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epithelial plasticity and subepithelial
myofibroblast transdifferentiation
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Abstract

Repetitive aeroallergen exposure is linked to sensitization and airway remodeling through incompletely understood
mechanisms. In this study, we examine the dynamic mucosal response to cat dander extract (CDE), a ubiquitous
aero-allergen linked to remodeling, sensitization and asthma. We find that daily exposure of CDE in naive C57BL/6
mice activates innate neutrophilic inflammation followed by transition to a lymphocytic response associated with
waves of mucosal transforming growth factor (TGF) isoform expression. In parallel, enhanced bronchiolar Smad3
expression and accumulation of phospho-SMAD3 was observed, indicating paracrine activation of canonical TGF3R
signaling. CDE exposure similarly triggered epithelial cell plasticity, associated with expression of mesenchymal
regulatory factors (Snail and Zeb1), reduction of epithelial markers (Cdh7) and activation of the NFkB/RelA transcrip-
tional activator. To determine whether NFkB functionally mediates CDE-induced growth factor response, mice were
stimulated with CDE in the absence or presence of a selective IKK inhibitor. IKK inhibition substantially reduced the
level of CDE-induced TGF31 expression, pSMAD3 accumulation, Snail and Zeb1 expression. Activation of epithelial
plasticity was demonstrated by flow cytometry in whole lung homogenates, where CDE induces accumulation of
SMA*Epcam™ population. Club cells are important sources of cytokine and growth factor production. To determine
whether Club cell innate signaling through NFkB/RelA mediated CDE induced TGFf3 signaling, we depleted RelA in
Secretoglobin (Scgblal)-expressing bronchiolar cells. Immunofluorescence-optical clearing light sheet microscopy
showed a punctate distribution of Scgb1al progenitors throughout the small airway. We found that RelA depletion in
Secretoglobint cells results in inhibition of the mucosal TGF(3 response, blockade of EMT and reduced subepithelial
myofibroblast expansion. We conclude that the Secretoglobin—derived bronchiolar cell is central to coordinating the
innate response required for mucosal TGFB1 response, EMT and myofibroblast expansion. These data have important
mechanistic implications for how aero-allergens trigger mucosal injury response and remodeling in the small airway.
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Background

Allergic asthma (AA) is a global health concern for 235

million people worldwide [1] who are affected by con-

sequences of airway remodeling, Th2 polarization and
*Correspondence: abrasier@wisc.edu eosinophilia [2]. Remodeling is the earliest abnormali-
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and cell state transitions including myofibroblast activity,
metaplasia and smooth muscle hypertrophy [1, 5]. Repet-
itive allergic exacerbations produce reduction of lung
function [6-8]. The detailed mechanisms how aeroaller-
gens coordinate this complex tissue response are largely
unknown.

Although the final consequence of allergic sensitiza-
tion is the activation of Th2 immunity and production of
allergen-specific IgE, a close interaction with structural
cells and activation of the innate immune response is
important. A body of work has shown that aero-allergens
are plant and animal-derived products that modify the
epithelial barrier function and activate innate signaling
cascades [9]. For example, the extensively studied Der-
matophagtoides pteronyssius [house dust mite (HDM)]
is a common complex aeroallergen containing bacterial
cell wall products [lipopolysaccharide (LPS) and B-glucan
[10] as well as mite-produced proteases [11]. The Der-
matophagtoides-produced cysteine protease allergen,
Der pl, disrupts epithelial tight junctions by cleavage
of zona occludens, and activates release of pro-inflam-
matory cytokines by epithelial cells and plasticity [12].
At the mechanistic level, Der p1 activates the protease-
activated receptor (PAR)-2 cleaving its NH, terminus,
irreversibly activating signaling [13]. The cockroach aller-
gen, Per a 10, also induces innate signaling by protease
activity directed to PAR-2 [14]. In contrast, Ragweed
pollen contains an endogenous NADPH-driven oxidase
that disrupts the epithelial barrier by formation of reac-
tive oxygen species [15], producing CXCL2 release and
neutrophilic inflammation [16]. The alkaline protease
1 (Alp1) is an Aspergillus spp.-derived aeroallergen that
disrupts epithelial tight junctions by cleaving epithelial
cadherin, disrupting barrier function, producing IL33/
CCL2 secretion and eosinophilia [17]. Collectively, these
distinct aero-allergens induce mucosal signaling by self-
contained enzymatic activity triggering epithelial expres-
sion of DC and neutrophil activating cytokines.

The focus of this study, cat dander, represents one of
the most common aero-allergens associated with AA
[18], with>25% patients demonstrating sensitization to
the major cat allergen, Fel d1 [19]. Contrary to the aeroal-
lergens described earlier, cat dander is a mixture of cat
allergens (Fel d1-Fel d8), but lacks significant LPS [20]
and/or protease activity [21]. Our earlier work has shown
that cat dander functions as a potent innate stimulus,
activating the MD2 co-receptor and TLR4, upstream of
the Myd88-NFkB pathway [16, 20] producing CXCL2
secretion and neutrophil recruitment [20]. Importantly,
CDE-induced innate inflammation activates TLR4-
MD2 through a CDI14-independent pathway, providing
additional evidence that CDE-induced inflammation
is LPS-independent [16, 20, 21]. Consequently, further
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examination of the mechanisms of signaling and allergy
will reveal an important new understanding of the com-
plex interactions between aeroallergens, sensitization,
and AA.

Th2 sensitization is associated with remodeling of the
structural components of the airway, including expansion
of the lamina reticularis, epithelial cell-state changes, and
infiltration of tissue-resident eosinophils [5, 22]. Induc-
tion of epithelial plasticity, a term inclusive of epithelial
cell-state changes known as mesenchymal transition
(EMT) and partial EMT are an important component
of remodeling in AA [23]. In this dynamic dedifferentia-
tion program, expression of epithelial cadherin (CDH1)
is repressed, producing epithelial barrier disruption, and
expression of extracellular matrix (ECM)-remodeling
proteins are activated, producing changes in the lamina
reticularis [24]. In Th2 models, epithelial IKK signaling
is linked to cytokine expression and fibrosis in response
to OVA sensitization [25] as well as mucosal aeroaller-
gen exposure [6]. In addition, transforming growth fac-
tor f (TGEFP)-1 produced by tissue-resident eosinophils
initiates epithelial plasticity in the atopic epithelium
[24]. However, the relationship between NF«kB signal-
ing, epithelial plasticity and TGFp production is not fully
understood. The findings that the majority of TGEFp1-
producing cells in bronchial specimens from severe
asthma are eosinophils [26] indicate that, in established
atopy, maintenance of EMT/pEMT is mediated by infil-
trating eosinophils.

The question on how aero-allergen exposure produces
epithelial plasticity prior to eosinophil infiltration and
atopy is incompletely explored. Previous work by others
have shown that HDM exposure triggers epithelial TGEp
expression and plasticity through Der pl protease activ-
ity [12] and that inducible expression of TGEp in airway
epithelial cells plays a central role in HDM sensitization
[27]. However, because of the distinct pathways involved
in HDM protease activation, these studies do not inform
understanding of CDE-induced remodeling.

Here, we tested the hypothesis that CDE activates
mucosal growth factor responses driving airway remod-
eling. Specifically, our focus on the sentinel role of the
epithelial Secretoglobin (Scgblal)-expressing “Club” cell.
Club cells are a major sources of innate neutrophilic
cytokine responses to virus infections and viral patterns
[28, 29]. Additionally, club cells produce the dendritic
cell-activating cytokines IL-25 and -33 in response to
the Aspergillosis Alpl protease [17]. Our study indicates
that CDE activates epithelial TGFP synthesis through the
RelA pathway in Secretoglobin-expressing Club cells, trig-
gering epithelial plasticity and expansion of subepithelial
myofibroblasts. These findings suggest that Scgblal-
producing epithelial cells act as “central sensors” for
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aero-allergen exposure, through TGFp signaling and air-
way remodeling.

Materials and methods

Cat dander extract (CDE)

Lyophilized CDE was purchased from Stallergens/Greer
Labs (Lenoir, NC). We reported earlier that these extracts
had less than 0.1 pg endotoxin/1 pg protein using LAL
chromogenic endotoxin quantitation kit (Thermo Scien-
tific, Hudson, NH)[16].

hSAEC culture and RelA-silencing

Human small airway epithelial cells (hRSAECs) were stim-
ulated in the absence or presence of CDE (20 pg, 5 days).
For RNA silencing, hSAECs expressing Dox-regulated
RelA shRNA were established using puromycin selection
[30]. hSAECs were incubated in the absence or presence
of doxycycline (Dox, 2 pg/ml, 5 days) and stimulated with
CDE (20 pg, 5 days). Samples were collected for mRNA
and chromatin immunoprecipitation.

