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The pseudostratified airway epithelium of the lung contains a bal-
anced proportion of multiciliated and secretory luminal cells that are
maintained and regenerated by a population of basal stem cells.
However, little is known about how these processes are modulated in
vivo, and about the potential role of cytokine signaling between stem
and progenitor cells and their niche. Using a clonal 3D organoid assay,
we found that IL-6 stimulated, and Stat3 inhibitors reduced, the
generation of ciliated vs. secretory cells from basal cells. Gain-of-
function and loss-of-function studies with cultured mouse and
human basal cells suggest that IL-6/Stat3 signaling promotes cilio-
genesis at multiple levels, including increases in multicilin gene and
forkhead box protein J1 expression and inhibition of the Notch
pathway. To test the role of IL-6 in vivo genetically, we followed
the regeneration of mouse tracheal epithelium after ablation of
luminal cells by inhaled SO,. Stat3 is activated in basal cells and their
daughters early in the repair process, correlating with an increase
in Il-6 expression in platelet-derived growth factor receptor alpha™
mesenchymal cells in the stroma. Conditional deletion in basal cells
of suppressor of cytokine signaling 3, encoding a negative regula-
tor of the Stat3 pathway, results in an increase in multiciliated cells
at the expense of secretory and basal cells. By contrast, //-6 null
mice regenerate fewer ciliated cells and an increased number of
secretory cells after injury. The results support a model in which
IL-6, produced in the reparative niche, functions to enhance the
differentiation of basal cells, and thereby acts as a “friend” to
promote airway repair rather than a “foe.”

epithelial repair | mucociliary epithelium | cell fate

he conducting airways of the human lung are lined by

a pseudostratified epithelium composed of ciliated and se-
cretory cells and basal stem cells. A similar epithelial architecture
with basal cells is present in the mouse, although it is limited to the
trachea and the largest bronchi. The integrity of this lining is vital
for the process of mucociliary clearance by which multiciliated cells
move mucus and trapped pathogens and particles out of the lung.
Cellular turnover is low in the normal lung, but if luminal cells are
destroyed by exposure to toxic compounds or pathogenic agents, the
epithelium is rapidly restored from the basal cell population. An ex-
ample of this injury/repair process is seen in the mouse trachea fol-
lowing exposure to inhaled SO,. The surviving p63*, Keratin-5 (K5)*
basal cells quickly spread over the denuded basal lamina and proliferate
and regenerate ciliated and secretory cells (1-4). Understanding the
mechanisms driving this repair, including the role of factors produced
by and acting in the local stem cell niche, may inform strategies to
promote recovery after acute respiratory infections or damage by en-
vironmental agents. This knowledge may also inform strategies to treat
conditions in which the turnover and composition of the airway epi-
thelium are abnormal, for example, in goblet cell hyperplasia in asthma
and chronic obstructive pulmonary disease (COPD) (5, 6).

Previous studies have identified transcription factors and sig-
naling pathways that regulate the lineage choice of epithelial
progenitors that have the potential to differentiate into either
secretory or ciliated cells. One key regulator is the Notch sig-
naling pathway. In the adult trachea, sustained Notch activation
inhibits ciliogenesis and promotes the differentiation of basal
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cells into secretory cells (3). Notch signaling also inhibits cilio-
genesis in the developing mouse lung, in human airway epithe-
lium, and in the epidermis of Xenopus embryos (7-11). Other
pathways acting downstream of Notch regulate the differentia-
tion of progenitors into mature multiciliated cells. A critical
transcriptional coregulator in this process is multicilin (Mcin or
Mcidas), which coordinately controls centriole biogenesis and the
assembly of cilia, as well as key transcription factors, such as Myb
and forkhead box protein J1 (Foxjl) (12-14). Recent studies have
also implicated microRNAs (miRNAs) of the miR-34/449 family
in promoting ciliogenesis by suppressing multiple genes, such
as Notchl, delta-like 1 (DII1), and Ccpl10, the latter of which
is a centriolar protein that inhibits cilia assembly (10, 15, 16).
To identify additional factors regulating mucociliary differ-
entiation, we developed a screen based on a 3D tracheosphere
organoid system in which individual basal cells give rise to
spheres containing ciliated and secretory luminal cells (4). Our
findings revealed IL-6 and the downstream STAT3 pathway as
positive regulators of multiciliogenesis. IL-6 functions by binding
to IL-6 receptor subunit alpha (IL-6RA) and the coreceptor
gp130, leading to the activation of JAK and the tyrosine phos-
phorylation of STAT3, which undergoes dimerization and nu-
clear translocation. One known direct target of phosphorylated
STATS3 is suppressor of cytokine signals 3 (SOCS3), a negative
feedback regulator that inhibits activation of the JAK/STAT3
pathway (17). Loss-of-function studies in the mouse have shown
that STAT3 signaling is not essential for lung development.
However, it is required for repair of the bronchiolar and alveolar
regions after damage (18, 19), and transgenic overexpression of
IL-6 in Club (previously, Clara) secretory cells results in bronchiolar
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and alveolar abnormalities (20). However, none of these studies
have addressed the role of IL-6/STAT3 signaling in the regions of
the mouse lung that, like the intralobar airways of the human lung,
are maintained by basal stem cells (21). Understanding the role of
IL-6/STAT3 signaling in basal stem cells is important because IL-6
is up-regulated in asthma and COPD in humans and also in re-
sponse to infections and damage by toxic agents (22), but the direct
effect of the cytokine on airway repair has not been specifically
tested. To address this question we used both gain-of-function and
loss-of-function studies to explore the role of the IL-6/STAT3
pathway on human and mouse airway basal cells. Our results in-
dicate that STAT3, activated by IL-6 produced by mesenchymal
stromal cells after injury, promotes regeneration and multicilio-
genesis through inhibition of the Notch pathway and direct regulation
of genes, such as Mcidas and Foxjl. These data suggest that under
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some conditions, IL-6 produced locally in response to tissue
damage plays a positive role in promoting airway repair from
progenitor cells.

