins. BACA cells were exposed either to live or heat-
killed B. dermatitidis strain SCB-2 at both multiplicity of
infection of 1:1 and 5:1, and the expression of FOXA2 and
mucins was assessed at 24 hours after treatment. Control
BACA cells treated with PBS showed strong expression of
FOXA2, with basal levels of MUC5AC and MUC5B
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Figure 4 Histoplasma capsulatum induces mucin expression in the
immortalized canine airway carcinoma (BACA) cells. BACA cells at 90%
confluency were challenged with live (LV) or heat-killed (HK) H. capsulatum
strain G217B at the indicated multiplicity of infection (MOI). Control (Ctrl)
cells were exposed to the same volume of sterile phosphate-buffered saline.
Cytoplasmic and nuclear protein extracts were separated on acrylamide-
agarose (mucins) and acrylamide [forkhead box protein A2 (FOXA2),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and H3] gels,
respectively, and probed with specific antibodies against each protein.
GAPDH and H3 were used as loading controls. The experiments were
independently performed three times with similar results. Western blots
from one typical experiment are shown.

Choi et al
(Figure 3A). Although the heat-killed B. dermatitidis
reduced the expression of FOXA2 while increasing the
expression of both mucins, the effect was more modest
when compared with the cells infected by live B. derma-
titidis, which showed severely reduced FOXA2 and signif-
icantly higher levels of both mucins (Figure 3A). Additional
replicates of Western blots are provided in the Supplemental
Figure S4A.

b-Glucan is a highly immunogenic component of fungal
cell wall capable of inducing host innate immune re-
sponses.52 However, the glucan component of the infectious
yeast form of B. dermatitidis (eg, cultured at 37�C to 39�C)
consists of about 95% a-glucan and 5% b-glucan, whereas
in the mycelial form, it consists of about 60% a-glucan and
40% b-glucan.53 Interestingly, a recent study with antibody-
directed targeting of radioisotope against (1/ 3)-b-glucan
successfully inhibited blastomycosis in mice,54,55 clearly
indicating the importance of b-glucan in B. dermatitidis
survival. To assess whether b-glucan modulates FOXA2
and mucin expression, BACA cells were treated with 0.1, 1,
or 10 mg/mL b-glucan and assessed after 48 hours. b-Glucan
decreased the expression of FOXA2, with concomitant in-
creases in the expression of both MUC5AC and MUC5B
(Figure 3B). Additional replicates of Western blots are
provided in Supplemental Figure S4B. Collectively, these
findings support the hypothesis that lung infection by
pathogenic fungi depletes FOXA2 expression, resulting in
mucus hypersecretion in canines and felines (Figures 1 and
2 and Supplemental Figures S2 and S3).

H. capsulatum Infection Depletes FOXA2 Expression in
Cultured Canine Bronchial Epithelial Cells

To determine the broader applicability of canine fungal
pneumonia as a model to study FOXA2 function, we
examined FOXA2 inactivation and mucin production in
BACA cells exposed to either live or heat-killed H. cap-
sulatum strain G217B. Similar to B. dermatitidis, infection
by live H. capsulatum, as well as exposure to heat-killed
yeast, severely depleted FOXA2 expression and increased
expression of both MUC5B and MUC5AC (Figure 4).
These results indicate that FOXA2 is a conserved target of
inhibition by pathogenic fungi.

B. dermatitidis Infection and b-Glucan Exposure
Activate the EGFRePhosphatidylinositol 3-Kinase/AKT
but Not STAT6 Signaling to Antagonize FOXA2

Previously, we have shown that infection by respiratory bac-
terial pathogens, including P. aeruginosa,28,30,31,34,35 B.
bronchiseptica,35 and M. pneumoniae,30 inhibits the expres-
sionof FOXA2, resulting in excessive production ofMUC5AC
and MUC5B. Specifically, P. aeruginosa and its oxidation-
reduction active exotoxin pyocyanin activate both Th2 cyto-
kineseSTAT6-SPDEF and EGFR-AKT/ERK1/2 to inhibit the
expression of FOXA2. Similarly, M. pneumoniae inhibits
116
FOXA2 by activating both the STAT3-STAT6 and ROS-
EGFR signaling cascades. Therefore, we examined whether
the loss of FOXA2 expression was caused by B. dermatitidis
and b-glucan activating the aforementioned antagonistic
signaling pathways. Various membrane, cytoplasmic, and nu-
clear protein extracts (Figure 3) were probed with antibodies
against normal and phosphorylated proteins. The results indi-
cate that both live and heat-killed B. dermatitidis (Figure 5A),
as well as b-glucan (Figure 5C) activated EGFR-AKT and
EGFR-ERK1/2, but not STAT6 (Figure 5, B and D). The in-
crease in the levels of pEGFR, pAKT, and pERK1/2 inversely
correlatedwith the expression pattern of FOXA2and positively
correlated with the expression of both MUC5AC andMUC5B
(Figure 3 and Supplemental Figure S4).
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


FOXA2 Degradation in Pulmonary Mycosis
Inhibition of EGFR-AKT/ERK1/2 Signaling Restores
FOXA2 Expression and Attenuates Mucin Production
Induced by B. dermatitidis and b-Glucan