Animal study

Animal experiments were performed according to the
NIH Guide for Care and Use of Experimental Animals
and approved by the University of Wisconsin-Madison
Institutional Animal Care and Use Committee (approval
no. 1312058A). 6-week old C57BL/J6 black mice were
administered CDE (80 pg/kg diluted in PBS) or PBS (con-
trol mice) every day for 1-4 days and euthanized at each
day (i.e. 1, 2, 3, 4). For the IKK inhibitor, the animals were
treated every day with CDE or PBS and treated with IKK
inhibitor (BMS345541; 10 mg/kg via IP) every day for 5
consecutive days before being euthanized. For all stud-
ies, bronchoalveolar lavage fluids (BALF) and lung tissues
were collected for ELISA, immunofluorescence staining,
and qRT-PCR analysis.

RelA depletion in the Scgh1al“"*ER™"* x RelA" mouse
[28] was achieved by tamoxifen (TMX) injection. Both
male and female mice aged 3 to 4 weeks old were used.
After 3 weeks, mice were exposed to CDE (80 pg/kg)
for 4 consecutive days via intranasal administration.
Mice were euthanized and lung tissue was collected
for bronchoalveolar lavage fluid (BALF), histology, and
qRT-PCR analysis. For imaging of whole lung, Scgbla-
JCreERM+ 5 Rel AT mice [28] were crossed with mTmG
(Gt(ROSA)2650rtm4(ACTB7thomato,7EGFP)L140)’ The ]ackson
Laboratory, Bar Harbor, ME). Whole lungs from Scgbla-
JCreER™+ 5 Rel A" X mTmG were removed, cleared and
immunostained.

Tamoxifen (TMX) administration
TMX was from Sigma (T5648). For administration, TMX
was dissolved in 10% ethanol and 90% corn oil for a
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10-mg/ml working solution. TMX was administered at a
dose of 1 mg/day via the intraperitoneal route for 10 days.

Cell Count and differentials

Bronchoalveolar lavage fluids (BALF) was spun down
at 1000xg using ALLEGRA X-30R centrifuge (Beckman
Coulter Life Sciences, Indianapolis, IN). Supernatant was
discarded and red blood cell lysis buffer (Qiagen, Ger-
mantown, MD) was added and the cells were spun down
again at 1000xg with the supernatant discarded. PBS with
3% bovine serum was added and the cells were counted
using a TC20 automated cell counter (BioRad, Hercu-
les, CA). Total cell count was calculated against to the
amount of BALF per sample.

Differentials were obtained by spinning down the cells
onto Superfrost Plus microscope slides (ThermoFisher
Scientific, Waltham, MA) using the StatSpin® CytoFuge®
2 (HemoCue, Angelholm, Sweden) according to manu-
facturer’s recommendations. Slides were fixed with
methanol and then stained with Wright Giemsa (Ther-
moFisher Scientific) according to the manufacturer’s
instructions. Immediately after the slides were stained,
they were photographed and counted using the Echo
Revolve (ECHO, San Diego, CA) at x 60. The calculation
of macrophages, lymphocytes, neutrophils and eosino-
phils are a representation of 200 cells counted compared
the total cell count of the complementary sample.

TGFB1 ELISA assay

BALF was obtained from mouse lung by flushing the
lungs with PBS and spinning down the fluid to remove
the cells. A Mouse TGF-beta 1 DuoSet ELISA (R&D Sys-
tems, Minneapolis, MN) was used according to manufac-
turer’s instruction to measure immunoreactive TGB1.

Immunostaining

Whole lungs were fixed in 10% (vol/vol) neutral buff-
ered formalin for 1 day, processed into paraffin blocks,
and cut into 4-um sections for hematoxylin and eosin
(H&E). Immunofluorescence sections were rehydrated
with xylene and serial concentrations of ethanol. Anti-
gen retrieval was obtained using a citrate buffer (Ther-
mofisher, Waltham, MA). Sections were blocked with a
diluted normal goat serum before incubation with pri-
mary antibodies: Anti-TGFP1 (Abcam, 1:200), NfkB-p65
(RelA, Bioss, 1:200), Green fluorescent protein (GFP,
Abcam, 1:100), Snail (Cell Signaling, 1:200), alpha-SMA
(Abcam, 1:200), and COL1A1l (Cell Signaling, 1:200);
and secondary anti-rabbit or anti-mouse Alexa Fluor
647 (ThermoFisher Scientific, 1:1000) and/or anti-mouse
Alexa Fluor 561 (ThermoFisher Scientific, 1:1000). All
paraffinized fluorescent stained slides were mounted
using ProLong” Gold Antifade Mountant with DAPI
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(ThermoFisher Scientific). Imaging was performed using
a Nikon A1RS Confocal Microscope with a x 20 magni-
fication. Quantification and analysis were done by meas-
uring the nuclear intensity of positive cells surrounding
the major airways with Image] software. Alternatively for
COLA1 and alpha-SMA, the alpha-SMA™ were super-
imposed onto the COL1A1" to measure the myofibro-
blast-positive intensity using Image] software. Data was
expressed as a mean of scores recorded by two blinded
investigators.

Q-RT-PCR

For animal experiments, the right lung was homogenized
using the Mini Bead Mill Homogenizer (VWR, Radnor,
PA) with 1.4 mm ceramic beads (Omni International,
Kennesaw, GA). Total RNA was extracted using the
RNeasy Mini Kit (Qiagen, Germantown, MD) according
to manufacturer’s instructions. RNA was reverse tran-
scribed using SuperScript IV (ThermoFisher Scientific)
according to manufacturer’s instructions. cDNA was
amplified using iTaq"" Universal SYBR® Green Supermix
(Bio-Rad, Hercules, California) and gene-specific mouse
primers. Alternatively, human Tagman™ (ThermoFisher
Scientific) and gene-specific human primers used
TagMan"" Universal PCR Master Mix (ThermoFisher Sci-
entific) to amplify the cDNA. All samples were run using
the AriaMx Realtime PCR System (Agilent Technologies,
Santa Clara, CA). Relative changes in gene expression
were quantified relative to control GADPH or PPIA tran-
scripts, respectively, using the AAC, method [31]. The
forward and reverse gene-specific Q-RT-PCR primers are
listed in Additional file 1: Table S1.

Immunofluorescent-optical clearing light sheet microscopy
Whole lungs were extracted from the mouse and fixed
with 4% Formaldehyde. To stain the lungs, the tissue was
first perfused with blocking buffer (5% goat serum), simi-
lar to our normal IHC, overnight using an intact catheter
into the trachea and then incubated with anti-GFP Ab
[1:100 in PBS and 1% Triton X (Sigma)] for 4 days. Tis-
sue was perfused in PBS and 1% Triton X before second-
ary anti-rabbit Alexa Fluor 647 Ab was perfused into the
lung for 2 days. Lastly, the lung was washed before being
cleared by progressive dehydration (methanol) and then
a 1:2 vol/vol mixture of benzyl alcohol/benzyl benzoate,
rendering them optically transparent where in the cath-
eter was removed and lungs were imaged.

Image data was acquired on a custom-built light sheet
microscope designed for imaging large optically cleared
samples. A multi-channel coherent laser source (Omi-
cron sole-6) is collimated and expanded to achieve the
required light sheet size for the 4 mm x4 mm field of
view and 20 pm sheet waist for optical sectioning. The
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light sheet is formed with a cylindrical lens and reso-
nant mirrors (EOPC) pivot the individual light sheets
for stripe suppression [32]. The system uses long work-
ing distance air lenses for dual-sided illumination (Nikon
Plan Fluor 4x/0.13). Both illumination and detection
lenses are moveable to adjust for sample size, clearing
media refractive index (RI), and chromatic aberration.

Each lung was mounted by clamping the main airways
suspended in a custom 40 mm x40 mm quartz sam-
ple chamber (FireFlySci, Brooklyn, NY) and translated
through the light sheet with a set of precision motors
(Physik Instrumente, M-111.1DG). The detection lens
(AZ-Plan Apo 2 x NA/0.2) is paired with a 150 mm tube
lens for x 3 magnification and images were acquired with
a 16MP sCMOS camera (Photometrics Iris 15). The 3D
image volumes were generated at multiple positions to
cover the sample and tiles were stitched using the Fiji
plugin BigStitcher [33]. The final image volumes were
approximately 1 TB per lung.

