Ciliated Cells of Pseudostratified Airway Epithelium Do
Not Become Mucous Cells after Ovalbumin Challenge
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Mucous cell metaplasia is a hallmark of airway diseases, such as
asthma and chronic obstructive pulmonary disease. The majority of
human airway epithelium is pseudostratified, but the cell of origin
of mucous cells has not been definitively established in this type of
airway epithelium. There is evidence that ciliated, club cell (Clara), and
basal cells can all give rise to mucus-producing cells in different
contexts. Because pseudostratified airway epithelium contains distinct
progenitor cells from simple columnar airway epithelium, the lineage
relationships of progenitor cells to mucous cells may be different in
these two epithelial types. We therefore performed lineage tracing
of the ciliated cells of the murine basal cell-containing airway epi-
thelium in conjunction with the ovalbumin (OVA)-induced murine
model of allergic lung disease. We genetically labeled ciliated cells
with enhanced Yellow Fluorescent Protein (eYFP) before the aller-
gen challenge, and followed the fate of these cells to determine
whether they gave rise to newly formed mucous cells. Although cil-
iated cells increased in number after the OVA challenge, the newly
formed mucous cells were not labeled with the eYFP lineage tag.
Even small numbers of labeled mucous cells could not be detected,
implying that ciliated cells make virtually no contribution to the new
goblet cell pool. This demonstrates that, after OVA challenge, new
mucous cells do not originate from ciliated cells in a pseudostratified
basal cell-containing airway epithelium.
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Mucous metaplasia is one of hallmarks of respiratory diseases,
such as asthma (1) and chronic obstructive pulmonary disease
(COPD) (2). It is characterized by an increased number of mu-
cous cells (goblet cells) in the airway epithelium and, conse-
quently, an excess of airway mucus that can contribute to airway
obstruction, mucus plugging, chronic cough, decreased pulmo-
nary function, increased risk of infection, and death (3-7). Mouse
models of the acute allergic response to inhaled allergens, such
as ovalbumin (OVA), are frequently used to study features of
clinical asthma, including the appearance of goblet cells (8-10).
Mechanistically, IL-13 is known to promote goblet cell meta-
plasia in murine models of allergic lung disease (11-14), and in-
creased levels of IL-13 are associated with asthma and COPD
(3,15,16). Recently, SAM pointed domain containing ets tran-
scription factor (SPDEF) and Forkhead box protein A3 (FOXA3)
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CLINICAL RELEVANCE

Mucous metaplasia is a pathologic process in airway dis-
eases, such as asthma, chronic obstructive pulmonary dis-
ease, and cystic fibrosis. The cell of origin of newly formed
mucous cells remains controversial. Knowing the progeni-
tors of airway mucous cells will help to understand the
cellular and molecular biology behind the pathologic pro-
cess, and will also help to prevent the mucous cell metaplasia
that eventually may produce the death of the patient.

have been identified as transcription factors exclusively expressed
in airway goblet cells, and the expression of both is increased after
pulmonary allergen and IL-13 exposure (17, 18).

Prior animal studies of allergic lung disease largely focused on
the murine small airway epithelium and, in aggregate, suggested that
club cells (Clara) are the cells of origin of goblet cells after an allergen
challenge. A decrease in the number of club cells accompanied
by an increase in the number of mucous cells in the small airway
columnar epithelium of OV A-challenged mice suggested that, in
this region of the airway, club cells convert to mucous cells (19).
Furthermore, using the OVA mouse model of airway disease,
Evans and colleagues (20) observed mucin expression in a subset
of club cells, again suggesting that club cells serve as progenitors of
goblet cells. These observations were also consistent with another
study showing that mucous cells produced in the airways of OVA-
treated mice include many ultrastructural characteristics of club
cells documented by electron microscopy (21). Finally, Chen and
colleagues (18) used a direct lineage tracing approach to follow the
fate of club cells after an OV A challenge and demonstrated that
goblet cells do indeed arise from club cells. However, this study
could not exclude the possibility that there was also a contribution
of some small airway ciliated cells to the goblet cell pool. The
study also did not address the cell of origin of mucous cells in
pseudostratified basal cell-containing airway epithelium.

