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Wht signaling is required for lineage commitment of glandular stem cells (SCs) during tracheal
submucosal gland (SMG) morphogenesis from the surface airway epithelium (SAE). Whether
similar Wnt-dependent processes coordinate SC expansion in adult SMGs following airway injury
remains unknown. We found that two Whnt-reporters in mice (BAT-gal and TCF/Lef:H2B-GFP) are
co-expressed in actively cycling SCs of primordial glandular placodes and in a small subset of
adult SMG progenitor cells that enter the cell cycle 24 hrs following airway injury. At
homeostasis, these Wnt reporters showed non-overlapping cellular patterns of expression in the
SAE and SMGs. Following tracheal injury, proliferation was accompanied by dynamic changes in
Whnt-reporter activity and the analysis of 56 Wnt-related signaling genes revealed unique temporal
changes in expression within proximal (gland-containing) and distal (gland-free) portions of the
trachea. Wnt stimulation /in vivo and in vitro promoted epithelial proliferation in both SMGs and
the SAE. Interestingly, slowly cycling nucleotide label-retaining cells (LRCs) of SMGs were
spatially positioned near clusters of BAT-gal positive serous tubules. Isolation and culture of tet-
inducible H2B-GFP LRCs demonstrated that SMG LRCs were more proliferative than SAE LRCs
and culture expanded SMG-derived progenitor cells outcompeted SAE-derived progenitors in
regeneration of tracheal xenograft epithelium using a clonal analysis competition assay. SMG-
derived progenitors were also multipotent for cell types in the surface airway epithelium and
formed gland-like structures in xenografts. These studies demonstrate the importance of Wnt
signals in modulating SC phenotypes within tracheal niches and provide new insight into
phenotypic differences of SMG and SAE SCs.

Graphical Abstract

Two distinct stem cell (SC) compartments in the mouse trachea include basal cells in the surface
airway epithelium (SAE) and submucosal glands (SMGs). This research demonstrates that SCs
from these two compartments have unique and overlapping properties that respond to dynamic
changes in Wnt signaling following injury. Slowly cycling label retaining (LRC) SCs isolated from
the SMGs had a greater proliferative capacity than SAE LRCs and glandular LRCs reside near
Whnt-active tubules. Isolated glandular SCs had a greater regenerative capacity to reconstitute a
denuded tracheal xenograft than SAE SCs, and only glandular SCs formed gland-like clones in
xenografts and organoid cultures.

Introduction

Renewal of the airway epithelium occurs from tissue-specific stem cells (SC) that reside
within region-specific niches. Signals in these niches regulate progenitors, which can self-
renew and give rise to differentiated cells found within their epithelial compartments. In the
lung, there are at least five region-specific SC niches [1]. These niches contribute to
maintenance and regeneration of specific types of epithelia that are functionally distinct. The
tracheobronchial surface airway epithelium (SAE) is a pseudostratified columnar epithelium,
and the primary SCs for the SAE are basal cells located along the basement membrane [2—
9]. Submucosal glands (SMGs) in the airway also contain SCs that are thought to contribute
to regeneration of the SAE [10-15]. These tubuloacinar structures secrete mucus and serous
fluids into the airway through ciliated ducts that are continuous with the SAE. The glandular
epithelium includes multiple cell types including ductal, serous, mucous, and myoepithelial
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cells. It remains undetermined whether SCs in the SAE and SMGs are biologically distinct.
Furthermore, the factors that regulate proliferation of SCs within the glandular compartment
are poorly understood.

Fundamental differences in SC niche regulation within the SMG and SAE can likely be
informed through an understanding of processes that establish each of these compartments
during development. For example, elements specific to glandular development may be
conserved in regulating adult SCs within the SMGs. Glandular morphogenesis in mice
begins with the formation of placodes in the proximal trachea. In this context, primordial
glandular SCs coalesce to form primitive glandular structures that develop into branched
networks of secretary acini, tubules, and ducts [16-19]. Canonical Wnt/B-catenin signaling
is necessary during early stages of SMG development through the activation of transcription
factors in the Tcf/Lef-1 family. In particular, expression of Lymphoid Enhancer Binding
Factor 1 (Lef-1) is upregulated in glandular placodes and is required for SMG development
[20-22]. Moreover, the canonical Wnt ligand, Wnt3a, is required for the induction of Lef-1
within glandular placodes [22-24]. In addition, Wnt reporter mice show activation of
canonical Wnt signaling in neonatal glandular placodes [21, 22]. Given that Wnt signaling is
such an important aspect in coordinating primordial glandular precursors during gland
development, we hypothesized that this biology is conserved for regulating adult SCs in the
airway SMGs.

In the current study, we advance our understanding of how SCs from tracheal niches within
the SMGs and SAE are biologically distinct and utilize Wnt signals to regulate proliferation
following injury. Importantly, we demonstrate that SCs derived from SMGs are highly
proliferative and multipotent for regenerating cell types in the SAE and also have the unique
capacity to form gland-like structures in organoid culture and tracheal xenografts. These and
other findings underscore the unique properties of glandular SCs and their niche, and also
suggest new directions for therapeutically manipulating the regenerative capacity of the
proximal airway.

Animals and naphthalene injury experiments

Experiments involving mice were performed according to protocols approved by the
Institutional Animal Care and Use Committee of the University of lowa. Wild-type
C57BL/6, BAT-gal (B6.Cg-Tg(BAT-lacz)3Picc/J), TCF/Lef:H2B-GFP (TCF/Lef1-
HIST1H2BB/EGFP)61Hadj/J), Rosa26-F*TomatoStoPFIX-eGFP
(Gt(ROSA)26Sorm4(ACTB-tdTomato,-EGFP)LUO/}) ‘and Rosa26-rtTA/TetON:H2B-GFP (B6.Cg-
Gt(ROSA)26SortmLItTA*M2)Jae 3y crossed with Tg(tetO-HIST1H2BJ/GFP)47Efu/J) mouse
strains were purchased from The Jackson Laboratory. Mice were injured with a single IP
injection of 300 pug Naphthalene per gram bodyweight and pulsed with nucleotide labels as
described in the Supplemental Methods.
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Histology, immunofluorescence, and image analysis

Excised tracheae were embedded in OCT or were fixed in cold 4% paraformaldehyde (PFA)
in PBS and cryoprotected at 4°C with graded sucrose/PBS solutions before being embedded
in OCT. PFA-fixed frozen 8 um sections were used for immunofluorescent staining with the
primary antibodies listed in Supplementary Table S1 and detailed methods described in the
Supplemental Methods. Enzymatic LacZ staining and other histochemical stains were
performed as described in the Supplemental Methods. Image analysis was performed using
ImageJ software and MetaMorph Software’s Multi Wavelength Cell Scoring Application
Module (see Supplemental Methods).