To confirm that B. dermatitidis and b-glucan enhance
EGFR-AKTe and EGFR-ERK1/2emediated signaling, the
expression of FOXA2 and both mucins was assessed in
BACA cells pretreated for 1 hour with specific inhibitors for
EGFR (AG1478), AKT (LY294002), and ERK1/2
The American Journal of Pathology - ajp.amjpathol.org
(PD98059), before challenge by B. dermatitidis and b-
glucan. LY294002 is a highly selective inhibitor of phos-
phatidylinositol 3-kinase, a kinase that activates AKT. More
importantly, all three inhibitors, especially PD98059,
restored the expression of FOXA2, which was accompanied
by reduced expression of MUC5AC and MUC5B in BACA
cells treated with either live or heat-killed B. dermatitidis, or
with b-glucan (Figure 6). Additional replicates of mucin and
FOXA2 Western blots are provided in Supplemental
Figure S5. These results indicate that pulmonary blasto-
mycosis activates both EGFR-ERK1/2 and
EGFRephosphatidylinositol 3-kinaseeAKT signaling cas-
cades to suppress the expression of FOXA2, resulting in
excessive mucus.

Inhibition of Dectin-1 and SYK Ameliorates FOXA2
Inhibition by B. dermatitidis and b-Glucan

Dectin-1 is a C-type lectin-like transmembrane pattern-
recognition receptor on mammalian cells that binds
b-glucan and stimulates the innate immune cells in response
to fungal pathogens.52 On binding to b-glucan, Dectin-1
signaling activates the tyrosine protein kinase SYK to
potentiate various antifungal responses, including cytokine
and chemokine production, respiratory burst, and phago-
cytosis.52 Because B. dermatitidis and b-glucan induce
mucin expression in BACA cells, we hypothesized that
Dectin-1 and SYK may modulate the expression of FOXA2.
SYK phosphorylation was increased by both B. dermatitidis
and by b-glucan (Figure 7A). Inhibition of CLEC7A (which
encodes Dectin-1) and SYK, mediated by siRNA, restored
FOXA2 expression in BACA cells treated with either live or
heat-killed B. dermatitidis, or with b-glucan. FOXA2
restoration was accompanied by significant attenuation of
MUC5AC. The expression of MUC5B was also reduced,
although at lower levels (Figure 7, B and C).

Immunofluorescence was used to validate the above re-
sults. Because both live and heat-killed B. dermatitidis
inhibited FOXA2 (Figures 3, 5, 6, and 7), we used heat-
killed fungus for the immunofluorescence studies for its
experimental convenience. Heat-killed B. dermatitidis
Figure 5 Blastomyces dermatitidis and b-glucan activate the epidermal
growth factor receptor (EGFR)ephosphatidylinositol 3-kinase/AKT
signaling that antagonizes forkhead box protein A2. Membrane, cyto-
plasmic, and nuclear protein extracts of the immortalized canine airway
carcinoma (BACA) cells from Figure 4 were probed with regular or phospho-
specific antibody against each protein. Total EGFR, AKT, extracellular
signal-regulated kinase (ERK) 1/2, and STAT6 were used as loading controls
for their respective phosphorylated counterparts. H3 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were used as additional loading con-
trols. A and B: Live (LV) and heat-killed (HK) B. dermatitidis increased the
levels of phosphorylated EGFR (pEGFR), phosphorylated AKT (pAKT), and
phosphorylated ERK1/2 (pERK1/2) but not phosphorylated STAT6 (pSTAT6).
C and D: b-Glucan increased the levels of pEGFR, pAKT, and pERK1/2, but
not pSTAT6. The experiments were independently performed three times
with similar results. Western blots from one typical experiment are shown.
Ctrl, control; MOI, multiplicity of infection.
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reduced FOXA2 expression in the nuclei of mucin-secreting
BACA cells and increased expression of MUC5AC and
MUC5B (Figure 8). More importantly, siRNA-mediated
knockdown of SYK prevented both depletion of FOXA2
and overexpression of MUC5AC and MUC5B by heat-
killed B. dermatitidis (Figure 8). Collectively, these results
indicate that induction of Dectin-1eSYK signaling inhibits
FOXA2, resulting in overexpression of mucins.

Induction of EGFR-AKT/ERK1/2 Signaling by SYK Is
Mediated through ROS and HBEGF Following Fungal
Stimulation

Next, we used the heat-killed B. dermatitidis to examine the
signaling hierarchy between SYK and EGFR in the context
of FOXA2 inhibition. As expected, heat-killed B. derma-
titidis activated EGFR-AKT/ERK1/2 signaling (Figure 9A).
More importantly, SYK knockdown by siRNA reduced the
levels of pEGFR, pAKT, and pERK1/2, suggesting that
SYK acted upstream of the EGFR signaling during inhibi-
tion of FOXA2 by B. dermatitidis.