Of note, several studies have shown that ciliated cells can give
rise to goblet cells in other contexts. In a mouse model of Sendai
virus infection, epidermal growth factor receptor (EGFR) activa-
tion in ciliated cells inhibited apoptosis and led to the expression
of goblet cell markers in these ciliated cells (22). The presence
of cells possessing characteristic markers of both ciliated and mu-
cous cells in the mouse and human airway epithelium, in vivo and
in vitro, led the authors to postulate that ciliated cells transdiffer-
entiate into mucous cells after IL-13 treatment (22, 23). Very re-
cently, Turner and colleagues (24) also suggested that ciliated cells
could convert to goblet cells using human airway epithelial cells in
culture. These cells were transduced with lentiviral vectors contain-
ing Cre recombinase under the control of the Forkhead box pro-
tein J1 (FOXJ1) promoter and a cytomegalovirus (CMV)-driven
floxed-EGFP construct to label ciliated cells. After I1L-13
treatment, newly formed goblets cells were EGFP™, suggesting
that the goblet cells were derived from FOXJ1-expressing ciliated
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cells. Thus, there may be differences in the cells of origin of mu-
cous cells, depending upon the nature of the injury that induced
the mucous metaplasia or the type of airway epithelium studied.

The majority of the human small airway epithelium affected in
asthma and COPD is a pseudostratified basal cell-containing air-
way epithelium (25). In the mouse, this type of airway epithelium
is found only in the trachea and mainstem bronchus. Despite these
are the regions that most closely approximate the cellular architec-
ture of the small airways of human lungs (25, 28), there is a paucity of
literature characterizing the effects of OV A challenge on this region
of the murine airway. We therefore performed lineage tracing of the
ciliated cells of the murine pseudostratified airway epithelium in
conjunction with the OV A-induced murine model of allergic lung
disease. We genetically labeled ciliated cells with enhanced Yellow
Fluorescent Protein (eYFP) before the allergen challenge and fol-
lowed the fate of these cells specifically in the mouse trachea and
bronchi to determine whether they gave rise to newly formed mu-
cous cells. We concluded that ciliated cells do not give rise to goblet
cells in OV A-induced mucous metaplasia in the region of the mouse
airway that most closely approximates the cellular composition of
the human small airways affected in COPD and asthma.

MATERIAL AND METHODS

Mouse Models

FOXJ1-Cre mice were previously described (29). Rosa26R-e YFP
(Gt(Rosa)26Sor™ ¢ YFP)Co9) 1y mice were acquired from The Jackson
Laboratory (Bar Harbor, ME). The OVA sensitization protocol was
previously described (8). Animal protocols were approved by the Mas-
sachusetts General Hospital Subcommittee on Research Animal Care
in accordance with National Institutes of Health guidelines.

Immunofluorescence, histology, quantitative RT (qQRT)-PCR, Western
blot, and FACS protocols are specified in detail in the supplemental
MATERIAL AND METHODS.

Statistical Analysis

Data were compared among groups using the Student’s ¢ test. A P value
of less than 0.05 was considered significant.

RESULTS

Detailed Characterization of Mucous Cell Fate Induction
in Pseudostratified Airway Epithelium after OVA Challenge

We used OV A challenge to induce mucous cell metaplasia in the
mouse airways. We assessed mucous cell differentiation after
the allergen challenge using immunohistochemistry for classic
markers of mucous cells (mucins) as well as for newly identified
transcription factors associated specifically with goblet cell fate
(SPDEF and FOXA3) (30, 31). We then performed a numerical
analysis of the cell fate distribution of airway epithelial cell
types after OV A challenge using a standardized OV A challenge
protocol in mice with a specific genetic background and at a spe-
cific region of the airway tree to ensure the reproducibility of
our assays. C57BL6/J males (6 wk old) received two intraperi-
toneal injections of OVA on Days 0 and 10. At 10 days after the
second injection, the mice were challenged with 1% OVA in
PBS or saline alone for 20 minutes using a nebulizer. This pro-
cedure was repeated on three consecutive days and the mice
were killed 48 hours after the third OVA or PBS challenge. We
stained airway sections with hematoxylin and eosin and ob-
served an increase in goblet cells in the distal trachea and major
bronchi of mice subjected to nebulized OV A as compared with
control mice that received nebulized saline (PBS) (Figure 1A).