In vitro and in vivo Wnt induction experiments

Tracheae from double transgenic mice possessing both BAT-gal and TCF/Lef:H2B-GFP
reporter alleles were treated /n vitrowith BSA, DkK1, or Wnt1/Wnt3a and evaluated for
Whnt-reporter and Ki67 expression as described in the Supplemental Methods. /n vivo
recombinant adenovirus expression of Wnt3a was performed in mice possessing the BAT-gal
allele and the Rosa26-F*TomatoStoPFIX-eGFP Cre reporter allele to assess both Wnt activity
and transduction efficiency. See Supplemental Methods for more details.

SMG and SAE cell isolation, expansion, and seeding into organoid culture and tracheal

xenografts

Glandular- and surface airway-derived epithelial cells from excised mouse tracheae were
isolated using a sequential enzymatic digestion strategy similar to previous reports [25, 26].
Organoids were generated using methods as previously described [6] with modifications. For
xenografts, isolated cells were expanded in the presence of Rho-kinase inhibitor as
previously described [27] with modifications. SMG and SAE-derived cells from wild type
mice or mice expressing tdTomato were mixed at various ratios and seeded into tracheal
xenografts as previously described [16, 28-30]. See Supplemental Methods for more details.

Colony forming efficiency assay of LRCs

SMG and SAE cells were isolated as described above from Rosa26-rtTA/TetON:H2B-GFP
mice 120 days after H2B-GFP induction and injury. GFP* LRCs and GFP~ cells were
manually selected to create LRC-enriched and LRC-depleted pools of cells derived from
SMGs or the SAE. 2 x 103 cells of each cellular fraction were mixed with 2 x 10° cells
Rosa-tdTomato total tracheal epithelial cells and cultured at an air-liquid interface [31] prior
to doxycycline induction and quantification of H2B-GFP-derived colonies. See
Supplemental Methods for more details.

RNA guantification

Tracheal RNA expression was measured in double transgenic BAT-gal: TCF/Lef:H2B-GFP
mice before and after naphthalene injury (1 and 5 days) using the QuantiGene Plex Assay
Kit (Affymetrix) as described in the Supplemental Methods. Bead-based oligonucleotide
probe sets detected transcripts for 56 genes effecting Wnt signaling, 9 cellular marker genes,
3 housekeeping genes, and LacZ and GFP reporters (Supplementary Table S2).
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Canonical Wnt signaling is highly regulated in glandular and surface airway epithelial cells
of the adult mouse trachea

Given that Wnt signaling is critically important during SMG development, we interrogated
Whnt signaling in adult BAT-gal and TCF/Lef:H2B-GFP mice (Fig. 1A). Both Wnt reporters
were active in SMG placodes in 1-day-old trachea (Fig. 1B), consistent with the
transcriptional induction of the Lef-1 gene in SMG placodes [10, 24]. By contrast, the
activity of these reporters was non-overlapping and confined to microenvironments within
the adult SMGs and SAE (Fig. 1C-F and Supporting Information Fig. S1). Clusters of cells
expressing p-galactosidase from the BAT-gal transgene were observed in the SAE and were
primarily composed of CK5* basal cells (Supporting Information Fig. S1C). In the SMGs,
BAT-gal positive cells also localized as clusters primarily within acini, but also within ducts
(Fig. 1C-F and Supporting Information Fig. S1A,B). To evaluate whether expression from
these Whnit reporters might be linked to §-catenin activation, we quantified the amount of
activated nuclear p-catenin and Wnt-reporter expression within cells of SMG placodes
(Supporting Information Fig. S2). Interestingly, the degree of nuclear p-catenin observed in
SMG placode progenitors correlated with specific Wnt-reporter phenotypes. For example,
cells positive for both TCF/Lef:H2B-GFP and BAT-gal contained levels of activated nuclear
B-catenin that were significantly greater than all other Wnt-reporter classifications (A<0.001
to A<0.0001). Cells expressing TCF/Lef:H2B-GFP alone contained the next highest level of
nuclear B-catenin as compared to dual negative cells (£<0.0001) and cells expressing BAT-
gal alone had no enrichment of nuclear B-catenin as compared to dual negative cells. These
data suggest that simultaneous activation of both Wnt-reporters in glandular progenitors
gives rise to the greatest degree of canonical Wnt/B-catenin signaling. Such a finding is
generally consistent with a requirement for canonical Wnt3a signaling during gland
morphogenesis [24].

Inta6*/Int4*/Lyz* Wnt-active glandular cells cluster within a subset of serous tubules

To define the glandular cell type(s) displaying Wnt activation, we phenotyped clusters of
BAT-gal™ cells in the SMGs (Supporting Information Fig. S3). Two phenotypic markers of
SAE basal cells, cytokeratin 5 and 14, marked ~23% and ~3% of glandular BAT-gal* cells,
respectively. Approximately 98% and 96% of glandular BAT-gal™ cells were positive for
Inta6 and Intp4, respectively, which have both been shown to mark highly proliferative
tracheal stem/progenitor cells in the SAE [32, 33]. Although Ngfr is a faithful marker of
SAE basal cells, its expression in the SMGs is less extensive and did not mark an
appreciable number of BAT-gal™ cells. However, ~18% of BAT-gal* cells express aSMA,
which marks glandular myoepithelial cells. Glandular BAT-gal* cells did not localize to
mucous tubules and did not express Muc5AC. Notably, the majority (~87%) of BAT-gal*
cells expressed lysozyme and thus would be classically defined as a subset of serous cells.
Together these data suggest that Wnt signaling in murine SMGs is confined to non-mucous-
producing acini and is activated in a subset of serous and myoepithelial cells, however, the
majority of glandular BAT-gal* cells do not express typical markers associated with basal
cells in the SAE.
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The tracheal SAE is regenerated in a proximal to distal fashion in mice after naphthalene