Previously, it has been reported that activation of the
Dectin-1eSYKephospholipase Ceg2-ERK axis increases
intracellular ROS.52,56 The intracellular ROS augments
EGFR signaling following binding of its ligands57,58 and is
involved in the activation of mucin expression.33 We hy-
pothesized that activation of Dectin-1eSYK signaling by B.
dermatitidis leads to increased intracellular ROS. In turn,
ROS acts together with EGFR ligand(s) to activate EGFR-
AKT/ERK1/2 signaling, which inhibits FOXA2. First, the
levels of intracellular ROS were assessed in BACA cells
exposed to either live or heat-killed B. dermatitidis, or to
b-glucan with or without siRNA knockdown of CLEC7A
and SYK, as well as specific inhibitors for EGFR (AG1478),
AKT (LY294002), and ERK1/2 (PD98059). ROS produc-
tion was increased by both B. dermatitidis and b-glucan but
was significantly reduced by SYK gene expression knock-
down and pretreatment of each of the inhibitors (Figure 9B).
Interestingly, although ROS was decreased in both live and
heat-killed B. dermatitidiseexposed BACA cells after in-
hibition of Dectin-1 and AKT, the levels of reduction were
not statistically significant. However, in BACA cells
exposed to b-glucan, the inhibition of these effectors led to
significant reduction of ROS production after inhibition of
Dectin-1 but not AKT (Figure 9B). Collectively, these
Figure 6 Inhibition of epidermal growth factor receptor (EGFR)eAKT/extr
forkhead box protein A2 (FOXA2) to attenuate the ability of Blastomyces derma
airway carcinoma (BACA) cells were pre-exposed to 20 mmol/L of EGFR inhibitor A
(PD) for 1 hour before the addition of sterile phosphate-buffered saline (negati
respectively. The expression of FOXA2, MUC5AC, and MUC5B was examined by
phosphate dehydrogenase (GAPDH) was used as loading control for MUC5AC an
and PD restored the expression of FOXA2 with concomitant down-regulation of M
cells. The ERK inhibitor showed the highest restorative effect on FOXA2 expre
experiments were repeated three times with similar results. Additional replicat
pressions were compared by the t-test. Densitometry data of MUC5AC and MUC
(AeC). *P < 0.05, **P < 0.01, and ***P < 0.001 (t-test).
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results indicate that Dectin-1eSYK plays an important role
in generation of intracellular ROS in response to B. der-
matitidis and b-glucan.

To confirm the role of ROS, we examined whether the
antioxidant glutathione (GSH) could reduce the ability of
heat-killed B. dermatitidis to suppress FOXA2 expression.
GSH restored FOXA2 expression and down-regulated both
mucins (Figure 9C); replicate Western blots can be found in
Supplemental Figure S6. In addition, GSH reduced the
levels of phosphorylated SYK, pEGFR, pAKT, and pERK1/
2 induced by heat-killed B. dermatitidis (Figure 9D).
Collectively, these results indicate that in response to fungal
infection, SYK acts upstream and activates EGFR-AKT/
ERK1/2 signaling through intracellular ROS, resulting in
FOXA2 inhibition and mucin hypersecretion.

As previously mentioned, on engaging with the ligands,
EGFR signaling is potentiated by intracellular ROS.57,58

Seven EGFR ligands are known: the high-affinity ligands
EGF, transforming growth factor-a (TGF-a), HBEGF, and
betacellulin; and the low-affinity ligands amphiregulin,
epiregulin, and epigen.59 Of the four high-affinity ligands
examined only HBEGF was induced by heat-killed B.
dermatitidis and participated in mucin overexpression in
BACA cells (Figure 10), consistent with a previous
report.60 Western blot analysis with specific antibodies did
not detect expression of TGF-a, EGF, and amphiregulin
(data not shown). Induction of HBEGF by heat-killed
B. dermatitidis was attenuated by siRNA-mediated
knockdown of CLEC7A and SYK, indicating that
HBEGF-EGFR acts downstream of Dectin-1 and SYK
(Figure 10A). Because ROS promotes EGFR activation
when the cells are stimulated by EGFR ligands,57 we
examined if GSH could attenuate HBEGF induction by
heat-killed B. dermatitidis. GSH was able to partially
attenuate the expression of HBEGF (Figure 10A). To
further authenticate these findings, we measured the mucin
expression stimulated by heat-killed B. dermatitidis with
or without HBEGF neutralizing antibody. Neutralization
of HBEGF with antibody restored the expression of
FOXA2 while down-regulating the expression of
MUC5AC and MUC5B (Figure 10B); replicate Western
blots can be found in Supplemental Figure S7. In contrast,
control mouse IgG was unable to neutralize the inhibitory
effects of heat-killed B. dermatitidis on FOXA2, resulting
in excessive mucins (Figure 10, B and C). Collectively,
acellular signal-regulated kinase (ERK) 1/2 signaling cascades restores
titidis and b-glucan to induce mucin hypersecretion. Immortalized canine
G1478 (AG), AKT inhibitor LY294002 (LY), and ERK1/2 inhibitor PD98059
ve control) or live (LV) and heat-killed (HK) B. dermatitidis and b-glucan,
specific antibodies and quantified by densitometry. Glyceraldehyde-3-
d MUC5B. Histone H3 was used as a loading control for FOXA2. AG, LY,
UC5AC and MUC5B in B. dermatitidiseinfected or b-glucan exposed BACA
ssion, resulting in most significant reduction in mucin expression. The
es of Western blots can be found in Supplemental Figure S5. Protein ex-
5B expression are expressed as means � SEM from all three experiments
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Figure 7 Blastomyces dermatitidis and b-glucan activates Dectin-1eSYK signaling to inhibit forkhead box protein A2 (FOXA2) expressions in BACA cells.
The expression of CLEC7A and SYK genes in the immortalized canine airway carcinoma (BACA) cells (90% confluency) was inhibited by specific siRNA before
exposure to live (LV) or heat-killed (HK) B. dermatitidis strain SCB-2 at the indicated multiplicity of infection (MOI), or to indicated concentrations of b-glucan
for 24 hours. Control (Ctrl) cells were exposed to the same volume of sterile phosphate-buffered saline. Cytoplasmic and nuclear protein extracts were
separated on acrylamide-agarose gels (for mucins) and normal 10% acrylamide gels [for SYK, phosphorylated SYK (pSYK), FOXA2, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and H3], and probed with normal or phospho-specific antibodies against each protein. Total SYK, GAPDH, and H3 were used as
loading controls. A: Both live and heat-killed B. dermatitidis and b-glucan increased the levels of pSYK. B and C: Inhibition of CLEC7A (B) and SYK (C) by siRNA
partially restored FOXA2 expression, which was accompanied by reduction in MUC5AC and MUC5B. The experiments were independently performed three times
with similar results. Western blots from a typical experiment are shown. b-glu, b-glucan.
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these results indicate that HBEGF acts together with SYK-
induced ROS to potentiate EGFR-AKT/ERK1/2 signaling
that results in FOXA2 inhibition and increased mucin
expression during B. dermatitidis infection.