In contrast to control airways, we detected Alcian Blue™
cells in the airways of OVA-treated animals, confirming that
mucous-producing cells were induced in response to allergen

(Figure 1B). We also confirmed the formation of bona fide
mucous cells by immunofluorescence for MucSac, UEA1, and
Foxa3 (Figures 1C and 1D). Almost all of the Muc5ac™ cells
were positive for the lectin, UEA1 (Figure 1C), and all of the
Muc5ac*t cells stained for Foxa3 (Figure 1D). The number of
Foxa3™ cells in the OV A-treated airways was 377 out of a total
of 1,676 epithelial cells (22.7 = 9.4%) (Figure 1E). In control air-
ways, we were unable to detect any cells that were positive for
these markers. To ensure that a mucous cell differentiation pro-
gram had been activated after OVA challenge, we analyzed the
expression of mucous genes. We isolated RNA from airway epi-
thelial cells obtained after papain dissociation of the distal trachea
and mainstem bronchus of OVA- or PBS-treated mice and per-
formed quantitative real-time PCR. As expected, the expression of
the mucous genes, Muc5ac, Spdef, and Foxa3, was increased in the
airway epithelial cells from OVA mice in comparison to those
from control mice (Figure 1F). These data indicate that OVA
exposure leads to the development of fully differentiated mucous
cells in the mouse pseudostratified airway epithelium. Of note, in
all of the airways analyzed we detected the development of mu-
cous cells beginning at cartilage numbers 8 or 9, and the numbers
of mucous cells increased distally along the trachea and the main-
stem bronchi (Figure 1G). For this reason, we focused our analysis
of mucous cell metaplasia in this region (Figure 1G).

Ciliated Cell Hyperplasia Occurs in the Murine Airway
Epithelium after OVA Challenge

We first performed a quantitative examination of the behavior of
ciliated cells in response to the OV A challenge. FoxJ1, a ciliated
cell transcription factor, has been shown to be regulated by
IL-13 (23), a cardinal proinflammatory cytokine that plays an
important role in goblet cell hyperplasia and metaplasia in human
asthma. Given a known increase in IL-13 after OVA expo-
sure (13, 14), we examined whether the expression of FoxJ1
was altered as a consequence of OVA exposure. In fact, the
expression of FoxJI, as detected by qRT-PCR, was significantly
up-regulated in the airway epithelium of OV A-challenged
mice (Figure 2A). We proceeded to examine whether the in-
crease in FoxJ1 reflected an expansion in the numbers of ciliated
cells. Immunostaining for FoxJ1 was performed to detect ciliated
cells (Figure 2B). Quantification of FoxJ1* cells in these airways
revealed a significant increase in the number of ciliated cells in
the distal trachea of the OV A-treated mice, where mucous cells
develop (Figure 2C; see also Table E1 in the online supplement).
Control mice possessed 24.2 (=0.5) FoxJ1* cells per 250 pm
basement membrane, representing 25.1 (+1.2)% of the total cells
(1,201 out of 4,679 airway epithelial cells), whereas the OVA-
treated mice showed 29.5 (+0.5) FoxJ1* cells per 250 wm base-
ment membrane, representing 30.5 (£1.7)% of total cells (1,659
out of 5,330 airway epithelial cells). Consistent with these results,
we observed an increase in the protein levels of FoxJ1 in the
airway epithelial cells of the OVA-treated mice measured by
Western Blot (Figure 2D). Densitometric measurement of the
bands and normalization to glyceraldehyde 3-phosphate dehy-
drogenase revealed an optical density of 1.8 (*£0.1) in the OVA-
challenged airways compared with controls (Figure 2E). These
results demonstrate that an early response of the airways to OVA
challenges includes not only an increase in the number of mucous
cells, but also of ciliated cells.