Lung single cell suspension and flow cytometry

Lung of the right lobe was harvested from 7-week old
C57BL/6 black mice treated with vehicle (PBS) or CDE
(80 pg/kg) for 4 consecutive days. Before removal, the
lungs were filled with about 1 ml digestion buffer, com-
prised of 100 mg/ml Dispase II (Roche Diagnostics,
Indianapolis, IN), 10 mg/ml Collagenase A (Roche Diag-
nostics, Indianapolis, IN), 1500 kU/ml DNase I (Sigma-
Aldrich, St. Louis, MO), and 0.025 M CaCl, before being
mechanically minced and incubated at 37C for 30 min.
The suspension was filtered through a 40 um filter into
a 50 ml Falcon tube. The suspension was centrifuged at
900 g for 5 min and the supernatant was aspirated. The
pellet was resuspended in 405 Live/Dead dye (Invitrogen,
Waltham, MA), according to the manufactures instruc-
tions, and incubated in the dark at room temperature for
30 min. PBS was added to the suspension, centrifuged at
900 g for 5 min, and the supernatant was aspirated. Cells
were fixed in 4% paraformaldehyde for 10 min, followed
by an additional washing step used for staining. Fc-recep-
tors were first blocked by anti-CD16/CD32 antibodies
(Biolegend, San Diego, CA) for 10 min a solution of 0.1%
saponin (Sigma-Aldrich, St. Louis) and 1% BSA (Sigma-
Aldrich, St. Louis). After the pre-incubation, a cocktail
of the following antibodies were added: anti-CD45-Alexa
Fluor BV605 (Biolegend, San Diego, CA, Cat# 103139,
1/1000 dilution), anti-aSMA-FITC (Sigma-Aldrich, St.
Louis, MO, Clone: 1A4, Cat# F3777, 1/1000 dilution),
and anti-mouse CD326-PE (Biolegend, San Diego, CA,
Cat# 118205, 1/1000 dilution). Antibody cocktails were
prepared in 0.1% saponin, 1% BSA buffer containing Fc-
block. Following a 30 min incubation, cells were washed
with 0.1% saponin and 1% BSA buffer, centrifuged at
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500 g for 5 min, and aspirated and resuspended in FACS-
Flow buffer to be run for flow. Gating was performed
using Fluorescence Minus One (FMO) controls for each
antibody (Additional file 1: Fig. S3) and samples were
quantified using the percent of parent. All samples were
run on the Attune NxT (Thermofisher) and analyzed with
Flow]Jo V10.8.0.

Two-step chromatin immunoprecipitation (XChIP) assays
XChIP was performed as described previously [34]. In
brief, hRSAECs were washed twice with PBS. Cross-linked
chromatin was fragmented by sonication, and equal
amounts were immunoprecipitated with protein A mag-
netic beads (Dynal Inc.). Eluted DNA was de-crosslinked,
purified and quantitated using gene-specific primers
amplifying the TGFp1 promoter. Data is presented as the
technical replicates using a fold-change relative to the
IgG after normalization to input chromatin [34].

Statistical analysis

Differences among the means were tested for significance
by ANOVA with Fisher’s least significance difference test.
Significance was reached when the p-value was 0.05. Val-
ues presented are means + standard deviation (S.D.).

Results
CDE induces waves of inflammation and mucosal TGF
isoform expression
Although the induction of airway inflammation-remod-
eling in response to protease-encoded aero-allergens is
known, little is known about early steps in the initiation
of CDE-induced remodeling. To address this knowledge
gap, we conducted a time-course study of daily Cat Dan-
der Extract (CDE) in naive C57BL/6 mice. After 1 days
of intranasal CDE exposure, a rapid induction of neu-
trophils in the BALF was observed, that persisted for 3
days, then decreased, replaced by a second wave of mac-
rophages and lymphocytes (Fig. 1A, B). No eosinophils
were induced, indicating that these changes are reflective
of innate responses.

Previous work using HDM has shown that inducible
epithelial TGFB1 expression plays an important role in
expansion of a population of luminal innate lymphoid
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cells (ICL)2s, linked to airway hyperreactivity and sen-
sitization [27]. However, the inducible epithelial TGEP
response is highly stimulus-dependent [27], and whether
CDE induces growth factor responses in unsensitized
mucosa is unknown. To determine whether CDE acti-
vates TGEP isoform expression, total lung RNA was iso-
lated from animals in the time course, and changes in
TgfB -1, -2 and -3 mRNA abundance were assessed by
Q-RT-PCR. The expression of Tgff1 was induced ten-
fold (14+5, p<0.01, post-hoc T-test, n=6—8 animals) 1
days after CDE challenge that remained stable until the
4™ challenge, when a second inflection was observed,
concomitantly with the influx of macrophages and lym-
phocytes (Fig. 1C). Tgf52 and Tgf53 mRNAs were also
rapidly induced, but in contrast to 7gf31, were induced to
a much smaller degree and their induction was transient,
declining after 4 days (Fig. 1C).

CDE produces bioactive TGFp release into the BALF
Recognizing that TGEP is sequestered in extracellular
matrix stores, we asked whether bioactive TGFB1 was
produced by CDE exposure. For this purpose, we stained
for free TGFP1 in the tissue slides. Here a robust accu-
mulation of TGFfB1 protein was observed, peaking on d
3 with a 38-fold increase in signal intensity (Fig. 1D, E).
We further confirmed the presence of activated TGFf1
protein in the BALF by ELISA. After 1 d of CDE stimula-
tion, free TGFP1 increased from 5.4 £ 2.5 to 24+ 10.1 pg/
ml (p <0.05 post hoc, n=5 animals/group, Fig. 1F). These
data indicate that inducible TGEP1 synthesis was coupled
with release of free TGFp1 in the airway tissue.

CDE activates canonical mucosal TGFBR signaling

We next sought to determine whether the free TGF( was
actively signaling. TGFp1 signals by binding to TGFpRII,
a transmembrane serine-threonine kinase, whose activa-
tion recruits cytoplasmic SMAD3, a transcription factor
that is positive autoregulated, mediating the canonical
TGEP response [24]. We observed an increased expres-
sion of Smad3 mRNA in the airway with a peak of
14+11-fold at 2 days, p<0.01, post-hoc t-test, n=6-8
animals) (Fig. 1G), and concluded that CDE induces local
paracrine activation of TGF[ signaling.

(See figure on next page.)

Fig. 1 Cat dander extract induces mucosal TGFf. C57BL/6J mice were treated with daily challenges of CDE or PBS i.n. over 4 days. A Cell count

of bronchoalveolar fluid (BALF) from mouse lung. Mean = S.D. of BALF total cell counts (1 0%/ml) at each time point for n =6-8 animals/group

(each symbol represents an independent animal). *p < 0.05; **p < 0.01; post hoc t-test for indicated contrast. B Differentials of BALF cell counts.
Mean = S.D. (10*/ml) for macrophages, lymphocytes or neutrophils at each time point. *p < 0.05; **p <0.01; **p <0.001 post hoc t-test for indicated
contrast. No eosinophils were detected. C Time dependent expression of Tgf3-1/2/3 mRNAs. Mean = S.D.of fold change abundance for each

mRNA mRNA by Q-RT-PCR of total mouse lung RNA. n=6-8 animals/group. D Immunofluorescence microscopy (IFM). Sections were stained with
anti-TGFB1 antibody (Ab, red color) and counter-stained with DAPI (blue) to visualize nuclei. Representative images shown at 20X magnification
with selected enhanced image of the epithelium. E Quantitation of TGFf31. Fluorescence images were quantified by FlJI. Mean £ SD of fluorescence
intensity (Fl) for n =6-8 animals/group. F Bioactive TGF(31 abundance in BALF. Shown are mean =+ S.D. of free TGFf1 levels in ELISA (n=5 animals/
group). G Induction of Smad3. Relative fold changes in Smad3 mRNA by Q-RT-PCR; n = 6-8 animals/group
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CDE induces epithelial plasticity

In non-transformed epithelial cells, TGFf activates epi-
thelial plasticity [35], a cell-state transition associated
with loss of apical polarization, loss of adhesion com-
plexes and expression of mesenchymal genes. TGEB
regulates mesenchymal gene transcription through
SMAD-dependent and SMAD-independent TGFp recep-
tor signaling pathways [24, 36]. In the SMAD-depend-
ent pathway, activated SMAD2/3 forms complexes with
SMAD4 in the nucleus, inducing its autoregulation and
activating expression of core EMT-promoting transcrip-
tion factors such as the Snail Family Transcriptional
Repressor (SNAI)-1 and -2) and Zinc Finger E-Box Bind-
ing Homeobox (ZEB)-1 and 2 and cascades of down-
stream mesenchymal genes, including the intermediate
cytoskeletal protein vimentin (VIM) [24, 37]. Expres-
sion of the EMT regulators were first quantitated by
Q-RT-PCR. We observed that Snail mRNA dramatically
increased 3+1 -fold (p<0.01, post-hoc T-test, n=6-8
animals/group) after 1 day of CDE exposure and contin-
ued to accumulate, rising to a 5+ 3.0-fold after the 4th
exposure (Fig. 2A). Similarly, Zeb1 mRNA was increased
5+ 3.0-fold after the first day and continued to increase
to 14£3.0-fold after the 4th days of exposure (p<0.01,
post-hoc T-test, n=6-8 animals, Fig. 2A). Likewise, Vim
mRNA showed a biphasic induction with an increase of
4+ 3.0-fold after the first exposure, falling to 2.0-fold
on day 3 and then increasing again on the 4th exposure
(Fig. 2A).