B. dermatitidis and b-Glucan Modulate the Expression
of Cytokine Genes that Mediate Mucin Production

B. dermatitidis infection has been long known to modulate
cytokine production in host cells that enable chronic pul-
monary infection and persistent inflammatory responses.2,61

Herein, we examined the expression of specific cytokine/
120
chemokine genes known to regulate mucin biosynthesis in
BACA cells exposed to either live or heat-killed B. der-
matitidis, or to b-glucan. These include the Th1 cytokine
gene TNF-a,45 Th17 cytokine gene IL-17,62 Th2 cytokine
genes IL-4,63 IL-13,47 and IL-33,64 and the pyrogenic
proinflammatory cytokine genes IL-1b62 and IL-8.65 IL-1b
has been shown to be important for the induction of Th17
cells during fungal infection.66 We found that TNF-a was
only moderately induced in BACA cells infected with live
B. dermatitidis but not with heat-killed fungus nor b-glucan
(Figure 11). Expression of IL-17 was up-regulated by heat-
killed B. dermatitidis and b-glucan, but not by live B.
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 8 Inhibition of SYK restores forkhead box protein A2 (FOXA2) ability to attenuate excessive mucin expression. The expression of SYK gene in the
immortalized canine airway carcinoma (BACA) cells (90% confluency) was inhibited by specific siRNA before exposure to heat-killed (HK) Blastomyces der-
matitidis strain SCB-2 at the indicated multiplicity of infection (MOI) for 24 hours. Control cells were exposed to the same volume of sterile phosphate-buffered
saline. BACA cells were double stained with primary antibodies against FOXA2 and MUC5AC and MUC5B. Nuclei in airway cells were stained with DAPI (blue).
Labeled cells were visualized by secondary antibodies conjugated to Alexa Fluor 594 (red; FOXA2) and to Alexa Fluor 488 (cyan-green; MUC5AC and MUC5B). A:
Colocalization of FOXA2 expression with MUC5AC in BACA cells. B: Colocalization of FOXA2 expression with MUC5B in BACA cells. FOXA2 and mucin expression
were visualized using a Nikon A1 confocal microscope. Experiments were independently performed three times. Fluorescence intensity of FOXA2, MUC5AC, and
MUC5B was analyzed with the ImageJ software version 1.52a. At least 500 cells from each experiment were counted. Data are expressed as means � SEM from
all three experiments (A and B). *P < 0.05, **P < 0.01, and ***P < 0.001 (t-test). Original magnification, �100 (A and B).

FOXA2 Degradation in Pulmonary Mycosis
dermatitidis. In contrast, Th2 cytokine gene IL-4 was not
significantly altered (Figure 11) and IL-13 was not detected
(data not shown). Both live and heat-killed B. dermatitidis
consistently and significantly inhibited the expression of IL-
33, involved in enhancing the induction of Th2 cytokines
(Figure 11). Expression of IL-1b was up-regulated by both
The American Journal of Pathology - ajp.amjpathol.org
live and heat-killed B. dermatitidis, and by b-glucan,
whereas IL-8 was up-regulated by heat-killed B. dermatiti-
dis and b-glucan only (Figure 11). Collectively, these results
suggest that IL-1b, IL-17, and IL-8 participate in the in-
duction of mucin hypersecretion during B. dermatiti-
disemediated lung disease.
121

http://ajp.amjpathol.org


Choi et al

122 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


FOXA2 Degradation in Pulmonary Mycosis
Discussion

In this study, we examined the feasibility of using fungal-
infected canine and feline lungs as model to study the
interactions between FOXA2 inactivation and mucus hy-
persecretion. Both canine and feline lungs infected with B.
dermatitidis and H. capsulatum show dramatic reduction
in FOXA2 expression, accompanied by mucin hyperse-
cretion. Based collectively on histopathologic analysis of
lung tissues and in vitro molecular analysis in BACA cells,
we propose that B. dermatitidis infection activates the
antagonistic SYK-ROS-HBEGF-EGFR-AKT/ERK1/2
signaling pathway to down-regulate FOXA2 expression,
resulting in mucin overexpression (Figure 12). As far as
we know, this is the first study to mechanistically link
SYK-ROS-HBEGF-EGFR-AKT/ERK1/2 to FOXA2
inactivation and dysregulation of mucus homeostasis in
pulmonary mycosis, especially in canine and feline
species.