Neither Ciliated Cells nor Mucous Cells Proliferate
after OVA Challenge

We reasoned that the increased number of ciliated cells might re-
sult from their own proliferation or the proliferation of a different
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cell type and subsequent differentiation of this other cell type to We analyzed cell proliferation in OV A-treated airways and
a ciliated cell. Even though ciliated cells are believed to be found that there was a dramatic increase in the number of the

postmitotic (32), OVA exposure may impact the behavior of proliferation marker Ki67* cells in the OV A-challenged epithelium
ciliated cells by stimulating them to re-enter the cell cycle and (28.9 = 10.0%) compared with controls (5.3 = 2.0%) (Figure 3A).
proliferate, a phenomenon seen with other cell types that were However, this proliferation was almost exclusively in nonciliated
previously thought to be postmitotic. cells (Figure 3B). Among a total of 487 epithelial cells, 141 were
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Figure 1. Mucous cells in the pseudostratified airway epithelium of ovalbumin (OVA)-challenged mice. Immunostaining of frozen sections of control
mice (PBS) (left) and OVA-treated mice (right). The analysis was restricted to the distal part of the trachea and bronchi. (A) Hematoxylin and eosin
(H&E) staining of mouse proximal airways 48 hours after OVA challenge demonstrates the presence of goblet cells. (B) Alcian Blue (AB) stains the
newly formed goblet cells in OVA-treated mice. Blue staining identifies mucous-producing cells (C) Immunofluorescence for Muc5ac (red) and UEAT
(green) (D) Immunofluorescence for Muc5ac (green) and Foxa3 (red) on airway sections of PBS- and OVA-treated mice. Sections were counterstained
with 4',6-diamidino-2-phenylindole (DAPI; blue). (E) Percent of Foxa3™ cells in control and OVA-treated airways. (F) mRNA expression of mucous
genes, Muc5ac, Foxa3, Spdef, assessed by quantitative RT (qRT)-PCR in airway epithelial cells from OVA-treated mice compared with control (PBS).
mRNA was extracted from epithelial cells of the distal trachea and main bronchus of each mouse (n = 4/condition). The y axis represents relative
quantification normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Data shown are means (=SEM). *P < 0.05; ***P < 0.001. (G)
The specific region of the murine proximal airways analyzed in this study. The red square delimits the region of the distal trachea and main bronchus
that was studied. Transverse sections of the proximal airways stained for Muc5ac (red). Cartilage rings C8, C9, and C10 are highlighted. Figures are
representative of three independent experiments (n = 4 mice/condition in each experiment). Scale bars, 20 pm.

Ki67" and only 1 was FoxJ1" Ki67". Furthermore, 5-bromo-2’- in proliferation, FoxJ1" ciliated cells were not proliferating (0 out
deoxyuridine (BrdU) incorporation assays also demonstrated of 29 BrdU™ cells, in a total of 319 epithelial cells; Figure 3C).
that even though OVA challenge induced a significant increase Immunostaining for p63 (basal cell marker) and Scgblal (club
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means (£SEM). *P < 0.05; ***P < 0.001.
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Figure 3. Neither ciliated cells nor mucous cells proliferate after acute OVA challenge, and mucous cells do not arise from replicating progenitor
cells. (A) Immunostaining for the Ki67 protein (green) of control and OVA-challenged airway sections. (B) Double immunostaining for Fox|1 (red)
and Ki67 (green) in OVA-challenged airways. The arrow points to the only double-positive cell detected. Ciliated cells do not proliferate after OVA
exposure, because the proliferation marker, Ki67, does not colocalize with the ciliated marker, Fox|1 (C) The 5-bromo-2’-deoxyuridine (BrdU)
immunodetection (red) in combination with Fox|1 (green) in OVA-treated airway section also demonstrates that ciliated cells do not replicate.
Immunostaining for Ki67 (red) and p63 (green) (D) or Scgbl1al (E) demonstrates that both club and basal cells do replicate after OVA challenge. (F)
BrdU (red) is not incorporated into mucous cells (Foxa3™) (green) after the continuous administration of BrdU (1 mg/ml) in drinking water during
mucous cell development (a total of 5 d). Images are representative of three independent experiments (n = 4 mice/condition in each experiment).

Images are taken from the distal trachea and main bronchus. Scale bars, 20 pm.

cell marker) revealed that 42.2 (+7.0)% of the proliferating cells
(Ki67*) were basal cells (p63*) (Figure 3D), whereas 46.7
(£5.4)% were club cells (Scgblal™) (Figure 3E). In addition,
after the continuous administration of BrdU to label all replicat-
ing cells during and after OVA challenge, none of the newly
formed mucous cells had incorporated BrdU, as no BrdU*
Foxa3™ cells were detected (Figure 3F). Thus, mucous cells do
not replicate, and they do not arise from a replicating club or
replicating basal cell after acute OVA challenge.