injury

If SMGs contain SCs that contribute to the SAE, we hypothesized that following injury the
tracheal SAE would regenerate in a proximal to distal fashion. To this end, we interrogated
the dynamics of tracheal epithelial regeneration in naphthalene-injured mice by pulsing the
mice with BrdU 1 hr prior to harvest on days post-injury (DPI) (Supporting Information Fig.
S4). There was little BrdU incorporation in the trachea prior to and at 1 DPI. At 3 DPI, BrdU
incorporation was first observed in the surface and glandular epithelium at cartilage ring 1-2
(C1-C2) of the trachea. This coincided with the emergence of CK14 positive cells in the
SAE above the SMGs. In this C1-C2 region of the trachea, there was a significant decline in
the proliferative index with time post-injury (Pearson r=-0.52, P=0.0037) (Supporting
Information Fig. S4B). By contrast, the opposite trend was observed in the distal trachea
lacking glands (C5-C6)—proliferation significantly increased with time post-injury (Pearson
r=0.65, P=0.0001). Interestingly, with increasing time following injury, the abundance of
CK14-expressing cells extended further distally in the trachea, and by 6 DPI, CK14-
expressing cells in the SAE were observed distal to C6 (Supporting Information Fig. S4A).
This apparent “spread” of CK14-expressing cells correlated with the localization of
proliferating (BrdU™*) cells in the SAE. These findings suggest that regeneration of the
tracheal SAE may proceed from the glandular regions to the more distal regions of the
trachea lacking SMGs.

Wnt signaling dynamically changes within the SMGs and SAE following injury and during
regeneration

Given that Wnt signaling is maintained in the SMGs and SAE of adult mice and Wnts are
known to regulate glandular progenitors during development, we set out to interrogate how
Whnt signals are modulated during epithelial regeneration after naphthalene injury. Wnt
activity was assessed in tracheal tissues from dual Wnt reporter mice harboring both TCF/
Lef:H2B-GFP and BAT-gal transgenes. Ki67 was used to measure proliferation in the SAE
and SMGs at the level of the cricoid cartilage (CC) to C4 following injury, and cells were
scored for Wnt reporter expression (Fig. 2A). As previously observed, proliferation in the
SAE and SMGs peaked at 3 DPI (Fig. 2B). Although the percentage of proliferating cells in
the SAE was significantly higher than in the SMGs at 3 DPI (P=0.0022) and 5 DPI
(P<0.0001) (Fig. 2B), the fold change in proliferating cells relative to uninjured values was
similar in the SAE and SMGs at all time points except 5 DPI (Fig. 2C). Surprisingly, TCF/
Lef:H2B-GFP expressing cells increased during the first 5 DPI (Fig. 2D), while BAT-gal
positive cells decreased during the first 3 DPI and then rose thereafter (Fig. 2E). Despite the
decline in BAT-gal at 3 DPI in the SAE and SMGs, the number of double positive cells for
TCF/Lef:H2B-GFP and BAT-gal in the SAE increased at 5 DPI (Fig. 2F). However, these
double positive Wnt-active cells constituted a minor component of the SAE (1.0%) or SMGs
(0.03%). Analysis of subpopulations of Ki67* proliferating cells in the SMGs revealed a
highly dynamic change in cell types expressing TCF/Lef:H2B-GFP and/or BAT-gal (Fig.
2G,H,I). Relative to baseline values, there was a significant increase in TCF/Lef:H2B-GFP
*Ki67* cells at 3 DPI (P<0.001), 5 DPI (P<0.0001), and 7 DPI (P<0.05), and the abundance
of BAT-gal*Ki67* cells significantly increased at 5 DPI (P<0.0001) (Fig. 2G,H,1).
Interestingly, the number of TCF/Lef:H2B-GFP*BAT-gal*Ki67* cells significantly increased
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at 1 DPI (P<0.001) and again at 5 DPI (P<0.0001) (Fig. 2G,H), but represented a very small
subset of glandular cells (0.01-0.1%). Taken together these data suggest that changes in Wnt
signaling could coordinate proliferative programs that govern progenitor expansion in the
SAE and SMGs. Furthermore, TCF/Lef:H2B-GFP*BAT-gal* cells, which are absent in
SMGs of the uninjured airway, proliferated very early following injury and have a Wnt-
reporter phenotype similar to primordial glandular SCs during development (Fig. 1B).

Wntl and Wnt3a promote proliferation in tracheal gland and surface epithelia

Previous studies have demonstrated that both Wntl1 and Wnt3a can modulate expression of
Lef-1 in airway epithelia [21-24] and Lef-1 is a transcriptional activator of Cyclin D1 [34,
35]. Given that Wnt signals are required to promote Lef-1-dependent proliferation of
primordial glandular SCs during airway development [24], we hypothesized that Wnt signals
also modulate proliferation of adult SMG stem/progenitor cells. To approach this hypothesis,
we infected BAT-gal reporter mice with Wnt3a-expressing recombinant adenovirus
(Ad.Wnt3a) or an empty vector virus (Ad.Control) and assessed BAT-gal expression and
proliferation (Ki67) (Supporting Information Fig. S5). Additionally, these mice contained
the Rosa26: *tdTomato-StoPfIXeGFP transgene to enable determination of viral transduction
with an adenoviral Cre vector (Ad.Cre) spiked into the viral inoculum. Analysis was
confined to the SAE due to insufficient SMG targeting. Importantly, there was no difference
in eGFP conversion efficiency in mice treated with Ad.Control or Ad.Wnt3a (Supporting
Information Fig. S5C). Ad.Wnt3a expression led to a significant increase in BAT-gal
expression (P=0.0009) and to significantly more Ki67* proliferating cells (P=0.0030)
(Supporting Information Fig. S5D,E), relative to the control vector. These data indicate that
Whnt3a expression in tracheal SAE is sufficient to induce proliferation.

In addition, we utilized a tracheal explant model to evaluate if Wnt signals impact
proliferation in both the SAE and SMGs. Tracheae from dual Wnt reporter mice were halved
length-wise down the ventral/dorsal axis and cultured in media supplemented with either
Whnt inhibitor (Dkk1) or Wnt activators (Wntl and Wnt3a) (Supporting Information Fig.
S6A). The culture media also contained EdU to label dividing cells (Supporting Information
Fig. S6B,C). As expected, tracheal halves cultured in the presence of Wnt1 and Wnt3a
showed upregulation of BAT-gal as compared to DKK-treated tracheas for both the SMGs
(38.5-fold) and SAE (18.5-fold) (Supporting Information Fig. S6D); however, these
comparisons were not significant for the TCF/Lef:H2B-GFP reporter (SAE 3.2-fold, SMGs
1.3-fold) (Supporting Information Fig. S6E). Interestingly, Wnt1/Wnt3a treatment only
significantly induced proliferation in the SMGs (4.3-fold) (Supporting Information Fig. S6F)
and SMG proliferation was significantly more responsive to Whnt-activation compared to the
SAE (P=0.0070) (Supporting Information Fig. S6G). Similar changes were observed when
BSA was used in place of Dkk1 (Supporting Information Fig. S6H-K), suggesting Wnt
inhibition had a marginal effect on the study. These data indicate that activation of canonical
Wht signaling is sufficient to promote proliferation of progenitors within the glands. The
nature of the explant model, in which the airway surface is injured during division of the
trachea, may contribute to the higher baseline proliferation in the SAE and less Wnt-
responsiveness compared to the /n vivo studies on ectopic expression of Wnt3a.
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Expression of Wnt pathway and Wnt reporter genes uniquely change in the proximal and
distal trachea following injury