Immunofluorescence microscopy was performed for
SNAIl, which revealed threefold increase in SNAI1
abundance from d1-d4 in the small airway mucosa and
alveoli (Fig. 2B, C).

Because the resolution of microscopy could not defini-
tively demonstrate that the epithelial cells were acquir-
ing mesenchymal characteristics, we conducted flow
cytometry assays with epithelial selective markers. Mice
were challenged with CDE for 4 days and single cell iso-
lates from whole lung homogenates were stained with
CD45, CD326/Epcam and alpha smooth muscle cell actin
(aSMA). aSMA was in quantitated lacking CD45 expres-
sion (leukocytes) and positive for expression of Epcam
(epithelial cells) (Fig. 2D). We observed a significant two-
fold increase in the xSSMA™/CD45 /Epcam™ population
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(p<0.01, n=5 animals, Fig. 2E). These data support that
CDE triggers epithelial plasticity.

CDE activates NFkB signaling

Because chronic CDE-induced inflammation activates
NFkB signaling in sensitized animals [6], we next sought
to determine whether NFkB was activated rapidly by CDE
in naive animals. Mucosa of C57BL/6 mice exposed to
the CDE time course were stained with anti-NFkB/RELA
antibodies. We observed CDE enhanced the expression
of RELA in a similar distribution as that of SNAI1, peak-
ing at 2 days (1.6+0.2, p<0.01, post-hoc t-test, n=6-8
animals, Fig. 2F, G). Enhanced RELA expression is a char-
acteristic of NFkB activation in response to diverse con-
ditions [28, 30, 38].

IKK signaling is required for canonical TGFf signaling

and epithelial plasticity

In airway epithelial cells, RELA exists in the cytoplasm
as an inactive complex bound to IkB [38]. NFkB activa-
tion is mediated by the IxB kinase (IKK) complex whose
phosphorylation of IkB triggers its proteasomal degra-
dation, releasing sequestered RELA to enter the nucleus
[39, 40]. To initially determine whether IKK-NF«B sign-
aling mediates the TGFB mucosal response, C57BL/6
mice were randomized to receive a 4-day CDE challenge
in the absence or presence of the allosteric IKK inhibi-
tor (IKKi), BMS345541 [41]. BMS345541 is highly selec-
tive for catalytic subunits of IKKi with an IC50 of 4 uM
without activity on 15 closely related mitogen-activated
protein kinases [41].

In the CDE-challenged mice treated with IKKi, we
noted that the 3.4-fold induction of pPSMAD3 was sub-
stantially reduced to less than control levels (Fig. 3A,
B). In parallel, the CDE-enhanced expression of RelA
and Tgf51 were all reduced compared to control lev-
els (Fig. 3C). To determine whether IKK signaling also
induced epithelial plasticity, we measured expression
of mesenchymal genes. We observed that CDE acti-
vated Swmail 13-fold, Zebl sixfold, and Vim 4.2-fold
(Fig. 3). All these inductions were markedly reduced
with the IKK inhibitor (Fig. 3D). These data indicated
that the canonical NF«B pathway mediates CDE-induced

(See figure on next page.)

group (n=6-8 animals/group)

Fig. 2 Cat dander extract induces epithelial plasticity and activation of NFkB/RELA. C57BL/6J mice were treated with daily challenges of CDE

or PBSi.n. over 4 days. A Changes in mesenchymal markers. Relative fold changes of indicated transcripts by Q-RT-PCR of total lung RNA;

*p<0.05, compared to Control, n=6-8/group, t-test. B IFM. Sections were stained with anti-SNAIT Ab (red) and DAPI (blue) for nuclear staining.
Representative images shown at x 20 with selected enhanced image of the epithelium. C Relative fold changes in SNAI1 FI for each treatment
group (n=6-8 animals/group). D Single cell flow cytometry using a 4-day CDE exposure model. Representative gating of cell selection, removal of
debris, doublets and Live-CD45~ cells. [Left] a representation of SMA™ and CD326™ control cells vs [Right] SMA™ and CD326" CDE-exposed cells. E
% SMA™ and CD3267 cells in the 4-day CDE exposure model, n =5. F Sections stained with anti-RELA Ab (red) and DAPI (blue) for nuclear staining.
Representative images shown at x 20 with selected enhanced image of the epithelium. G Relative fold changes in RELA Fl for each treatment
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TGEFp1 expression, paracrine signaling and downstream
plasticity.

CDE induces epithelial plasticity in human Club cell
progenitors

To confirm that CDE induced epithelial plasticity, we
conducted stimulation experiments in human small air-
way epithelial cells (hSAECs) that represent Club-cell
progenitors [hSAECs express SCGB1AI [42]. hSAECs
expressing a Dox-inducible RelA shRNA [30] were
treated for 7 days+ Dox to induce RELA depletion and
then stimulated+CDE for 4 additional days. The cells
were then prepared for Q-RT-PCR analysis of mesenchy-
mal and differentiated epithelial gene expression. In the
Wild type cells, observed that CDE induced a 16.54+1.9-
fold increase in RELA mRNA (p<0.01, n=4-6 biologi-
cal replicates, t-test, Fig. 4), a 4.2+0.55-fold increase
in SNAI1 expression (p<0.01, n=4-6 biological repli-
cates, t-test, Fig. 4), and a 9.1+ 1.7-fold increase in ZEB1
mRNA expression (p<0.01, t-test, n=4-6 replicates,
Fig. 4). In parallel, CDE produced a substantial reduc-
tion in epithelial cadherin (CDH1) expression in the wild
type cells to 0.35+0.2-fold decrease in CDH1 expression
relative to untreated cells (p<0.01, t-test, n=4-6 repli-
cates, Fig. 4). Collectively, the increase in mesenchymal
core transcription factor expression and reduction of the
epithelial differentiation marker are sine qua non of epi-
thelial plasticity.

NFkB/RELA mediates CDE induced activation of the core
mesenchymal transcription factors

The Doxtreated cells were then examined to determine
whether NFkB/RelA signaling was involved in the epi-
thelial plasticity. In Dox-treated, unstimulated cells,
RELA mRNA was depleted by 90% compared to control
consistent with our earlier characterization [28] (Fig. 4
p<0.01) and the CDE induced RELA mRNA expression
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was reduced by 85% compared to control (Fig. 4, p<0.01).
Importantly, in the RELA KD cells, the CDE-induced
expression of SNAI1 and ZEB1 is lost (Fig. 4). Interest-
ingly, the CDH1 induced repression was still observed,
indicating that the effect of CDE induced repression was
RELA independent (Fig. 4). Collectively these data indi-
cate that RELA controls expression of the core mesen-
chymal transcription factors in CDE-induced EMT.

Epithelial RELA directly activates TGF31

To directly determine the relationship between NFxB
signaling and inducible TGEpB, the RELA WT and KD
cells were stimulated in the absence or presence of CDE.
We observed that CDE similarly produced a 4.8-fold
increase in TGFf3I mRNA (p<0.01, n=4-6 animals/
group). Importantly, the CDE-induced TGF1 was strik-
ingly reduced in the RELA KD cells compared to that of
control, to levels less than that of unstimulated RELA
WT cells (Fig. 5A).