Albeit less common than viral and bacterial respiratory
infections, pulmonary mycosis can be life-threatening in pa-
tients with compromised immune system and muco-
obstructive diseases.2 Pulmonary mycosis caused by
inhaled fungal particles disseminates to other organs,
including skin, bone, and central nervous systems.3,4,6 In
limited cases seen at the UIUC CVM Veterinary Diagnostic
Laboratory between 2014 and 2019, B. dermatitidis was the
most common etiologic agent. This was expected as B. der-
matitidis is endemic to Illinois, sometimes nicknamed Chi-
cago’s disease.1e3 H. capsulatum was the second most
common fungal agent seen in our study, which is also ex-
pected as it is endemic to the midwestern United States.4,5

Pulmonary manifestations of fungal infections are most
common. For example, >80% and 90% of blastomycosis
cases in humans and dogs, respectively, are of respiratory
diseases.49,67 The US Centers for Disease Control and Pre-
vention estimates one to two cases of blastomycosis per
100,000 people per year in reportable states.68 Because of
limitation in diagnostic methods, the US Centers for Disease
Control and Prevention number is likely an underestimation.
Another confounding factor is that pulmonary symptoms of
Figure 9 Dectin-1 (Dec) and SYK act upstream of epidermal growth factor re
(ROS). A: SYK acts upstream of EGFR-AKT/extracellular signal-regulated kinase (ERK
to the siRNA against SYK before challenged with heat-killed (HK) Blastomyces derm
were exposed to the same volume of sterile phosphate-buffered saline. Membra
phospho-specific antibody against each protein. Total EGFR, AKT, and ERK1/2 wer
H3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as addi
induced intracellular levels of ROS that were attenuated by siRNA against CLEC7A (
[LY294002 (LY)], and ERK1/2 [PD98059 (PD)] proteins. ROS levels were measu
performed independently three times in triplicate. C: Glutathione (GSH) reduces t
of Western blots can be found in Supplemental Figure S6. Expression levels of MUC
the ImageJ software version 1.52a. Densitometry data are shown. D: GSH attenuate
normal or phospho-specific antibodies. Total SYK, EGFR, Akt, ERK1/2, GAPDH, and
three experiments (B and C). *P < 0.05, **P < 0.01, and ***P < 0.001 (t-
phosphorylated ERK1/2; pSYK, phosphorylated SYK.
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blastomycosis are similar to those caused by viral or bacterial
pneumonia, resulting in frequent misdiagnosis. Canine blas-
tomycosis appears at a higher rate compared with human
cases,48 with significant geographic overlap in regional
prevalence.68 Therefore, apart from our experimental evi-
dence showing that both canine and feline fungal infections
could serve as natural disease models to study the mecha-
nisms of FOXA2 inactivation and mucus hypersecretion in
human pulmonarymycosis, monitoring of disease outbreak in
these companion animals may serve as a sentinel to predict
potential changes in the ecologic environment and circulating
endemic strains in humans, which may improve diagnosis,
earlier treatment, and clinical outcome.

Most recently, we have demonstrated the feasibility of
canine models to study mucin hypersecretion caused by P.
aeruginosa and B. bronchiseptica.35 One of the advantages
of the canine and feline models is that they allow the study
of pathogenesis of asthma, COPD, CB, and canine respi-
ratory disease complex in natural hosts that better mimic
chronic lung diseases in humans. There has been much
debate as to whether artificially induced respiratory diseases
in rodents could recapitulate the full spectrum of human
lung diseases.35,69,70 Mouse lung differs from human lung
in three major ways: (i) the relatively large size, (ii) the
dearth of submucosal glands, and (iii) the presence of high
numbers of Clara (club) cells in airways. Therefore, when
compared against human lung, which has smaller airways
and higher number of mucus glands, the disease pathogen-
esis (eg, goblet cell hyperplasia and metaplasia, excessive
mucus, and FOXA2 depletion) and treatment response
could be subdued in mice. In contrast, chronic lung diseases
naturally develop in canine and feline, and may represent
higher animal models of human respiratory diseases,71