Newly Formed Mucous Cells Do Not Express Ciliated
Cell Markers

If ciliated cells can act as mucous cell progenitors, one might ex-
pect to detect a transitional cell expressing ciliated and mucous
markers at the same time. To assess whether newly formed mu-
cous cells show markers of ciliated cell origin, we first analyzed
whether the mucous cells coexpress the ciliated cell markers,
FoxJ1 or acetylated tubulin. We stained our samples with an

antibody against acetylated tubulin (cilia marker) and
UEAT1 (a lectin that binds to mucous cells) (18) (Figures 1C
and 4A). We also used the transcription factor, FoxJ1, to iden-
tify ciliated cells (Figure 4B), and we did not detect any FoxJ1*
UEAL1" cells (Figure 4B). Furthermore, we performed double
immunofluorescence for FoxJ1 and Foxa3. These transcription
factors identify the nuclei of ciliated and mucous cells, respec-
tively, allowing for definitive localization of markers to a single
cell. We demonstrated that, in the airways of OV A-challenged
mice, FoxJ1 and Foxa3 are mutually exclusive (Figure 4C). We
found 0 FoxJ1" cells out of 141 Foxa3" cells. Therefore, newly
formed mucous cells (Foxa3") do not express the ciliated cell
transcription factor, FoxJ1. Control airways showed no positive
cells for UEA1 or Foxa3 (Figures 4A—4C). Because this analysis
was performed late in the differentiation process (48 h after the
third OVA challenge, when functional Muc5ac™ mucous
cells have already formed), we assayed for the presence of
transitional double-positive cells earlier. The earliest time point
at which we detected immature mucous cells (Foxa3™) not yet
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expressing Muc5ac was 8 hours after the third OVA exposure
(data not shown). At that time, we confirmed that none of the
immature Foxa3™ mucous cells expressed the ciliated cell tran-
scription factor, FoxJ1 (Figure 4D). These data indicate that the
goblet cells, which develop as a consequence of OV A challenge,
do not express any ciliated cell markers, suggesting that the cell
of origin of a mucous cell is not a ciliated cell in the pseudos-
tratified epithelium of the mouse.

FOX]1-Cre-Based eYFP Lineage Labeling Marks the Majority
of Ciliated Cells

To determine whether ciliated cells give rise to goblet cells after
OVA challenge, we used a genetic lineage tracing strategy to per-
manently label ciliated cells and all of their potential descendants
(33). This strategy is the most direct approach to determine
whether ciliated cells are the parents of the newly formed mucous
cells in our in vivo model of mucous metaplasia. To lineage trace
ciliated cells and determine whether they contribute to goblet cell
formation, we used FOXJ1-Cre; Rosa26R eYFP mice (29) in
which Cre recombinase is placed under the control of the human
FOXIJ1 promoter to mediate loxP site recombination and subse-
quent eYFP expression in ciliated cells. It has been previously
shown that this mouse specifically labels ciliated cells of the air-
ways and ciliated cells of other tissues (29).

We first examined the specificity of the recombination in our
specific mouse strains in the pseudostratified large airway epithe-
lium by assessing e YFP expression. We observed eYFP expres-
sion in ciliated cells as marked by coexpression of acetylated
tubulin and FoxJ1 (Figures SA and 5B) and not in basal cells,
detected by cytokeratin 5 (Figure 5C). The majority of the
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Figure 4. Newly formed mu-
cous cells do not express cili-
ated cell markers. Double
immunofluorescence for acet-
ylated tubulin (red) and UEA1
(green) (A), Fox|1 (red) and
UEA1 (green) (B), and Fox]1
(red) and Foxa3 (green) (C)
was performed on airways of
the distal trachea and main
bronchus from PBS- or OVA-
treated mice 48 hours after
OVA challenge. Arrows in (A)
indicate cells positive for UEAT
only, whereas the arrowhead in-
dicates a cell positive only for
acetylated tubulin. Arrows in
(B) points to cells positive for
UEAT1 only. (D) Immunostaining
for Fox]J1 (green) and Foxa3
(red) 8 hours after the last OVA
challenge. In all cases, ciliated
cell markers do not colocalize
with  mucous cell markers.
AcTub, acetylated tubulin. Scale
bars, 20 pm. Images are repre-
sentative of three independent
experiments (n = 4 mice/
condition in each experiment).