RELA binds and recruits phosphorylated RNA Pol Il

to the TGF31 promoter

We next tested the hypothesis that RELA directly acti-
vated the TGEf31 gene by binding to its regulatory pro-
moter. Cross-linking-Chromatin immunoprecipitation
(XChIP) was used to observe the effect of CDE on RELA,
and RNA polymerase II [total and phospho-Ser 2 car-
boxy terminal domain (CTD) RNA -Pol II] binding to
the proximal promoter of TGFf51. In WT hSAECs, CDE
induced a 50-fold increase in RELA binding to TGFf31
(Fig. 5B). Concomitantly, CDE induced a 1000-fold
increase in the transcriptional elongation-competent
form of phospho-Ser 2 CTD RNA Pol II, and an 80-fold
increase in total Pol II (Fig. 5C). By contrast, CDE was
unable to increase phospho-Ser 2 CTD RNA Pol II accu-
mulation in the absence of RELA, although the increase
in total RNA Pol II was unaffected (Fig. 5D). These data
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provide direct evidence that CDE induces RELA bind-
ing to TGFBI in airway epithelial cells, and downstream
recruitment of activated RNA Pol II is dependent on acti-
vated RELA.

RelA signaling in Secretoglobin-expressing (ScgbTa1™)
small bronchiolar cells mediates CDE-induced TGF1
expression

To test the role of epithelial RELA in CDE-induced
inflammation and remodeling, we used an inducible Cre

recombinase driven by the bronchiolar epithelial-specific
Scgblal promoter to deplete RelA. In this well-character-
ized model, Scgblal is expressed by Club cell progenitor-
derived small airway bronchiolar cells [27, 28], a cell type
responsible for viral-inducible remodeling and inflamma-
tion [42] and sensitization to Aspergillosis [17].

Although the expression of SCGB1A1 has been dem-
onstrated by immunofluorescence staining of tissue sec-
tions [28] and by FACS analysis [27], the 3 Dimensional
distribution of Scgblal population of cells has not been
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determined in situ. To better understand the distri-
bution of this population of cells, we crossed the Scg-
b1al“ER™* 5 RelA”® with a tandem dimer Tomato
(mT)-membrane-targeted green fluorescent protein
(mG) mouse. All cells in the mT/mG mouse express
Tomato, a red fluorescence protein, prior to Cre acti-
vation. In response to Cre activation, expression of
Tomato is silenced and GFP, a green fluorescence pro-
tein, is induced, enabling identification of cells where the
Scgblal promoter is active. We observed TMX-inducible
GFP staining in a punctate pattern scattered through
small airways and terminal bronchioles into alveoli
(Fig. 6A). These data provide the first 3D distribution of
Club derived epithelium in the mouse and indicate that
this is a distinct spatially located population of innate
sensors in the distal airways.

Analysis of RelA expression confirmed that TMX
administration depletes total lung RelA by 50% in the
absence of CDE stimulation. Importantly, the threefold
increase in RelA produced after CDE stimulation was
reduced to less than that of untreated W'T mice (Fig. 6B).
In a manner consistent with the effect of IKKi in wild
type mice and RelA siRNA depletion in hSAECs, both
basal- and CDE-induced Tgf1 mRNA were substantially
reduced to control levels in the RELA KD mice (Fig. 6B).
Mesenchymal markers for Snail and Vim were also
induced in WT mice but substantially reduced in RelA
KD mice (0.31+0.34 and 0.6 +0.46, respectively p<0.01,
post-hoc t-test, n=5-8 animals), (Fig. 6B). These find-
ings indicate that the innate pathway controlled mucosal
growth factor response and induction of epithelial plas-
ticity (Fig. 6B).

The inhibition of Tgf1 mRNA expression was con-
firmed by reduction of bioactive TGFP1 protein in the
tissue, where a strong induction of TGFp staining was
observed in the small airways and alveoli (Fig. 7A),
resulting in a sevenfold increase in fluorescence inten-
sity (Fig. 7B). This staining was lost in both the epithe-
lium and distal alveoli with RELA KD. To confirm that
biologically active TGFB1 was being released and regu-
lated by the Club cell NFkB pathway, we analyzed BALF
for active TGFB1 by ELISA. A threefold increase in BALF
TGFP1 was observed in the CDE treated mice. Both
basal and CDE induced TGFP1 was inhibited by RELA
KD (Fig. 7C). We conclude from these findings that
RELA signaling in Club-cell derived cells mediates CDE-
induced TGEp1 response and mesenchymal transition.

Scgb1ai-expressing small bronchiolar cells mediates
CDE-induced sub epithelial fibroblast-myofibroblast
expansion

Previous challenge experiments in allergic asthmatics
have shown that the subepithelial fibroblast population
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transdifferentiates into myofibrolasts during the late
phase of allergic response [43]. As major collagen pro-
ducers in the airway, myofibroblasts are major con-
tributors to ECM remodeling [44]. However, whether
myofibroblasts are induced in naive airway has not yet
been demonstrated. To determine if CDE activates sub-
epithelial myofibroblast populations in naive animals,
myofibroblasts were quantified in the same experiment
using an aSMA and Collagen-1 (COL1) dual fluores-
cent stain. Strikingly, CDE induced a robust activation of
aSMAT/COL1" myofibroblast population in the subepi-
thelium (Fig. 7D, E). The appearance of this population
was blocked by RELA depletion both in control and CDE
stimulated conditions. This finding is consistent with
the studies that aSMA expression is under control of a
TGEpP-regulated element in its proximal promoter [45],
and further indicates that RELA activity regulates TGE
expression and activity, even in the basal state.

Discussion

Asthma is a global health concern, affecting 235 mil-
lion individuals worldwide [1]. Allergic asthma is char-
acterized by expansion of the lamina reticularis that
occurs prior to Th2 polarization and eosinophilia [3].
The detailed mechanisms how aeroallergens induce tis-
sue remodeling are largely unknown. Of relevance to
this study, the presence of epithelial plasticity in AA has
been well documented, including upregulation of mes-
enchymal genes in bronchiolar biopsies [6]. In this study,
we examine the effect of respiratory tract exposure of a
ubiquitous aeroallergen, cat dander, associated with sen-
sitization in>25% of allergic asthmatics [18]. Here we
find that CDE exposure triggers an innate neutrophilic
inflammation that transitions to an adaptive macrophage
and lymphocytic-rich inflammation over 4 days of expo-
sure. This inflammation is associated with a coordinated
inducible mucosal TGFp expression associated epithelial
cell plasticity known as epithelial mesenchymal transi-
tion. Our findings that CDE activates the canonical NFxB
pathway that drives the epithelial TGFP1 response is
demonstrated through the (a) use of small molecule IKKi
inhibitor in wild type mice; (b) NF«B/RelA silencing in
Scgblal-expressing human airway epithelial cells; and (c)
NF«kB/RelA depletion in Scgblal-expressing small air-
way epithelial cells in the mouse. Additionally, we dem-
onstrate that the majority of TGFp1 protein in the BALF
is derived from the Scghlal-expressing small airway epi-
thelial population and is responsible for expansion of a
subepithelial population of aSMA'/COL1"-expressing
myofibroblasts. We therefore conclude that innate NF«xB
signaling in the Club-derived subpopulation of airway
epithelial cells mediates mesenchymal transition and
myofibroblast expansion in naive mice. These findings
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have important implications for remodeling in allergic
asthma.

Aero-allergens are plant and animal products that
share the ability to activate mucosal innate signaling cas-
cades through binding TLR receptors as ligands, cleaving
PAR receptors or by endogenous NADPH oxidase activ-
ity [20, 46, 47]. Our previous work has shown that CDE
and the unrelated ragweed pollen share the ability to
activate epithelial cells via the TLR4 pathway, in a mecha-
nism distinct from that used by LPS, producing oxidative
DNA damage and CXCR2 chemokine expression result-
ing in neutrophilic inflammation [16, 20, 47]. This study
is the first to demonstrate that CDE triggers a coordi-
nated time-dependent increase of all the TGFP isoforms
(TGEB-1, -2 and -3). These TGEP isoforms are members
of a superfamily of injury-response and growth factors
controlling cell cycle regulation, cellular differentiation
and collagen deposition/fibrogenesis [48]. It is well-estab-
lished exacerbations trigger secretion of epithelial TGFp
and other growth factors in sensitized individuals [49].
However, it is difficult to separate out contributions from
Th2/eosinophils from those of the epithelium. Our stud-
ies in naive mice suggest that CDE can trigger mucosal
TGEP injury-repair processes directly.