Results

Differentiation of Mouse Basal Progenitors into Ciliated Cells Is
Stimulated by IL-6 and Inhibited by STAT3 Inhibitors. To screen
rapidly for compounds regulating basal cell self-renewal and
differentiation, we used a clonal tracheosphere culture assay (4)
(Fig. 14). To identify factors regulating ciliogenesis, we started
with p63*, K5*, and NGF receptor (NGFR™") basal cells from
transgenic mice in which the promoter of FoxjI, a gene essential
for the differentiation of multiciliated cells (23-25), drives the
expression of EGFP (26). Cells were cultured in three dimen-
sions using Matrigel (BD Biosciences) in the absence of stromal
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Fig. 1.

IL-6 enhances Foxj1-GFP expression in the mouse tracheosphere culture assay. (A) Schematic of the assay. NGFR* basal cells from Foxj7-GFP tracheas

were cultured in 50% Matrigel in 96-well inserts. (Right) Section of a typical sphere with acetylated tubulin* (a-tub) ciliated (magenta) and Splunc™* secretory
cells (green). IHC, immunohistochemistry. The effect of IL-6 (B) and STAT3 inhibitor (C) on Foxj7-GFP expression is shown. Differential interference contrast
images (Upper) and fluorescent images (Lower) of the same spheres are shown. (D) Quantification by FACS at day 11 of the percentage of GFP* cells in
dissociated spheres treated with IL-6 (0, 1, and 10 ng/mL). (E) Quantification at different times of GFP* cells in spheres cultured with or without IL-6 (1 ng/mL).
(F) Representative sections of spheres at day 14 treated with IL-6 (Left, 10 ng/mL) or S3I-201 (Right, 200 pM, days 4-7). Both sections were stained with
antibodies to a-tub* (magenta) and Splunc® (green). *P < 0.02 against control (n = 3). Error bars indicate SD (n = 3). (Scale bars: A-C, 500 um; F, 100 pm.) (Also
see Fig. S1.)
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cells. Single factors were added at an initial concentration of 5 pM,
and medium was changed every other day. At different times, up
to 14 d, spheres were screened by fluorescence microscopy; the
proportion of GFP™ ciliated cells was then quantified by fluores-
cence-activated cell sorting (FACS) after dissociating spheres into
single cells. Spheres were also fixed, sectioned, and stained with
antibodies to acetylated tubulin (a marker for multiciliated cells)
and Short palate, lung, and nasal epithelial clone (Splunc, a
marker of secretory cells). We found that IL-6 enhances the
proportion of FoxjI-GFP" cells in a dose-dependent manner
while inhibiting the differentiation of Splunc™ cells (Fig. 1 B and
D-F). At low concentrations, IL-6 has no effect on colony-
forming efficiency (CFE). At high concentrations, IL-6 inhibits
CFE but still promotes ciliogenesis (Fig. 1D and Fig. S1B).

In contrast to the effect of IL-6, pyrimethamine [a compound
that is reported to be a STAT?3 inhibitor (27) and is present in the
Johns Hopkins Clinical Compound Library (version 1.0)] had an
inhibitory effect on the differentiation of FoxjI-GFP* cells (Fig.
S1A). Inhibition of ciliogenesis, but not Splunc expression, was
also seen with the STAT3 inhibitor, S31-201 (Fig. 1 C and F).
Because these inhibitors suppressed CFE when added from the
beginning of the culture, spheres were treated with inhibitors only
from days 4-7 (Fig. 1 C and F). Taken together, these results
suggest that the IL-6/STAT3 pathway regulates the differentiation
of basal progenitors into multiciliated cells vs. secretory cells.