FoxJ1" cells were labeled (80 eYFP™ cells out of 96 FoxJ1*
cells). However, we also detected some unlabeled FoxJ1™ cells
(16 out of 96 eYFP™ cells) and a small minority of club cells
(Scgblal™) that were also labeled (11 eYFP™ out of 109 Scgblal™
cells; 11 Scgblal™ out of 75 eYFP" cells) (Figure 5D). This ob-
servation is consistent with the possibility that there are club-to-
ciliated transitional cells expressing both FoxJ1 and Scgblal in
the murine tracheal epithelium.

To determine the purity of the labeled population at the tran-
scriptional level, we first isolated epithelial cell adhesion molecule
(EpCAM)™ tracheal epithelial cells from FOXJ1-Cre; Rosa26R
eYFP mice by flow cytometry, and verified that 15.1% of
EpCAM™ cells were eYFP™ (Figure 6A). Furthermore, we veri-
fied by immunostaining after the sorting and cytospin that the large
majority of the eYFP" cells expressed ciliated cell markers, and
that ~85% of ciliated cells were labeled after Cre recombination
(data not shown), consistent with the immunofluorescence results.
To confirm the ciliated cell identity of the labeled population, we
sorted out EpCAM™ eYFP™" cells, isolated RNA from these cells,
and performed qRT-PCR for cell type—specific genes (Figure 6B).
The sorted population expressed FoxJI, but not Trp63 (basal
cells), Scgblal (club cells), Muc5ac, or Foxa3 (goblet cells). These
results verify the specificity of the lineage tracing system (FOXJ1-
Cre; Rosa26R eYFP mice) in the murine pseudostratified epithe-
lium, and confirm that the labeled population includes most of the
airway ciliated cells in this region of the murine airway.

Newly Formed Mucous Cells Are Not Derived from Labeled
Ciliated Cells in OVA-Induced Mucous Metaplasia

To definitively establish whether or not ciliated cells are a cell
of origin of newly formed mucous cells in our OVA-induced
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mucous metaplasia model, we challenged 6-week-old FOXJ1-
Cre; Rosa26R eYFP male mice with OVA, as previously de-
scribed here. At 48 hours after the third OV A challenge, airways
were collected and processed for analysis. We observed that most
of FoxJ1" cells were eYFP™ (105 eYFP-labeled FoxJ1™" cells
out of 117 FoxJ1™" cells; Figure 7A). However, labeled eYFP*
cells did not colocalize with Muc5ac, indicating that mucous
cells developed as a consequence of OVA exposure are not
derived from FoxJ1* cells (Figure 7B). Furthermore, Foxa3 (a
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Figure 5. FOX]1-Cre; Rosa26R
eYFP mice show most of their
airway ciliated cells labeled.
Airway sections from FOX]1-
Cre; Rosa26R eYFP mice (n =
4) were stained for enhanced
Yellow Fluorescent Protein
(eYFP) (green) and markers for
ciliated cells (acetylated tubulin
[A] and Fox]1 [B]), basal cells
(cytokeratin 5 [Krt5]) (C), and
club cells (Scgb1al) (D) in red.
eYFP colocalizes with acety-
lated tubulin and Fox]1, indi-
cating that the majority of the
ciliated cells are labeled. In rare
cases, eYFP is detected in club
cells (Scgblal™ cells), but not
in basal cells. eYFP expression in
club cells likely reflects club cells
that are in the process of becom-
ing ciliated cells. Scale bars,
20 pm.

nuclear mucous cell marker) is not detected in the eYFP-
labeled cells (Figure 7C). We found that, out of 85 Foxa3™ cells
detected, none were positive for eYFP™, indicating that Foxa3™
mucous cells are not derived from labeled ciliated cells. These
results indicate that, in our in vivo mouse model of mucous
metaplasia of acute allergic lung disease, the newly formed mu-
cous cells of the basal cell-containing pseudostratified epithe-
lium are not derived from ciliated cells. In fact, there is an
absence of evidence that such a phenomenon occurs even as