Although TGEp release is also regulated at the post-
translational level [50], our findings that increased TGFf1
protein in the BALF is inhibited by disrupting NF«B
signaling strongly suggests to us that inducible mucosal
Tgf31 expression mediates airway remodeling, consist-
ent with the findings of others in the HDM model [51],
and viral models [27, 52]. In addition, the finding that
SMAD3 activation is in the mucosa indicates that air-
way epithelial cells themselves are a major target of this
secreted TGEp. In normal epithelial cells, TGFP induces
type II EMT, a cellular state associated with loss of epi-
thelial polarity, enhanced mobility and ECM remodeling
[24, 37], driven by expression of SNAI1 and ZEB1 [53].
Although EMT is recognized to be a highly dynamic state
characteristic of epithelial cell plasticity [54], the SNAI1
and ZEB1 autoregulatory circuit is a hallmark of the sta-
ble transition. Our studies are the first, to our knowledge,
demonstrating that CDE results in the activation of the
SNAI1/ZEB1 core transcription factors.

Epithelial plasticity is a multi-step process from
sequential expression of gene expression networks under
master transcription factor control [55]. Recent work by
our group has shown that the RELA transcription fac-
tor is upstream of viral- and TGEB-induced cell state
changes [30]. Our study extends these earlier findings
showing that CDE-induced RELA binding to TGFfI is
required for accumulation of Ser2-phosphorylated RNA
Polymerase II. Ser2 phosphorylation is a key regulatory
switch in gene expression, enabling inactive RNA Pol II
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to acquire processive properties to transcribe full-length
TGFpB1 mRNA [56, 57]. Previously we were able to show
that RELA promoter binding induces Ser2-phosphoryl-
ated RNA Pol II by recruiting the chromatin-modifying
CDK9-BRD4 complex [56, 58, 59]. More work will be
required to understand the role of the CDK9-BRD4 com-
plex in the innate mucosal response to aeroallergens.

Another major finding is the discovery of the direct
signaling role of Scgblal-expressing epithelial cells in
the TGFB1 response to CDE. Scgblal® Club cells are
one of five major small airway epithelial cell types that
have been identified by single cell sequencing and cell
lineage studies [60, 61]. Lineage inference suggests that
club cells differentiate into goblet and multiciliated cells,
enriched in the distal airway [60, 61] playing major roles
in injury/repair in the small airways/terminal bronchioles
[62]. Despite the understanding of the cellular lineage,
the native 3D distribution of these cells has been elu-
sive. Our lung clearing immunofluorescence light sheet
microscopic imaging provides the first evidence that this
population of innate mucosal “sensors” are distributed
throughout the small airways and terminal bronchioles.
Previous work has shown that inducible TGFp1 expres-
sion by Scgblal™ cell population is important for lumi-
nal recruitment of TGFBRII -expressing IL13+ innate
lymphoid cells and airway hyperreactivity [51]. Our study
extends this work to demonstrate that RelA signaling is
directly upstream of TGEP1l expression, necessary for
inducible TGEp expression, linking NF«B to epithelial
TGEP1 response to alveolar TGFB1 expression and sub-
epithelial myofibroblast transdifferentation. We inter-
pret our findings that the alveolar TGFf expression is
dependent on Club cell TGFP as a manifestation of the
well-known TGEp autocrine loop, where the presence of
TGEP stimulates its own expression. The myofibroblast
population is dynamic, increasing during the late phase
of allergic inflammation [43], refractory asthma [63], and
recurrent asthma [64]. Our data indicates that this popu-
lation expands in response to naive CDE exposures medi-
ated by epithelial cell RELA signaling.

Conclusions

In summary, we report the discovery that key innate
Club-cell derived epithelial “sensors” in the small air-
ways trigger TGFp activation through RELA, resulting in
epithelial plasticity and myofibroblast expansion. These
cellular responses account for the disruption of mucosal
barrier and remodeling of the lamina retiularis founda-
tional to mucosal remodeling in allergic lung disease.

Abbreviations
AA: Allergic asthma; BALF: Bronchoalveolar lavage fluid; CDE: Cat dander
extract; CDH1: Cadherin 1; COL1: Collagen 1; ECM: Extracellular matrix; Fl:



Skibba et al. Respiratory Research (2021) 22:315

Fluorescence Intensity; IKK: IkB kinase; NFkB: Nuclear factor-«B; RELA: V-rel

avian reticuloendotheliosis viral oncogene homolog A; aSMA: Smooth muscle

cell actin, a chain; Scgb1al: Secretoglobin family TA Member 1; SMAD3:

SMAD Family Member 3; SNAIT: Snail Family Transcriptional Repressor 1; TGF(:
Transforming growth factor 3; TLR: Toll-like receptors; TMX: Tamoxifen; XCHIP:

Two step chromatin immunoprecipitation; ZEB1: Zinc Finger E-Box Binding
Homeobox 1.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-021-01910-w.

Additional file 1: Table S1. PCR Primers. Figure S1. Percentage of live

C57BL/6J mice were treated with daily challenges of CDE or PBS i.n. over
4 d. Immunofluorescence microscopy (IFM). Sections were stained with
(a) anti-TGFPR1, (b) anti-RelA, and (c) anti-Snail antibody (Ab, red color)
and counter-stained with DAPI (blue) to visualize nuclei; n = 6-8 animals/
group. Figure S3. Single cell flow cytometry using a 4-day CDE exposure
model. Representative gating for cell selection using Fluorescence Minus
One (FMO) controls to select the correct gate for SMA+ and CD326+

challenges of CDE or PBS i.n. and given BMS-345541 (IKKi) i.p. simultane-
ously over 5 d, n=>5-6. A. IFM. Sections were stained with anti p-SMAD3
Ab (red) and DAPI (blue). Figure S5. Scgb1a1CreERTM/+ x RelAfl/fl mice
were pre-treated with TX for 10 d and challenged with/without CDE over
4d,n=5-8. A. IFC of dual stain between a-SMA (green) and Collagen |
(purplered) with blue DAPI blue nuclear staining B. IFC Sections were
stained with anti-TGF1 Ab (red) and counterstained with DAPI (blue).
Images obtained at 20X.

cells from BAL fluid of mice treated for 4 days with CDE, n=6-8. Figure S2.

CDE-exposed cells; n=5. Figure S4. C57BL/6J mice were treated with daily

Acknowledgements

The authors thank the UW-Madison Biomedical Imaging and Animal Breeding

Cores for technical assistance.

Authors’ contributions

MES and ARB designed research; MES and ARB conducted research and ana-
lyzed data; XX provided cell lines; KW, and JH designed and acquired images
from the light sheet microscope; MES, KW, ARB wrote the manuscript, all other

authors critically revised the manuscript; all authors read and approved the
final manuscript.

Funding
This work was partially supported by NIH Grants U0T Al136994 (ARB) and
NCATS UL1TR002373 (ARB). The funders had no role in the design of the

study; in the collection, analyses, or interpretation of data; in the writing of the

manuscript, or in the decision to publish the results.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

Animal experiments were performed according to the NIH Guide for

Care and Use of Experimental Animals and approved by the University of
Wisconsin-Madison Institutional Animal Care and Use Committee (approval
no. 1312058A).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 16 of 18

Author details

'School of Medicine and Public Health, University of Wisconsin Madison,
4248 Health Sciences Learning Center, Madison, Wl 53705, USA. ?Morgridge
Institute for Research, Madison, W1, USA. 3Dept. of Integrative Biology, Uni-
versity of Wisconsin, Madison, W1, USA. 4Institute for Clinical and Translational
Research, Madison, WI, USA.

Received: 11 April 2021 Accepted: 3 December 2021
Published online: 20 December 2021

References

1.

2.
3.

Fehrenbach H, Wagner C, Wegmann M. Airway remodeling in asthma:
what really matters. Cell Tissue Res. 2017;367(3):551-69.

Busse WW, Lemanske RF. Asthma. N Engl J Med. 2001;344:350-62.
Fedorov IA, Wilson SJ, Davies DE, Holgate ST. Epithelial stress and struc-
tural remodelling in childhood asthma. Thorax. 2005;60(5):389-94.
Trivedi M, Denton E. Asthma in children and adults-what are the differ-
ences and what can they tell us about asthma? Front Pediatr. 2019;7:256.
Bergeron C, Tulic MK, Hamid Q. Airway remodelling in asthma: from
benchside to clinical practice. Can Respir J. 2010;17(4):e85-93.

Tian B, Hosoki K, Liu Z, Yang J, Zhao Y, Sun H, Zhou J, Rytting E, Kaphalia
L, Calhoun WJ, et al. Mucosal bromodomain-containing protein 4 medi-
ates aeroallergen-induced inflammation and remodeling. J Allergy Clin
Immunol. 2019;143(4):1380-94.e9.