including the study of FOXA2-mediated mucus homeosta-
sis and mucociliary clearance. Our current study demon-
strates that blastomycosis and histoplasmosis down-regulate
the expression of FOXA2, resulting in mucin over-
expression in canine and feline airways. Although excessive
mucus is found in Aspergillus-mediated allergic broncho-
pulmonary aspergillosis72 and in a rat model of Pneumo-
cystis infection,14 mucus hypersecretion has not been
ceptor (EGFR) signaling through up-regulation of reactive oxygen species
) 1/2. Immortalized canine airway carcinoma (BACA) cells were pre-exposed
atitidis strain SCB-2 (multiplicity of infection 5:1) for 24 hours. Control cells
ne, cytoplasmic, and nuclear protein extracts were probed with regular or
e used as loading controls for their respective phosphorylated counterparts.
tional loading controls. B: Live (LV) and HK B. dermatitidis and b-glucan
Dec) and SYK genes, or specific inhibitors against EGFR [AG1478 (AG)], AKT
red using the Oxiselect in vitro ROS/RNS assay kit. The experiments were
he expression of mucins by heat-killed B. dermatitidis. Additional replicates
5AC, MUC5B, and forkhead box protein A2 (FOXA2) were measured by using
s SYK and EGFR signaling. The expression of each protein was determined by
H3 were used as loading controls. Data are expressed as means � SEM from
test). pAKT, phosphorylated AKT; pEGFR, phosphorylated EGFR; pERK1/2,
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thoroughly examined in pulmonary blastomycosis and his-
toplasmosis. Chest radiography has shown that most human
patients with blastomycosis and other pulmonary mycoses
have airway infiltration,67 which is suggestive of mucus
hypersecretion. Collectively, these findings indicate that
FOXA2 is a conserved target of inactivation in the airways
of humans, canines, and felines by fungal and bacterial
pathogens.
In a previous study, a mixture of b-glucan and super-

natant of Aspergillus fumigatus culture has been shown to
increase MUC5AC gene transcripts through the TGF-
aeEGFR signaling in the immortalized human bronchial
epithelial NCI-H292 cells.73 In addition, an experimental
model of A. fumigatuseinduced asthma was shown to
elevate IL-4 and IL-13 levels,74 suggesting that fungal
sensitization enhances downstream IL13RA1/IL4R-
STAT6-SPDEF signaling. Similarly, Pneumocystis acti-
vates the transcription of MUC5B gene, partially through
inhibition of FOXA2 by STAT6 in rat lungs.14 There are
some similarities and differences between our results when
compared with these aforementioned studies. Similar to A.
fumigatus study, we show that EGFR signaling is involved
in response to B. dermatitidis and b-glucan. However,
instead of TGF-a, BACA cells respond to B. dermatitidis
and elevate mucin expression driven by the SYK-ROS-
HBEGF-EGFR-AKT/ERk1/2 pathway. No signals for the
expression of TGF-a, EGF, or amphiregulin, were detected
by Western blotting (data not shown). However, we cannot
rule out the lack of cross-reactivity of the antibodies for
canine proteins. In addition, B. dermatitidis and b-glucan
failed to activate STAT6 in BACA cells. One possible
explanation is that Th2 cytokines (eg, IL-13) secreted by
innate lymphoid cell-2 and Th2 cells, which are needed to
activate STAT6, are absent in BACA cells infected with B.
dermatitidis. However, this is less likely as we have
Figure 10 Heparin-binding EGF-like growth factor (HBEGF) bridges SYK
and epidermal growth factor receptor signaling in airway epithelial cells
exposed to Blastomyces dermatitidis. A: Immortalized canine airway carci-
noma (BACA) cells were pre-exposed to the SYK inhibitor piceatannol (20
mmol/L) or glutathione (5 mmol/L) for 1 hour before challenged with heat-
killed (HK) B. dermatitidis strain SCB-2 [multiplicity of infection (MOI) 5:1]
for 24 hours. Control cells were exposed to the same volume of sterile
phosphate-buffered saline. Membrane, cytoplasmic, and nuclear protein
extracts were probed with antibody against each protein. H3 and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were used as additional
loading controls. B and C: Antibody neutralization of HBEGF restores
forkhead box protein A2 (FOXA2) to attenuate mucin expression. BACA cells
were pretreated with anti-HBEGF antibody (HB; 1 mg) or an irrelevant
control mouse IgG (Ctrl; 1 mg) for 2 hours before 24 hours of exposure to
heat-killed B. dermatitidis (MOI 5:1). GAPDH and H3 were used as loading
controls. The experiments were independently performed three times with
similar results. Western blots from one typical experiment are shown.
Additional replicates of Western blots can be found in Supplemental
Figure S7. Expression levels of MUC5AC, MUC5B, and FOXA2 were
measured by using the ImageJ software version 1.52a. Densitometry data
are expressed as means � SEM from all three experiments (C). *P < 0.05,
**P < 0.01, and ***P < 0.001 (t-test).
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previously shown that infection by P. aeruginosa or
exposure to its oxidation-reduction active toxin pyocyanin
could activate STAT6 in BACA cells, even in the absence
of innate lymphoid cell-2 and Th2 cells.35 Further analysis
is needed to determine whether the lack of STAT6
response is specific to the interactions between B. derma-
titidis and BACA cells.

b-Glucan is an immunogenic fungal cell wall component
that stimulates the pulmonary defense system, including the
production of mucins.12 Although the infectious yeast phase
of B. dermatitidis expresses minimal amount of b-
glucan,54,55 it is important for survival and virulence.54,55