Figure 6. Labeled cells express
Fox|1 and do not express markers
of nonciliated cells. (A) Airway
epithelial cells from trachea and
major bronchi were isolated
from FOX]1-Cre; Rosa26R eYFP
mice (n = 6) and stained with
epithelial cell adhesion molecule
(EpCAM), a panepithelial marker.
EpCAM™ eYFP' cells were
detected and sorted by FACS
(delimited by red square in the
plot). (B) RNA was isolated from
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'g o the sorFed population, and gene
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the labeled sorted population,
whereas genes for other cell
types (Trp63 [dNp63 isoform],
Scgblal, Mucsac, Foxa3) are
expressed in the other popula-
tion of cells, confirming that
EpCAM™ eYFP™ cells are ciliated
cells. The relative quantification
of mRNA expression was nor-
malized to Gapdh. Data shown
are means (=SEM). *P < 0.05.
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a rare event in this form of injury in this understudied region of
the murine respiratory tree.

DISCUSSION

The murine OVA model has been extensively used as a model of
allergic lung disease and to model features of asthma (8). Most of the
previous studies that examined the epithelium have focused on the
small airways of the mouse (18-21), which possess a columnar ep-
ithelium containing club and ciliated cells, but lack basal progenitor
cells (28). Evans and colleagues (20) reported, in great detail, the
changes in the number of goblet, club, and ciliated cells exclusively
in the non-basal cell-containing mouse airways over a 6-hour
to 90-day time course after OVA exposure. A similar study
using stereology demonstrated that the cellular changes happened
in response to OVA challenge in the distal airway epithelium (19).
However, the majority of human airway epithelium affected in
asthma and COPD is pseudostratified (25). Because pseudostrati-
fied airway epithelium contains distinct progenitor cells from simple
columnar airway epithelium, the lineage relationships of progenitor
cells to mucous cells may be different in these two epithelial types
(26-28). Furthermore, since there is evidence that ciliated, club, and
basal cells can all give rise to mucous-producing cells in different
contexts, we sought to understand the lineage relationships of pro-
genitor cells to mucous cells in the proximal mouse airway epithe-
lium, because it most closely resembles the cellular architecture of
human small airways (25) (Figure 1G). We document and charac-
terize the development of mucous cells in the murine distal trachea
and mainstem bronchial pseudostratified epithelium. We char-
acterize the airways by hematoxylin and eosin and Alcian Blue, and
we deploy the classical and newly identified transcription factor
markers of mucous cells to unambiguously label mucous cells,
and to confirm their definitive cell fate (18). In addition, the up-
regulation of the mucous cell-specific genes, Muc5ac, Foxa3, and
Spdef, confirmed the activation of a mucous differentiation

Figure 7. Newly formed mucous cells after OVA challenge
are not derived from ciliated cells. Airways from FOX|1-
Cre; Rosa26R eYFP mice (n = 4) challenged with OVA
were collected and analyzed. Immunofluorescence was
performed for eYFP (green) and Fox|1 (A), Muc5ac (B),
and Foxa3 (C) (red). Multiple representative panels are
shown for each immunostaining. eYFP labels ciliated
FoxJ1" cells, but not mucous cells (Muc5AC*, Foxa3™),
indicating that the new goblet cells are not derived from
Fox]1™ cells in murine pseudostratified airway epithelium.
Images are representative of the analysis of distal trachea
and main bronchus in four animals. Scale bars, 20 pm.

program that results in the development of goblet cells in this
region of the airway epithelium of mice challenged with OVA.

Surprisingly, we noted an increase in the number of ciliated
cells after OV A challenge. We speculate that the increase in
ciliated cells in this basal cell-containing epithelium may allow
an early and rapid response of the airway epithelium to an
environmental challenge. However, our lineage data demon-
strate that this increased pool of ciliated cells does not give rise
to mucous cells. Of note, we examined the number of ciliated
cells only at 48 hours after the OV A challenge. Thus, we cannot
rule out the possibility that, at a later time point, the number of
ciliated cells normalizes (20) or even decreases, as may happen
in severe recurrent asthma (34).