To identify molecular factors that might be responsible for modulating Wnt reporter activity,
we quantified changes in tracheal RNA expression following naphthalene injury of BAT-
gal: TCF/Lef:H2B-GFP double-transgenic mice. Target transcripts included 9 cell-type
specific marker genes, 56 endogenous Wnt-related genes, and the Wnt reporter genes LacZ
and GFP (Supplementary Table S2). Expression was evaluated in both the proximal gland-
containing (CC-C4) and distal gland-absent (C5-C13) regions of the trachea at 1 and 5 days
post-injury and compared to uninjured controls (Fig. 3A). TCF/Lef:H2B-GFP RNA
expression increased in the proximal trachea and decreased in the distal trachea at 1 DPI,
while at 5 DPI expression increased in both the proximal and distal regions (Fig. 3B). This
change at 5 DPI was consistent with an increased abundance of TCF/Lef:H2B-GFP
expressing cells following injury (Fig. 2D). BAT-gal RNA expression increased at 1 and 5
DPI in the proximal and distal trachea with the greatest change in the distal trachea (Fig.
3C). Given that the abundance of BAT-gal positive epithelial cells decreased following injury
(Fig. 2E), it is likely that the increase in BAT-gal expression was within non-epithelial cells.
Wisp2, a downstream target of Wnt signaling [36—38], was significantly induced following
injury and to a greater extent in the distal trachea (Fig. 3D). Several Wnt-related genes were
downregulated in a temporal- and/or regional-specific manner following injury (Fig. 3E-
K,V), including the known Wnt inhibitors Wifl (Fig. 3E) [39] and Dkk2 (Fig. 3K), Wnt
ligands Wnt5a (Fig. 3H) and Wnt4 (Fig. 31), and the Wnt-signaling modulator Sfrp2 (Fig.
3J). Many of these factors returned to baseline, or were elevated, at 5 DPI (i.e., Sfrp2). In
addition, several Wnt-related genes were upregulated following injury, some with
temporally- or regionally-specific changes (Fig. 3L-R and V). For example, Wnt3a
expression increased in the proximal trachea and was not detected in the majority of distal
segments (Fig. 3L), whereas Wnt2 expression was significantly upregulated in only the
distal trachea at 1 DPI (Fig. 3M). In addition, Fzd2 (Fig. 3N) and DvI1 (Fig. 30) were
upregulated in both regions and days post-injury. Interestingly, the Wnt- and Hedgehog-
activated Wnt inhibitor, Sfrpl [40-42], was significantly up-regulated in both regions at 1
and 5 DPI (Fig. 3N), and Hes1, a transcriptional target of Notch signaling [43], was
upregulated in the proximal trachea at 1 and 5 DPI (Fig. 3Q). Importantly, the two
housekeeping genes used for normalization (Ppib and Hprt) did not significantly change
following injury (Fig. 3S,T). Fold changes in the expression of several cell-type marker
genes followed a pattern that is consistent with tracheal injury (Fig. 3U) [9, 44, 45]. For
example, ciliated cell-specific Foxjl and club cell-specific Cyp2f2 and Scgblal decreased
following injury, while basal cell-specific markers Krt5 (CK5) and Krt14 (CK14) increased.
Interestingly, expression of Acta2 (aSMA), a marker of myofibroblasts and glandular
myoepithelial cells, was increased in the distal trachea (Fig. 3U). In summary, we found a
total of 31 differentially expressed endogenous Wnt-related genes following injury including
Whnt ligands, inhibitors/antagonists, effectors, receptors, and downstream targets (Fig. 3V).
From the standpoint of factors that may impact expression of the Wnt-reporters following
injury, GFP expression clustered with Hes1, Jag2, and Wnt10a, while LacZ expression
clustered with a larger number of upregulated genes including Fzd1, Dkkl1, Fzd7, Lrp5,
Fzd2, Sfrpl, Bmpr2, DvI1, Wisp2, Wnt6, DII1, and Wnt2 (Fig. 3V). Together, these data
indicate that dynamic changes in Wnt-signaling occur following tracheal injury that show
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similar, as well as opposing, trends in regulation during epithelial regeneration in the
proximal and distal trachea.

At homeostasis, BAT-gal* cells are not label-retaining cells, but reside near label-retaining

cells

In light of the evidence that Wnt signals regulate proliferation /7 vivoand in tracheal
explants, we hypothesized that Wnt-active cells within SMG tubules either play a role in the
glandular SC niche or mark glandular stem/progenitor cells. We defined glandular stem/
progenitor cells as those cells capable of retaining two pulsed nucleotide labels following
two sequential injuries (Fig. 4A). To this end, BAT-gal mice were injured and pulsed with
EdU (5-ethynyl-2’-deoxyuridine) and then reinjured at 90 days in the presence of a second
BrdU (5-bromo-2’-deoxyuridine) pulse. At 120 days following the second injury, EdU,
BrdU, and BAT-gal expression were co-localized by immunofluorescence (Fig. 4B,C). Dual
positive nucleotide label-retaining cells (LRCs) are slowly cycling cells capable of
reentering the cell cycle during sequential rounds of injury. Results from these studies
demonstrated two important findings. First, BAT-gal positive cells did not retain nucleotide
labels. Second, the abundance of BAT-gal positive cells within SMGs spatially correlated
with the abundance of LRCs capable of reentering the cell cycle (Fig. 4D). These data
suggest that BAT-gal expressing cells in the uninjured homeostatic state are not slowly
cycling stem/progenitor cells, but may be a regulatory component of the glandular stem/
progenitor cell niche.