Binding of b-glucan to toll-like receptor 4 on human
airway epithelial cells increases MUC5B expression through
the activation of p38 mitogen-activated protein kinase and
NF-kB.12 Toll-like receptor 2 expression is not induced by
b-glucan,12 but cooperates with Dectin-1 to enhance the
recognition of b-glucan.75,76 Aspergillus fumigatus up-
regulates the production of proinflammatory cytokines,
antimicrobial peptides, and ROS in a toll-like receptor
2eDectin-1-dependent manner.77 However, there are no
reports of b-glucan inducing mucin expression through
Dectin-1emediated signaling. SYK, recruiting to Dectin-1,
activating ERK and phosphatidylinositol 3-kinase/AKT,56

and producing intracellular ROS.56 Intracellular ROS,
including hydrogen peroxide and superoxide anion, act as
secondary messengers and microbicidal agents,56 as well as
maintain the activated state of pEGFR by inactivating
phosphatases and transmitting signals to downstream tar-
gets.57 We show that in response to B. dermatitidis and b-
glucan, SYK down-regulates FOXA2 expression and ele-
vates mucin production through ROS-HBEGF-EGFR-AKT/
ERK1/2 signaling. Attenuation of EGFR-mediated signaling
and mucin expression by GSH indicates that ROS likely
functions as the secondary messenger of SYK that activates
EGFR and downstream kinase cascades. In addition, our
results show that HBEGF acts as an EGFR ligand down-
stream of SYK-mediated signaling. Therefore, ROS and
HBEGF collectively relay the signaling from SYK to EGFR
in response to B. dermatitidis and b-glucan.

The intensity of FOXA2 inhibition was in the order of
live yeast > heat-killed yeast > b-glucan. These observa-
tions suggest that an active infection process, mediated by
additional factors expressed by live B. dermatitidis, modu-
lates FOXA2 expression. One such candidate is blastomyces
adhesin-1 (BAD1), a secreted yeast-phaseespecific host cell
adhesion factor2,45 that down-regulates TNF-a production
from macrophages and polymorphonuclear leukocytes. In
addition, the serine protease dipeptidyl peptidase-IV cleaves
the human chemokine CXCL-2, which modulates neutro-
phil activity and aggravates various symptoms of blasto-
mycosis.78 Similarly, serine proteases of A. fumigatus
activate TNF-a converting enzyme that enhances TGF-a
secretion and airway mucin expression.73

Th1 cytokines, including IFN-g and TNF-a, are impor-
tant in host resistance against B. dermatitidis by recruitment
The American Journal of Pathology - ajp.amjpathol.org
of immune cells, development of host adaptive immunity in
the lung, and enhancement of fungal clearance by macro-
phages and neutrophils.45,79 With respect to mucin biosyn-
thesis, IFN-g negatively regulates mucin expression by
inhibiting STAT-6,80 a key transcription factor mediating
Th2 cytokine (eg, IL-4 and IL-13) response. Previous
studies have shown that FOXA2 regulates the level of
pulmonary Th2 cytokines, including IL-4 and IL-13.81

FOXA2-deficient airway epithelial cells up-regulate the
expression and secretion of IL-33 in an ATP-dependent
manner, which acts on pulmonary CD4þ Th2 cells, innate
lymphoid cells, and semi-invariant NKT cells with inter-
acting monocytes and macrophages that result in IL-13
production, airway mucus cell metaplasia, and mucus for-
mation.81 The importance of macrophages in IL-33
signaling is also observed in H. capsulatum infection.64

We did not observe significant alteration in the expression
of either Th1 (TNF-a) or Th2 cytokine genes (IL-4 and IL-
13), although the expression of FOXA2 was inhibited dur-
ing fungal infection. In fact, both live and heat-killed B.
dermatitidis suppress the expression of IL-33 (Figure 11).
These results suggest that airway epithelial cells may not
play a role in the induction of both Th1 and Th2 axes in
mediating mucin biosynthesis during B. dermatitidis
infection.

Our results suggest that the induction of mucin produc-
tion in canine airways by B. dermatitidis infection is caused
by Th17 (IL-17), pyrogenic cytokine IL-1b, and chemokine
IL-8. Previous studies have shown that both IL-1b and IL-
17 stimulate mucin biosynthesis in airway epithelial cells
independent of Th1 and Th2 cytokine response.82 In both
cystic fibrosis and nonecystic fibrosis bronchiectasis dis-
ease, such as COPD, IL-1b promotes the production of
proinflammatory mediators, including IL-8, which exacer-
bate neutrophilic inflammation, and eventually, persistent
mucus hypersecretion in the diseased airways,83 through the
production of neutrophil elastase, a potent stimulator of
mucin biosynthesis.84 In addition, previous studies have
shown that IL-1b and IL-17 are required to boost immunity
against B. dermatitidis.62 Furthermore, Th17-mediated
antifungal immunity is augmented by IL-1b, probably
through recruitment and activation of CD4þ T cells.62

Collectively, our results together with the aforementioned
studies indicate the importance of FOXA2-mediated ho-
meostasis in mucin biosynthesis, where healthy levels of
mucus protect against microbial infection by mucociliary
escalator function,18,19 whereas excessive mucus leads to
detrimental chronic colonization and infection by microbes.