Furthermore, our Ki67 and BrdU labeling experiments dem-
onstrate that, after the OVA challenge, neither the ciliated cells
nor the newly formed mucous cells are replicating. We do however
demonstrate that approximately half of the club cells and half of
the basal cells are replicating. Because our mucous cells did not
label with BrdU even when it was continuously administered
throughout the allergen challenge, this suggests that mucous cells
are directly arising from club or basal cells that have themselves
not replicated at any time during the OV A challenge before they
convert to mucous cells. We speculate that the replicating basal
and club cell populations are meant to replenish the nonreplicat-
ing basal and/or club cells that have been converted to ciliated or
mucous cells. It will be of interest to assay whether replicating pro-
genitors are necessary to fuel a continual supply of new mucous
cells in chronic models of allergen exposure. If BrdU was admin-
istered throughout a chronic allergen challenge, BrdU™ but Ki67~
mucous cells would indicate that a progenitor cell incorporated
BrdU as a replicating club and/or basal cell, and then subse-
quently differentiated into a postmitotic mucous cell. Most im-
portantly, lineage tracing of basal and club cells after OVA
challenge will clarify which of these cells is the progenitor of
the newly formed ciliated and mucous cells in our model system.



372 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013

It is indeed possible that both of these progenitor cell types
could act as progenitors for both ciliated and mucous cells.

As caveats to our experiments, we note that, in our ciliated
cell lineage tracing experiments, we cannot completely rule
out the possibility that the 15% of unlabeled ciliated cells could
become mucous cells. We suggest that this is a very unlikely pos-
sibility, because approximately 25% of the cells in the airway ep-
ithelium become mucous-producing cells without a replication
event. CreER drivers are often preferred for lineage tracing
experiments in adult mice. In fact, we have repeated the lineage
tracing experiments with FOXJ1CreER?"; Rosa26R-¢ YFP mice
(35), where 50.1% of the ciliated cells are labeled with eYFP
after a pulse of tamoxifen, and we did not detect any eYFP™
goblet cells (data not shown). This result is also consistent with
the literature showing that club cells can serve as the cells of
origin of mucous cells in the murine small airway (18).

Our results that demonstrate that ciliated cells do not convert to
mucous cells in the murine pseudostratified epithelium should not be
generalized to other forms of injury or to other areas of the respi-
ratory tree or across species. Despite their postmitotic state (35-37),
ciliated cells are known to change their shape and gene expression
during airway repair (38), suggesting that their behavior may de-
pend on the specific type of injury model used in any given study.
Evidence for transdifferentiation of ciliated to mucous cells after
IL-13 treatment (23, 24), or to squamous cells after naphthalene-
induced injury (38), has been reported. Indeed, a recent study used
a lineage tracing strategy in vitro, and suggested that FoxJ1-Cre;
EGFP cells give rise to goblet cells in an air-liquid interface plat-
form of epithelial cultures (24). This study used human cells, an
in vitro system, and a lentiviral infection to introduce FOXJ1-Cre
and cytomegalovirus (CMV)-floxed-EGFP constructs into cells.
The many differences between this system and our model include
the use of modified human cells compared with mouse cells and,
most importantly, a reliance on in vitro cultures (23, 24). It is in-
creasingly clear that cells become more plastic in culture systems
than they are in vivo, and this may explain the differing results in
these studies. Furthermore, because epithelial cells respond to var-
ied mesenchymal and immune cells (39), different in vivo models of
mucous metaplasia associated with differing immune responses,
such as the Sendai virus model (22) as compared with the OVA
model, may cause mucous metaplasia by different mechanisms. As
noted previously here, the evidence for human in vitro ciliated cell-
to—mucous cell transition could be due to the use of an in vitro
assay. However, it cannot be ignored, and merits further explora-
tion in actual human asthma tissues samples, where colabeling for
ciliated and mucous cell markers could suggest, but not prove,
a ciliated cell origin of human goblet cells in true human asthma.

By taking advantage of modern murine genetic models, our
results provide complementary and stringent evidence that cili-
ated cells do not contribute to the development of mucous cells
in vivo in the murine pseudostratified airway epithelium after
OVA challenge, and are consistent with previous reports show-
ing that club cells give rise to goblet cells after OVA challenge
in small airways (18). We note again that we have not clarified
whether club cells or basal cells, or both, could serve as mucous
cell progenitor populations in the specified region of the murine
airway epithelium (40). Further experiments using lineage trac-
ing to label club and basal cells must be done to establish the
quantitative contribution of each of these progenitor cell pop-
ulations to mucous metaplasia. Indeed, it is possible that chronic
allergen challenge may require the recruitment of different pro-
genitor cells that are unnecessary in acute challenges, as the
supply of functional mucous cells may need to be chronically
replenished in the setting of chronic injury.
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