Following airway injury SMGs are enriched with slowly cycling stem/progenitor cells that
have greater capacity for expansion in vitro than LRCs from the SAE

Utilizing double transgenic Rosa26-rtTA/TetON:H2B-GFP mice, which express a
doxycycline-inducible Histone-2B-eGFP (H2B-GFP) fusion protein ubiquitously in airway
epithelia [46], we asked whether slowly cycling stem/progenitors capable of retaining a
H2B-GFP label following injury were enriched in SMGs. Results from these studies
demonstrated a significant (P<0.0001, Two-way ANOVA) enrichment of LRCs in the
proximal tracheal epithelial regions (including the SMGs) following injury as compared to
distal regions of the SAE (Supporting Information Fig. S7). Direct comparisons between the
SMGs and the SAE at regions along the trachea from CC to C9, indicated that LRCs were
significantly enriched in SMGs at all time points out to 120 days (Supporting Information
Fig. S7B,C). Furthermore, the significance of this glandular enrichment increased with
distance of the SAE from the proximal trachea. These data indicate that a gradient of slowly
cycling stem/progenitors is produced proximally to distally in the trachea following injury
with the most significant enrichment in the SMGs.

To examine whether LRCs in the SMGs and SAE had different proliferative capacities, we
performed colony formation efficiency (CFE) assays with LRCs isolated from SMGs or the
SAE from distal trachea (C6-13). LRCs were isolated 120 days following H2B-GFP
induction and naphthalene injury and were mixed with ROSA-tdTomato epithelial cells.
Polarized cultures were maintained for 21 days at ALI and then treated with doxycycline
(Fig. 5A-D). Consistent with our hypothesis that SMGs harbor a greater number of slowly
cycling SCs in the trachea, SMG epithelial cells generated significantly more colonies than
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cells isolated from the SAE (P=0.0096). SMG/LRC-enriched cultures also generated
significantly more colonies than SMG/LRC-depleted or SAE/LRC-enriched cultures
(P<0.05) (Fig. 5E). Moreover, LRC-enriched cultures generated colonies with significantly
more cells than LRC-depleted cultures (P=0.0026) (Fig. 5F). A notable pattern in the
distribution of colony sizes for each group (Fig. 5G) demonstrated that only SMG/LRC-
enriched cultures generated very large colonies containing more than 200 cells. This data
demonstrates that LRCs from the SMGs are a highly proliferative pool of tracheal epithelial
stem/progenitor cells with a higher capacity for expansion /n vitrothan LRCs from the SAE.

Glandular epithelia generate gland-like epithelial colonies in 3-dimensional cultures

To further interrogate the proliferative potential of stem/progenitor cells isolated from the
SMG or SAE, glandular epithelial (GE) or surface epithelial (SE) cells were isolated and
cultured in matrigel (Fig. 6). Because regeneration of the SAE with glandular progenitors
likely involves crosstalk between the two compartments, we also tested whether co-culture
of GE cells and SE cells impacted CFE. Interestingly, colony formation by progenitor cells
was most efficient in cultures seeded with 90% GE cells and 10% SE cells, giving rise to a
greater number of colonies than 100% SE cells or 90% SE cells (P=0.0060 and P=0.0186,
respectively) (Fig. 6A). Additionally, the morphologies of colonies that formed included
gland-like tubuloacinar colonies or spherical colonies with a pseudostratified epithelium
(Fig. 6B) and the abundance of these colony types were impacted by the composition of
cells seeded (Fig. 6C). Cultures containing GE cells predominantly generated tubuloacinar
colonies, while colonies were predominantly spherical in cultures containing 100% SE cells
(Fig. 6C). The generation of round colonies was not impacted by differences in the
compositional cell types (P=0.37); however, glandular cells significantly increased the
abundance of tubular colonies (P=0.0003) (Fig. 6C). In addition, colonies contained
mucous-secreting cells (Muc5AC™), basal-like cells (CK5*), and myoepithelial cells (aSMA
*), and aSMA staining was more intense in tubuloacinar colonies (Fig. 6D). These data
suggest that both glandular and surface progenitors are equally capable of generating a
pseudostratified epithelium found in spherical colonies, but glandular progenitors have a
greater ability to generate gland-like tubuloacinar colonies.

Glandular-derived progenitors have a greater regenerative capacity than SAE-derived
progenitors and a unique ability to generate gland-like structures in tracheal xenografts

We compared the capacity of SMG-derived and SAE-derived epithelial cells for expansion
and differentiation following seeding into denuded rat tracheal xenografts (Fig. 7). Using /n
vitro expanded primary SMG and SAE cells harvested from wild type (WT) and tdTomato-
expressing mice, we seeded denuded tracheal xenografts with cell mixtures of either 90%
WT SAE and 10% tdTomato SMG progenitors or 90% WT SMG and 10% tdTomato SAE
progenitors (Fig. 7 and Supporting Information Fig. S8). Supporting our hypothesis that
SMG-derived progenitor cells are highly proliferative, xenograft epithelium was
predominantly tdTomato™ in xenografts seeded with 90% WT SMG-derived cells
(Supporting Information Fig. S8A) and predominantly tdTomato* in xenografts seeded with
10% tdTomato-expressing SMG cells (Fig. 7 and Supporting Information Fig. S8B). While
SAE-derived progenitors did engraft in the SAE, these cells produced smaller clones than
those derived from SMG progenitors, even in grafts seeded with 10-fold fewer SMG cells
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(Fig. 7A and Supporting Information Fig. S8B). In addition, SMG-derived progenitors
generated both surface and glandular epithelium in xenografts (Fig. 7 and Supporting
Information Fig. S8). Importantly, gland-like structures were often clonally derived from, or
primarily composed of, SMG-derived progenitors and no gland-like structures were
composed completely of SAE-derived progenitors. SMG-derived progenitors were also
capable of differentiating into a-tubulin* ciliated cells and CK5* and integrin g4 basal cells
(Fig. 7C-D). These results demonstrate that SMG-derived progenitors have a greater
regenerative capacity than SAE-derived progenitors and can generate both SAE and SMG
epithelium. By contrast, SAE-derived progenitors have a more limited capacity for
regeneration and formation of SMGs.

Discussion and Conclusion

Regeneration within a complex tissue often involves replication of SCs from several discrete
niches [47]. We currently lack a precise knowledge of how various SC niches in the lung
coordinate repair following injury through unique and overlapping signals that originate
from their biologically distinct microenvironments. The murine trachea is a good model to
examine how epithelial SCs from neighboring niches (i.e., the SAE and SMGSs) are regulated
after injury. However, because glandular and surface epithelia are contiguous at glandular
ducts and SCs within these two niches share many phenotypic characteristics, dissection of
the unique properties that regulate each of these niches has been difficult.