There are some parallels between pulmonary mycosis
caused by B. dermatitidis and tuberculosis caused by
Mycobacterium tuberculosis. Because B. dermatitidis and
M. tuberculosis have similar route of transmission and
pulmonary pathophysiological characteristics (eg, pyogra-
nulomatous response), blastomycosis is often misdiagnosed
as tuberculosis.67 Majority of B. dermatitidis and M.
tuberculosis is eliminated by macrophages and neutrophils.
125
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However, pathogens that survived initial immune assaults
can persist and replicate in macrophages.85,86 These intra-
cellular infections cause pulmonary infiltrate with granu-
lomas, accompanying necrosis and fibrosis in adjacent
tissues.87,88 Although B. dermatitidis and M. tuberculosis
are sequestered in granulomas, these microbes can be
reactivated by dysregulation of host immune system.89 To
eliminate these pathogens, cell-mediated immunity is criti-
cally important.46,67,90e92 Individuals with incapacitated
cellular immunity (eg, patients with AIDS and those who
are undergoing anticancer chemotherapy and anti-
inflammatory treatment) can readily develop blastomy-
cosis, infection by other emerging dimorphic fungi,9,10 or
tuberculosis, with increased morbidity and mortality.
Macrophage and dendritic cells with ingested B. dermatiti-
dis and M. tuberculosis are pivotal in alerting and priming
antigen-specific T cells, which produce both Th1 (TNF-a
and IFN-g) and Th17 (eg, IL-17) cytokines93,94 that
augment activation and higher recruitment of the
126
phagocytes. In addition, the pyrogenic proinflammatory
cytokine, IL-1b, enhances Th17 cells and resistance against
B. dermatitidis infection,62 whereas IFN-g, TNF-a, and IL-
2 producing CD4þ and CD8þ T cells are important in de-
fense against M. tuberculosis.95 Collectively, these cyto-
kines orchestrate the immune system to control disease
progression. In contrast, Th2 cytokines, such as IL-4 and IL-
13, attenuate host immunity against B. dermatitidis and M.
tuberculosis. It has been shown that IL-4 facilitates reac-
tivation of latent M. tuberculosis by IFN-g production96 and
macrophage-mediated phagocytosis.97 Similarly, pulmonary
blastomycosis elevates IL-4 and lowers IFN-g levels in
plasma.63 Inverse regulation of IL-4 versus IFN-g and IL-17
is further supported by the study demonstrating that CD4þ

T-cellemediated immunity against B. dermatitidis was
increased by IFN-g and IL-17 but not by IL-4 in mice.46,94

In the context of mucin biosynthesis, persistent produc-
tion of proinflammatory cytokines IL-1b and TNF-a ex-
hibits mucogenic effects via FOXA2 depletion in airway
Figure 11 Blastomyces dermatitidis and b-glucan alter
the transcript levels of cytokine genes that regulate mucin
expression. Immortalized canine airway carcinoma (BACA)
cells were infected with live (LV) or heat-killed (HK) B.
dermatitidis strain SCB-2 at the multiplicity of infection of
5:1, or to b-glucan (10 mg/mL) for 24 hours. The
expression of IL-1b, TNF-a, IL-33, IL-4, IL-13, IL-8, and IL-
17 genes was analyzed by quantitative real-time PCR and
normalized to the GAPDH, and compared against BACA
cells treated with phosphate-buffered saline (-). The ex-
periments were independently performed three times in
triplicate. Typical results from one of the experiments are
shown. The data represent means � SEM of triplicated
samples in each group. *P < 0.05, **P < 0.01, and
***P < 0.001 (t-test).
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Figure 12 Proposed model of forkhead box protein A2 (FOXA2) inactivation and disruption of mucus homeostasis by Blastomyces dermatitidis. EGFR,
epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; HBEGF, heparin-binding EGF-like growth factor; ROS, reactive oxygen species.

FOXA2 Degradation in Pulmonary Mycosis
epithelial cells,98 implicating that the early stages of blas-
tomycosis and tuberculosis may be accompanied by higher
mucin production. Also, IL-1b facilitates ectodomain
shedding of pro-HBEGF, which helps HBEGF recognition
by EGFR.99 On the basis of our results, IL-1b is predicted to
promote binding of HBEGF to EGFR that causes mucin
hyperproduction in airway epithelial cells. During progres-
sive stage or reoccurrence of blastomycosis and tubercu-
losis, elevated levels of Th2 cytokines63,96 could antagonize
FOXA2 through IL-4/IL-13Remediated signaling, leading
to increased mucus production. Moreover, FOXA2-depleted
airway epithelial cells can amplify Th2 responses81 that may
aggravate progression of blastomycosis and tuberculosis by
inhibiting Th1 response. Collectively, antagonistic effects of
Th1 and Th2 cytokines, further modulated by Th17, on
FOXA2 may aggravate mucus accumulation in airways
infected by B. dermatitidis and M. tuberculosis.

Finally, as shown through GMS staining (Figures 2 and 3
and Supplemental Figures S1 and S2), B. dermatitidis in-
vades into submucosal lung tissues rather than colonizing
The American Journal of Pathology - ajp.amjpathol.org
the surface epithelia. It is likely that FOXA2 agonists, such
as the recently reported incretin mimetic exenatide34 and
muco-active agents,98 could attenuate excessive mucus
secretion and improve mucociliary clearance in airway
colonized by B. dermatitidis and H. capsulatum, thus
reducing the risk of superinfection by other microbial
pathogens. However, improvement of mucociliary clearance
may not be effective in eliminating fungal pathogens that
have penetrated into lung tissues. Therefore, FOXA2 ago-
nists can be considered for adjuvant therapeutics in com-
bination with existing antifungals to combat infection while
improving physiological functions of the lungs. Future
studies will focus on this combinatorial therapeutic
approach.
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