Calhoun WJ, Haselkorn T, Miller DP, Omachi TA. Asthma exacerbations and
lung function in patients with severe or difficult-to-treat asthma. J Allergy
Clin Immunol. 2015;136(4):1125-7.

Tian B, Patrikeev |, Ochoa L, Vargas G, Belanger KK, Litvinov J, Boldogh

|, Ameredes BT, Motamedi M, Brasier AR. NF-kappaB mediates mesen-
chymal transition, remodeling, and pulmonary fibrosis in response to
chronic inflammation by viral RNA patterns. Am J Respir Cell Mol Biol.
2017;56(4):506-20.

Lambrecht BN, Hammad H. Allergens and the airway epithelium
response: gateway to allergic sensitization. J Allergy Clin Immunol.
2014;134(3):499-507.

Douwes J, Zuidhof A, Doekes G, van der Zee SC, Wouters |, Boezen MH,
Brunekreef B. (1->3)-beta-D-glucan and endotoxin in house dust and
peak flow variability in children. Am J Respir Crit Care Med. 2000;162(4 Pt
1):1348-54.

. Jacquet A.The role of the house dust mite-induced innate immu-

nity in development of allergic response. Int Arch Allergy Immunol.
2011;155(2):95-105.

Heijink IH, Postma DS, Noordhoek JA, Broekema M, Kapus A. House dust
mite-promoted epithelial-to-mesenchymal transition in human bronchial
epithelium. Am J Respir Cell Mol Biol. 2010;42(1):69-79.

Asokananthan N, Graham PT, Stewart DJ, Bakker AJ, Eidne KA, Thomp-
son PJ, Stewart GA. House dust mite allergens induce proinflammatory
cytokines from respiratory epithelial cells: the cysteine protease allergen,
Der p 1, activates protease-activated receptor (PAR)-2 and inactivates
PAR-1.J Immunol. 2002;169(8):4572-8.

. Arizmendi NG, Abel M, Mihara K, Davidson C, Polley D, Nadeem A, El Mays

T, Gilmore BF, Walker B, Gordon JR, et al. Mucosal allergic sensitization to
cockroach allergens is dependent on proteinase activity and proteinase-
activated receptor-2 activation. J Immunol. 2011;186(5):3164-72.

Bacsi A, Dharajiya N, Choudhury BK, Sur S, Boldogh I. Effect of pollen-
mediated oxidative stress on immediate hypersensitivity reactions and
late-phase inflammation in allergic conjunctivitis. J Allergy Clinimmunol.
2005;116(4):836-43.

Hosoki K, Boldogh I, Aguilera-Aguirre L, Sun Q, Itazawa T, Hazra T, Brasier
AR, Kurosky A, Sur S. Myeloid differentiation protein 2 facilitates pol-

len- and cat dander-induced innate and allergic airway inflammation. J
Allergy Clin Immunol. 2016;137(5):1506-13.e2.

Wiesner DL, Merkhofer RM, Ober C, Kujoth GC, Niu M, Keller NP, Gern JE,
Brockman-Schneider RA, Evans MD, Jackson DJ, et al. Club cell TRPV4
serves as a damage sensor driving lung allergic inflammation. Cell Host
Microbe. 2020;27(4):614-28.

Salo PM, Arbes SJ Jr, Jaramillo R, Calatroni A, Weir CH, Sever ML, Hoppin
JA, Rose KM, Liu AH, Gergen PJ, et al. Prevalence of allergic sensitiza-

tion in the United States: results from the National Health and Nutrition


https://doi.org/10.1186/s12931-021-01910-w
https://doi.org/10.1186/s12931-021-01910-w

Skibba et al. Respiratory Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2021) 22:315

Examination Survey (NHANES) 2005-2006. J Allergy Clin Immunol.
2014;134(2):350-9.

Kelly LA, Erwin EA, Platts-Mills TA. The indoor air and asthma: the role of
cat allergens. Curr Opin Pulm Med. 2012;18(1):29-34.

Hosoki K, Redding D, Itazawa T, Chakraborty A, Tapryal N, Qian S, Qi H,
Aguilera-Aguirre L, Brasier AR, Phani VS, et al. Innate mechanism of pol-
len- and cat dander-induced oxidative stress and DNA damage in the
airways. J Allergy Clin Immunol. 2017;140:1436-9.

Hosoki K, Brasier AR, Kurosky A, Boldogh |, Sur S. Reply: Protease plays a
role in Ragweed pollen-induced neutrophil recruitment and epithelial
barrier disruption. Am J Respir Cell Mol Biol. 2017,56(2):272-3.
Al-Muhsen S, Johnson JR, Hamid Q. Remodeling in asthma. J Allergy Clin
Immunol. 2011;128(3):451-62.

Hackett TL. Epithelial-mesenchymal transition in the pathophysiol-

ogy of airway remodelling in asthma. Curr Opin Allergy Clin Immunol.
2012;12(1):53-9.

ljaz T, Pazdrak K, Kalita M, Konig R, Choudhary S, Tian B, Boldogh |, Brasier
AR. Systems biology approaches to understanding epithelial mesenchy-
mal transition (EMT) in mucosal remodeling and signaling in asthma.
World Allergy Organ J. 2014;7(1):13.

Broide DH, Lawrence T, Doherty T, Cho JY, Miller M, McElwain K, McElwain
S, Karin M. Allergen-induced peribronchial fibrosis and mucus production

mediated by IkappaB kinase beta-dependent genes in airway epithelium.

Proc Natl Acad Sci USA. 2005;102(49):17723-8.

Minshall EM, Leung DY, Martin RJ, Song YL, Cameron L, Ernst P, Hamid Q.
Eosinophil-associated TGF-betal mRNA expression and airways fibrosis in
bronchial asthma. Am J Respir Cell Mol Biol. 1997;17(3):326-33.

Denney L, Branchett W, Gregory LG, Oliver RA, Lloyd CM. Epithelial-
derived TGF-B1 acts as a pro-viral factor in the lung during influenza A
infection. Mucosal Immunol. 2018;11(2):523-35.

Tian B, Yang J, Zhao Y, Ivanciuc T, Sun H, Wakamiya M, Garofalo RP, Brasier
AR. Central role of the NF-kappaB pathway in the Scgblal-expressing
epithelium in mediating respiratory syncytial virus-induced airway
inflammation. J Virol. 2018;92(11):e00441-e518.

Tian B, Liu Z,Yang J, Sun H, Zhao Y, Wakamiya M, Chen H, Rytting E,

Zhou J, Brasier AR. Selective antagonists of the bronchiolar epithelial
NF-kappaB-bromodomain-containing protein 4 pathway in viral-induced
airway inflammation. Cell Rep. 2018;23(4):1138-51.

Tian B, Widen SG, Yang J, Wood TG, Kudlicki A, Zhao'Y, Brasier AR. The
NFkappaB subunit RELA is a master transcriptional regulator of the com-
mitted epithelial-mesenchymal transition in airway epithelial cells. J Biol
Chem. 2018;293(42):16528-45.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
(San Diego, Calif). 2001;25(4):402-8.

Huisken J, Stainier DYR. Even fluorescence excitation by multidirec-
tional selective plane illumination microscopy (mSPIM). Opt Lett.
2007,32(17):2608-10.

Horl D, Rojas Rusak F, Preusser F, Tillberg P, Randel N, Chhetri RK, Cardona
A, Keller PJ, Harz H, Leonhardt H, et al. BigStitcher: reconstructing
high-resolution image datasets of cleared and expanded samples. Nat
Methods. 2019;16(9):870-4.

Tian B, Yang J, Brasier AR. Two-step cross-linking for analysis of protein-
chromatin interactions. Methods Mol Biol. 2012;809:105-20.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
Clin Invest. 2009;119(6):1420-8.

Derynck R, Zhang YE. Smad-dependent and Smad-independent path-
ways in TGF-beta family signalling. Nature. 2003;425(6958):577-84.
Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesen-
chymal transition. Nat Rev Mol Cell Biol. 2014;15(3):178-96.

Kalita MK, Sargsyan K, Tian B, Paulucci-Holthauzen A, Najm HN,
Debusschere BJ, Brasier AR. Sources of cell-to-cell variability in canonical
nuclear factor-kappaB (NF-kappaB) signaling pathway inferred from
single cell dynamic images. J Biol Chem. 2011;286(43):37741-57.
Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li J, Young DB,
Barbosa M, Mann M, Manning A, et al. IKK-1 and IKK-2: cytokine-activated
IkB kinases essential for NF-kB activation. Science (Washington DC).
1997,278:818-9.