Because developmental processes are often partly conserved with those that regulate adult
SCs, we evaluated whether Wnt signals important for the commitment of primordial
glandular SCs during tracheal development might be conserved in adult glandular SC niches.
Using two Whnt-reporter transgenic lines, we discovered that Wnt signals function within
defined microenvironments of adult glandular serous acini and ducts, as well as the SAE.
Phenotypic analysis of Wnt-active BAT-gal* cells within SMGs demonstrated that they are
not monotypic, but are primarily a subset of serous cells with overlapping but distinct
marker expression of SAE basal cells. Surprisingly, while both BAT-gal and TCF/Lef:H2B-
GFP reporters demonstrate overlapping expression patterns in primordial glandular SCs (i.e.,
those contained within glandular placodes), these reporters demonstrated non-overlapping
patterns of tracheal expression in adult mice. Given that these Wnt-reporters index signals
that act in concert to coordinate proliferation and commitment of primordial glandular SCs,
we hypothesized that these reporters could also be used to dissect Wnt regulation of
glandular SCs and their niche following injury.

Several findings from this study support the hypothesis that Wnt signaling plays an
important role in the tracheal regenerative response. First, the abundance of TCF/Lef-1
reporter positive surface and glandular epithelial cells rose concordantly with proliferation
following injury (Fig. 2D), while the opposite trend was observed for BAT-gal positive
epithelial cells (i.e., expression was reduced during the peak proliferative phase) (Fig. 2E).
These findings suggest that the two reporters mark different phases during epithelial
regeneration. Second, the earliest appearing glandular progenitors (at 1 day following injury)
displayed a TCF/Lef-1 and BAT-gal double reporter-positive phenotype similar to primordial
glandular SCs, despite an overall decline in epithelial BAT-gal levels (Fig. 2F-H). Lastly,
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glandular BAT-gal clusters were spatially associated with nearby groups of slowly cycling
stem/progenitor cells that retained multiple nucleotide labels pulsed during sequential
injuries (i.e., were cycling label-retaining cells [LRCs]) (Fig. 4). Since LRCs did not express
BAT-gal at homeostasis, we favor a model where BAT-gal™ serous tubules regulate glandular
slowly cycling stem/progenitor cells as part of the Wnt-responsive SC niche.

The finding of BAT-gal clusters within rare subsets of serous acini suggests that these unique
secretory cells may act as a Wnt-responsive SC niche. Previous studies have linked
activation of SMG secretions with regeneration after tracheal injury [10, 48]. Furthermore,
genetic impairment of SMG secretions results in a reduction of glandular slowly cycling
LRCs in cystic fibrosis mice [10, 48]. Thus, it is plausible that BAT-gal active secretory acini
could control quiescence and/or proliferation in nearby slowly cycling SCs through injury-
induced secretions that impart local changes in Wnt signaling.

We hypothesized that Wntl and Wnt3a were likely candidates for influencing injury repair
processes of the SAE and SMGs given that both Wnts induce Lef-1 in airway epithelia [21]
and Wnt3a is necessary to induce Lef-1-dependent proliferation in primordial SMG SCs
during glandular morphogenesis [24]. Indeed, studies evaluating ectopic Wnt3a expression
using adenoviral infection of the SAE and tracheal explants cultured in the presence of
Wntl/Wnt3a supported the hypothesis that these Wnts induce proliferation in both the SAE
and SMGs (Supporting Information Fig. S5 and S6). Interestingly, Wnt1/Wnt3a activation
had a greater effect on SMG progenitor proliferation than the SAE (Supporting Information
Fig. S6G) and more significantly induced the BAT-gal reporter than the TCF/Lef:H2B-GFP
reporter (Supporting Information Fig. S6D,E). Furthermore, RNA expression of both Wnt3a
and DvI1 were upregulated in the proximal (gland-containing) trachea following injury (Fig.
3L,0) and both factors are known to induce Lef-1 activity [24, 49-51]. Thus, Wnt3a may
have an endogenous role in regenerative responses of glandular regions of the trachea.

Previously, studies have shown that severe injuries to the tracheal epithelium are able to
engage multiple regenerative pathways [52]. In addition, the proximal tracheal epithelium
harbors at least two stem/progenitor cell niches (in the SMGs and SAE), and it is unknown
how these niches are engaged during regeneration. We demonstrate that regeneration
following naphthalene exposure initiates in the glandular region of the trachea and
progresses distally with time following injury (Supporting Information Fig. S4). This
suggests the glandular SC niche is engaged early on during SAE regeneration, and led us to
hypothesize that the SMGs are enriched with slowly cycling SCs with a high proliferative
potential. Several findings from the present study support this hypothesis. First, Tet-
inducible H2B-GFP retention (i.e., LRCs) was significantly greater in SMGs and the
overlying surface airway epithelium at 120 days after injury (Supporting Information Fig.
S7), consistent with previous reports evaluating pulsed nucleotide analogs [10, 14, 31, 53].
Second, H2B-GFP* LRCs isolated from SMGs generated significantly more and larger
colonies than H2B-GFP* SAE LRCs in CFE assays, demonstrating that glandular LRCs
have a greater capacity for proliferation (Fig. 5). However, LRC enrichment from both
cellular compartments significantly correlated with greater colony formation and number of
cells per colony, demonstrating that LRCs from both compartments are more proliferative
than non-LRCs. These studies demonstrate that nuclear label-retention marks progenitors
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within glands with the greatest proliferative capacity and provide strong support that SMGs
harbor slowly cycling SC niches. Our findings extend on previous work demonstrating that
nucleotide label-retention marks a basal stem cell population with a high proliferative
capacity [32, 53].

Isolated SMG cells also generated gland-like colonies in 3-dimensional culture with aSMA,
CKS5, and Muc5AC expressing cells. While both SMG and SAE progenitors produced
equivalent numbers of spherical colonies containing a pseudostratified epithelium, SMG-
derived progenitors produced a greater number of tubuloacinar colonies (Fig. 6). SMG-
derived progenitors also demonstrated a much greater regenerative capacity in xenografts
where glandular progenitors clonally generated both surface and glandular epithelia, while
SAE-derived progenitors only established clones within the surface epithelium (Fig. 7 and
Supporting Information Fig. S8). Furthermore, multipotent SMG-derived progenitors
reconstituted basal cells, ciliated cells and non-ciliated columnar cells (Fig. 7). These data
indicate that glandular SCs have a unique multipotency to regenerate both the glandular and
surface airway epithelia.

In the current study, we determined that stem/progenitor cells from SMGs and the SAE have
overlapping but distinct properties that respond to Wnt signals following injury. We have
identified 31 Wnt-related genes that are differentially expressed in the trachea following
injury (Fig. 3). For example, seven Wnt ligands, six Wnt receptors and seven Wnt
modulators were differentially regulated following injury (Fig. 3). Other significant changes
included those of the Notch, BMP, and TGF-beta signaling pathways (DII1, Hes1, Jag2,
Bmprla, Bmprlb, Bmpr2), which also can modulate Wnt signaling [42, 43, 54].
Interestingly, many of these genes demonstrated small but significant changes in expression
(Supplementary Table S2), suggesting that multiple factors likely act in concert to promote
regeneration and/or that the cell types influencing these expression changes are low in
abundance. More detailed studies are needed to further characterize the cellular patterns of
expression of these Wnt pathway genes and their relationship to Wnt-reporter active SC
niches in the trachea.

Several overlapping Wnt-pathway genes demonstrated changes in expression that were
temporally different in the proximal (gland-containing) and distal (gland-absent) trachea
following injury (Fig. 3V). For example, Wnt3a expression was largely confined to the
proximal trachea and was increased following injury, while Wnt2, Wnt5a, and Wnt6 were
upregulated in the distal trachea to a greater extent than in the proximal trachea (Fig. 3V).
Furthermore, several Wnt receptors (Fzd1, Fzd7, LRP6, and Lrp5) and Wnt inhibitors (Dkk2
and Sfrp2) changed differently in the proximal and distal trachea following injury (Fig. 3V).
While the mechanism behind these changes remains to be determined, they provide support
to our findings that regeneration following severe tracheal injury occurs in a proximal to
distal fashion (Supporting Information Fig. S4B).

Of interest to the molecular pathways indexed by the two Wnt-reporters, BAT-gal RNA

expression following injury was broadly associated with increased expression of 12 Wnt-
modulating genes, while TCF/Lef:H2B-GFP RNA expression tracked most closely with a
smaller set of genes that intersect Notch/Wnt signaling. While further work is required to
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understand the molecular and cellular details of how these factors differentially affect
activity of the two Wnt-reporters, by analogy to the phenotype of primordial glandular SCs
in development, adult glandular SCs may respond to injury through the activation of similar
pathways [10, 21, 22, 24]. The establishment of BAT-CreERT2 and TCF/Lef-CreERT2
transgenic mice capable of lineage tracing the stem/progenitor cells that first respond to Wnt
signals following injury may be needed to fully understand Whnt-related biology of the SMG
stem cell niche.

In summary, our research has also further defined the SMG niche-specific properties of
LRCs and demonstrates that label-retention marks a subpopulation of glandular progenitors
with the highest proliferative capacity. Future studies defining the Wnt signals that regulate
these LRCs at homeostasis and following injury may have important implications for
regenerative medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wnt signalsthat are co-activated in primordial glandular stem cells demonstrate non-
over lapping cellular patterns of activation in adult mouse SMGs

(A): Shown is a schematic of the Wnt-reporter transgenes in BAT-gal and TCF/Lef:H2B-
GFP mice. (B): Representative tracheal section from a 1 day old mouse harboring both BAT-
gal and TCF/Lef:H2B-GFP transgenes were immunofluorescently stained for g-Gal, GFP,
and Ki67. Various channels are separated into different panels and pseudocolored as
indicated. Several primordial gland placodes (PGPs) are marked with arrows and correspond
to higher magnification images i-iii. Cells within PGPs display activation of BAT-gal and

Stem Cells. Author manuscript; available in PMC 2018 February 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lynch et al.

Page 18

TCF/Lef:H2B-GFP and are enriched for Ki67* proliferating cells. (C and D):
Representative cross sections from BAT-gal tracheae were stained enzymatically with X-gal
and counterstained with Periodic Acid Schiff’s (PAS) reagent to highlight glands. (E): 3D
model constructed from serial BAT-gal tracheal sections stained with X-gal and PAS.
Clusters of cells with active canonical Wnt-signaling (green) can be seen within SMGs (red)
in the proximal trachea. (F): Representative tracheal section from an adult BAT-gal/TCF/
Lef:H2B-GFP double transgenic mouse was immunofluorescently stained for p-Gal, GFP,
and CK14 and demonstrates non-overlapping Wnt reporter expression. Scale bars represent
10 pm unless otherwise indicated.
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_Fi_gure 2. Dynamic changesin Wnt signaling during epithelial regeneration following tracheal
njur

(AJ): éual Whnt-reporter mice were treated with vehicle (uninjured) or naphthalene and
harvested at 1, 3, 5 and 7 days-post-injury (DPI). Tracheal sections were then
immunofluorescently stained for p-Gal, GFP, and Ki67. (B-H): Morphometry of p-Gal,
GFP, and/or Ki67 expression within the SMGs and SAE was performed at the tracheal level
containing glands (CC-C4). Fold changes reflect values at DPI relative to uninjured values.

Panels depict the (B) percentage of proliferating cells after injury; the fold change in the
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abundance of (C) proliferating cells, (D) TCF/Lef:H2B-GFP expressing cells, (E) BAT-gal
expressing cells, (F) TCF/Lef:H2B-GFP and BAT-gal co-expressing cells; (G) percentage of
Ki67* proliferating glandular cells and (H) fold change in abundance of glandular cells for
various Wnt-reporter phenotypes. Data are shown as mean + SEM of N=3 mice (N=4 for
day 5) from multiple sections >60 pum apart. SEM was calculated using average counts from
individual animals. Asterisks denote significance levels for (B-F) between epithelial
compartments (Sidak’s multiple comparisons test) and (H) from uninjured baseline values
(Dunnett’s multiple comparisons test): * P<0.05, ** P<0.01, *** P<0.001, and ****
P<0.0001. Means varied significantly by Two-way ANOVA for DPIinB, C, G, H
(P<0.0001) and D (P=0.0314), and for epithelial compartment in B, G, H (P<0.0001) and C,
E, F (P<0.008). (1): Shown are B-Gal*, GFP*, and Ki67* cells within the SMGs.
Arrowheads mark triple-positive cells and enlarged images and separated channels
correspond to boxed regions i-iii.
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Figure 3. Transcriptional changesin Wnt pathway genesfollowing tracheal injury
(A): Double Wnt-reporter mice were injured and harvested at 1 and 5 days post-injury (DPI)