Brasier AR. The NF-kappaB regulatory network. Cardiovasc Toxicol.
2006;6(2):111-30.

—

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 17 of 18

Burke JR, Pattoli MA, Gregor KR, Brassil PJ, MacMaster JF, McIntyre KW,
Yang X, lotzova VS, Clarke W, Strnad J, et al. BMS-345541 is a highly
selective inhibitor of IkB kinase that binds at an allosteric site of the
enzyme and blocks NF-kB-dependent transcription in mice. J Biol Chem.
2003;278(3):1450-6.

Zhao'Y, Jamaluddin M, Zhang Y, Sun H, Ivanciuc T, Garofalo RP,

Brasier AR. Systematic analysis of cell-type differences in the epithe-

lial secretome reveals insights into the pathogenesis of respiratory
syncytial virus-induced lower respiratory tract infections. J Immunol.
2017;198(8):3345-64.

Gizycki MJ, Adelroth E, Rogers AV, O'Byrne PM, Jeffery PK. Myofibroblast
involvement in the allergen-induced late response in mild atopic asthma.
Am J Respir Cell Mol Biol. 1997;16(6):664-73.

Kis K, Liu X, Hagood JS. Myofibroblast differentiation and survival in
fibrotic disease. Expert Rev Mol Med. 2011;13:e27.

Roy SG, Nozaki Y, Phan SH. Regulation of alpha-smooth muscle actin
gene expression in myofibroblast differentiation from rat lung fibroblasts.
Int J Biochem Cell Biol. 2001;33(7):723-34.

Hammad H, Lambrecht BN. Dendritic cells and epithelial cells: link-

ing innate and adaptive immunity in asthma. Nat Rev Immunol.
2008;8(3):193-204.

Hosoki K, Aguilera-Aguirre L, Brasier AR, Kurosky A, Boldogh I, Sur S.
Pollen-induced innate recruitment of neutrophils facilitates induction of
allergic sensitization and airway inflammation. Am J Resp Cell Mol Biol.
2015.

Gilbert RWD, Vickaryous MK, Viloria-Petit AM. Signalling by transforming
growth factor beta isoforms in wound healing and tissue regeneration. J
Dev Biol. 2016;4(2):1.

Holgate ST, Holloway J, Wilson S, Bucchieri F, Puddicombe S, Davies DE.
Epithelial-mesenchymal communication in the pathogenesis of chronic
asthma. Proc Am Thorac Soc. 2004;1(2):93-8.

Khalil N. TGF-beta: from latent to active. Microbes Infect.
1999;1(15):1255-63.

Denney L, Byrne AJ, Shea TJ, Buckley JS, Pease JE, Herledan GM, Walker
SA, Gregory LG, Lloyd CM. Pulmonary epithelial cell-derived cytokine
TGF-B1 is a critical cofactor for enhanced innate lymphoid cell function.
Immunity. 2015;43(5):945-58.

Xu X, Qiao D, Mann M, Garofalo RP, Brasier AR. Respiratory syncytial virus
infection induces chromatin remodeling to activate growth factor and
extracellular matrix secretion pathways. Viruses. 2020;12(8):1.

Tian B, Li X, Kalita M, Widen SG, Yang J, Bhavnani SK, Dang B, Kudlicki

A, Sinha M, Kong F, et al. Analysis of the TGFbeta-induced program in
primary airway epithelial cells shows essential role of NF-kappaB/RelA
signaling network in type Il epithelial mesenchymal transition. BMC
Genomics. 2015;16(1):529.

Jolly MK, Somarelli JA, Sheth M, Biddle A, Tripathi SC, Armstrong AJ,
Hanash SM, Bapat SA, Rangarajan A, Levine H. Hybrid epithelial/mesen-
chymal phenotypes promote metastasis and therapy resistance across
carcinomas. Pharmacol Ther. 2019;194:161-84.

Chang H, LiuY, Xue M, Liu H, Du S, Zhang L, Wang P. Synergistic action of
master transcription factors controls epithelial-to-mesenchymal transi-
tion. Nucleic Acids Res. 2016;44(6):2514-27.

Brasier AR. RSV reprograms the CDK9*BRD4 chromatin remodeling
complex to couple innate inflammation to airway remodeling. Viruses.
2020;12(4):83.

Tian B, ZhaoY, Sun H, Zhang Y, Yang J, Brasier AR. BRD4 mediates NFkB-
dependent epithelial-mesenchymal transition and pulmonary fibrosis
via transcriptional elongation. Am J Physiol Lung Cell Mol Physiol.
2016;311(6):L.1183-201.

Brasier AR, Tian B, Jamaluddin M, Kalita MK, Garofalo RP, Lu M. RelA Ser276
phosphorylation-coupled Lys310 acetylation controls transcriptional
elongation of inflammatory cytokines in respiratory syncytial virus infec-
tion. JVirol. 2011;85(22):11752-69.

Tian B, ZhaoY, Sun H, Zhang Y, Yang J, Brasier AR. BRD4 mediates NF-kB-
dependent epithelial-mesenchymal transition and pulmonary fibrosis
via transcriptional elongation. Am J Physiol Lung Cell Mol Physiol.
2016;311(6):L.1183-201.

Deprez M, Zaragosi LE, Truchi M, Becavin C, Ruiz Garcia S, Arguel

MJ, Plaisant M, Magnone V, Lebrigand K, Abelanet S, et al. A single-

cell atlas of the human healthy airways. Am J Respir Crit Care Med.
2020;202(12):1636-45.



Skibba et al. Respiratory Research (2021) 22:315 Page 18 of 18

61. Zaragosi LE, Deprez M, Barbry P. Using single-cell RNA sequencing to
unravel cell lineage relationships in the respiratory tract. Biochem Soc
Trans. 2020;48(1):327-36.

62. Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, Wang F,
Hogan BL. The role of Scgb1a1+ Clara cells in the long-term mainte-
nance and repair of lung airway, but not alveolar, epithelium. Cell Stem
Cell. 2009;4(6):525-34.

63. Carroll NG, Perry S, Karkhanis A, Harji S, Butt J, James AL, Green FH. The
airway longitudinal elastic fiber network and mucosal folding in patients
with asthma. Am J Respir Crit Care Med. 2000;161(1):244-8.

64. Karvonen HM, Lehtonen ST, Harju T, Sormunen RT, Lappi-Blanco E, Méki-
nen JM, Laitakari K, Johnson S, Kaarteenaho RL. Myofibroblast expres-
sion in airways and alveoli is affected by smoking and COPD. Respir Res.
2013;14(1):84.

65. Dong J, Jimi E, Zhong H, Hayden MS, Ghosh S. Repression of gene
expression by unphosphorylated NF-kappaB p65 through epigenetic
mechanisms. Genes Dev. 2008;22(9):1159-73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Role of Secretoglobin+ (club cell) NFκBRelA-TGFβ signaling in aero-allergen-induced epithelial plasticity and subepithelial myofibroblast transdifferentiation
	Abstract 
	Background
	Materials and methods
	Cat dander extract (CDE)
	hSAEC culture and RelA-silencing
	Animal study
	Tamoxifen (TMX) administration
	Cell Count and differentials
	TGFβ1 ELISA assay
	Immunostaining
	Q-RT-PCR
	Immunofluorescent-optical clearing light sheet microscopy
	Lung single cell suspension and flow cytometry
	Two-step chromatin immunoprecipitation (XChIP) assays
	Statistical analysis

	Results
	CDE induces waves of inflammation and mucosal TGFβ isoform expression
	CDE produces bioactive TGFβ release into the BALF
	CDE activates canonical mucosal TGFBR signaling
	CDE induces epithelial plasticity
	CDE activates NFκB signaling
	IKK signaling is required for canonical TGFβ signaling and epithelial plasticity
	CDE induces epithelial plasticity in human Club cell progenitors
	NFκBRELA mediates CDE induced activation of the core mesenchymal transcription factors
	Epithelial RELA directly activates TGFβ1
	RELA binds and recruits phosphorylated RNA Pol II to the TGFβ1 promoter
	RelA signaling in Secretoglobin-expressing (Scgb1a1+) small bronchiolar cells mediates CDE-induced TGFβ1 expression
	Scgb1a1-expressing small bronchiolar cells mediates CDE-induced sub epithelial fibroblast-myofibroblast expansion

	Discussion
	Conclusions
	Acknowledgements
	References