with uninjured controls. Tracheae were divided into proximal (CC-C4) and distal (C5-C13)

segments for RNA extraction and multiplex analysis of 70 transcripts. (B-T): Log,-
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Linkage

transformed expression ratios relative to the geometrc mean of internal housekeeping genes
(Ppib and Hprt) showing mean £SEM for N=3 mice with significant differences by two-
tailed student’s t-tests: * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001. (B): TCF/
Lef:H2B-GFP (GFP) (C): BAT-gal (LacZ) (D): Wisp2 (E): Wifl (F): Bmprlb (G): Bambi
(H): Wnt5a (1): Wnt4 (J): Sfrp2 (K): Dkk2 (L): Wnt3a (M): Wnt2 (N): Fzd2 (O): Dvil
(P): Sfrpl (Q): Hesl (R): Bmpr2 (S): Ppib (T): Hprt. (U and V): Heat maps of
unsupervised hierarchical clustering of the fold change (FC) in gene expression from

uninjured baseline values for (U) cell-type specific transcripts and (V) differentially

expressed (P<0.05) Wnt-pathway transcripts. Heat maps are normalized across genes.
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Figure 4. BAT-gal cellsare not nuclectide label retaining cells (LRCs), but localize near LRCsin
the glandular network

(A): BAT-gal mice were injured with naphthalene and pulsed with EdU three times during
the first week following injury. Mice were then re-injured 90 days later and pulsed with
BrdU three times during the first week following injury. At 120 days following the second
injury, sections of tracheal tissues were stained for B-Gal, EdU, and BrdU. (B): Tracheal
cross sections with few clusters of BAT-gal* cells also had few double-positive LRCs (i.e.,
EdU*BrdU™). (C): Sections with large clusters of BAT-gal™ cells had many more EdU*BrdU
* LRCs. A higher power image of the boxed region in panel C, (C”) shows that BAT-gal*
cells are not LRCs, but several double-positive LRCs can be seen near an area of BAT-gal*
cells. A higher power image of the boxed region in C”, (C”) shows a region of LRCs that are
EdU* (magenta arrowheads), BrdU* (cyan arrowhead), and EdU*BrdU™* (orange
arrowheads). (D): There is a significant correlation (P=0.0269) between the number of EdU
*BrdU* LRCs and BAT-gal* cells within a tracheal cross section. Correlation was tested
using Spearman’s rank correlation coefficient from data quantified from each of N=4 mice
and multiple serial sections separated by at least 60 um. The average count from each animal
was used to calculate the SEM.
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Figure5. Glandular LRCshave a higher colony formation efficiency than LRCsfrom the surface

airway epithelium

Doxycycline-inducible H2B-GFP retention after naphthalene injury was used to establish
label-retaining cells (LRCs) in transgenic mice. 120 days after injury, ALI cultures were
established with cells isolated from glandular and surface airway epithelium that were
enriched or depleted of H2B-GFP LRCs. Cells were mixed with airway epithelial cells
harvested from tdTomato-expressing mice at a 1:100 (H2B-GFP:tdTomato) ratio to
interrogate colony formation efficiency. (A-D): En face fluorescent photomicrographs of (A)
glandular LRC-enriched cultures, (B) glandular LRC-depleted cultures, (C) surface LRC-
enriched cultures, and (D) surface LRC-depleted cultures. (E): Total number of colonies per
ALLI for each group. (F): Number of cells per colony for each group. (E,F): Data are shown
as mean + SEM of N=3 cultures. Brackets reflect comparisons between variables: LRC-
enriched compared to LRC-depleted and glandular compared to surface (Two-Way
ANOVA), and lines reflect all significant direct comparisons between individual groups
(Fisher’s LSD test). (G): Shown is a probability density plot displaying the frequency at
which colony sizes are observed within each group. Lines connecting the legend labels
reflect comparisons between the frequency distribution of colony sizes for each group (Two-
sample Anderson-Darling test). Asterisks denote significance levels: * P<0.05, ** P<0.01.
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Figure 6. Phenotypic differencesin colony formation and morphology with SM G- and SAE-
derived progenitorsin 3-dimensional cultures

Glandular epithelial (GE) or surface epithelial (SE) cells were isolated and cultured in
matrigel to interrogate possible differences in their proliferative potential and phenotypes.
Cultures were seeded with pure GE cells, pure SE cells, mixtures at a 9:1 (GE:SE) ratio, or
mixtures at a 1:9 (GE:SE) ratio. (A): Number of colonies per culture. Lines reflect all
significant comparisons (Holm-Sidak’s multiple comparisons test). (B): Tracheal epithelial
cells formed colonies with either tubuloacinar (Tubular) or spherical (Round) morphologies.
(C): Number of tubular or round colonies per culture condition. Comparisons in the
abundance of tubular or round colonies within each group are shown with hash marks with
significance levels: ## P<0.01, ### P<0.001, #### P<0.0001, and ns P>0.05 (Holm-Sidak’s
multiple comparisons test). Lines reflect all significant comparisons in the number of tubular
colonies between groups. There were no significant differences in number of round colonies
between groups (Holm-Sidak’s multiple comparisons test). Asterisks in (A) and (C) denote
significance levels: * P<0.05, ** P<0.01, and **** P<0.0001. (D): Immunofluorescent
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staining of tubular and round colonies for Muc5AC, CK5, and aSMA. Scale bars indicate 50
ums for all images.
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Figure 7. SMG-derived cells are capable of generating glandular and surface epithelium in
denuded rat tracheal xenogr afts

Denuded rat tracheal xenografts were seeded with epithelial cell mixtures derived from
tdTomato-expressing cells isolated from tracheal SMGs and combined with non-transgenic
cells isolated from the SAE at a 1:10 ratio, respectively. (A): tdTomato-marked SMG-
derived cells were capable of generating both surface airway epithelial clones (yellow
arrowheads) and gland-like epithelial-derived structures (white arrowheads). (B): SMG-
derived progenitors gave rise to a pseudostratified columnar epithelium that resembled
normal tracheal SAE by Integrin B4 (Intp4) expression and the presence of ciliated cells
seen by phase contrast (Bi, indicated by yellow arrowheads). (C-D): tdTomato-marked
SMG-derived cells also generated acetylated a-tubulin (a Tub) positive cilia (C) and a
cytokeratin 5 (CK5) expressing basal cell layer (D). Scale bars represent 100 um in lower
magnification panels and 10 um in higher magnification panels.
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