Effect of IL-6 and Activated STAT3 on the Differentiation of Human
Basal Cells in Air-Liquid Interface Culture. To determine whether the
effect of IL-6 is conserved between mice and humans, we used
primary human bronchial epithelial (HBE) cells cultured at the
air-liquid interface (ALI) in the absence of stromal cells. Under
these conditions, p63™ basal cells self-renew and differentiate into
ciliated and secretory cells (28) (Fig. 24). As described previously,
the kinetics and absolute levels of differentiation achieved over the
21-d culture period vary between individual donors. Under the
condition used in this study, ALI cultures at day 21 contain 6.0 +
1.8% ciliated cells (n = 9 individual donors). However, IL-6 re-
producibly gave a dose-dependent increase in the proportion of mul-
ticiliated cells to 19.4 +4.3% (n =9) (Fig. 2 B and C and Fig. S24). By
contrast, there was a significant decrease in the proportion of cells
staining for secretoglobin 3A1 (SCGB3AL1), a product of secretory cells
(Fig. 2 B and C). These results were also confirmed by quantitative
PCR (qPCR) for FOXJ1,SNTN (encoding a structural protein in cilia),
and SCGB3A1 (Fig. S2C). There was also a significant decline in the
proportion of basal cells (Fig. S2 D and E). No difference was seen in
cell proliferation at this or an earlier time (3, 7, or 14 d) (Fig. S2B).

STAT3 Regulates Ciliogenesis Through Its Phosphorylation. To de-
termine whether the effect of IL-6 is mediated by the JAK/STAT3
pathway, we carried out gain-of-function and loss-of-function
studies by infecting mouse ALI cultures with lentivirus expressing
constitutively active Star3 (caStat3)-P2A-RFP, dominant-negative
Stat3 (dnStat3)-P2A-RFP, or control virus (RFP only). caSTAT3
mimics the protein dimer that normally forms following phos-
phorylation of tyrosine 705, whereas dnSTAT3 has a mutation at
tyrosine 705 that prevents phosphorylation and inhibits dimer
formation (29). Mouse tracheal epithelial cells from Foxjl-GFP
mice were seeded on an insert and infected with lentivirus at day 3.
After transfer to ALI culture at day 4, the cells start to differentiate
into ciliated and secretory cells (30) (Fig. 34). At day 12, 82.3 +
6.4% of cells infected with caStat3-P2A-RFP virus (marked by
RFP) express FoxjI-GFP compared with only 18.8 + 2.1% of the
cells infected with control virus. For cells infected with dnStat3-
P2A-RFP, the corresponding value was 2.4 + 2.1% (Fig. 3 B
and C). These results indicate that activation of STAT3 through
tyrosine phosphorylation in basal cells and/or their descendants
positively regulates the expression of FoxjI and ciliogenesis.
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Fig. 2. Effect of IL-6 on regeneration of human epithelium in ALI culture.
(A) Schematic of ALI culture of primary HBE cells. (B) Whole-mount staining
of day 21 cultures for ciliated (a-tubulin, green) and secretory (SCGB3A1,
red) cells. Nuclei are blue (DAPI). (Scale bar: 100 pm.) (C) Quantification of
whole-mount staining, shown as a fold change over untreated culture. The
a-tubulin® or SCGB3A1™" cells were counted in four randomly chosen areas
(0.18 mm?) per filter. Values are mean + SD for cultures from three different
donors. *P < 0.001 against control (n = 3). Error bars indicate SD (n = 3). (Also
see Fig. S2.)

STAT3 Promotes Ciliogenesis Through Inhibition of Notch Signaling
and Activation of Ciliogenesis-Related Genes. To clarify the mech-
anism by which STAT3 promotes ciliogenesis, we used gPCR to
examine gene expression changes in mouse ALI cultures after
IL-6 treatment. Cells were treated with IL-6 (10 ng/mL) on day 7
of culture and harvested 6, 12, and 24 h after treatment (Fig. 44).
Gene expression levels were normalized to Gapdh, and Socs3
was used as a positive control (Fig. 4B). Foxjl and Mcidas, known
regulators of ciliogenesis (12, 13), were both up-regulated in
response to IL-6 (Fig. 4B). Among components of the Notch
signaling pathway, which negatively regulates ciliogenesis (10, 11,
31), Notchl transcripts were down-regulated, whereas Notch2,
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Fig. 3. STAT3 pathway regulates ciliogenesis in mouse epithelium in ALI
culture. (A) Schematic of ALl culture of mouse tracheal epithelial cells.
Subconfluent cultures are infected with lentivirus at day 3 when cells are
undifferentiated. (B) Virus-infected cells are RFP* (red), and Foxj1-expressing
cells are GFP* (green). The caSTAT3 promotes ciliogenesis (Middle), but the
dnSTAT3 inhibits ciliogenesis (Bottom) compared with control (Top). (Scale
bar: 20 pm.) (C) Quantification of results in B. *P < 0.001 against control (n =
3). Error bars indicate SD (n = 3).
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DIl1, and Jaggedl were not changed (Fig. 4B). By contrast, the
transcription of Cdc20b, which encodes a ciliogenesis-related
miRNA, miR-449a/b, was up-regulated in both mouse cells (Fig.
4B) and HBE cells in ALI (Fig. S2F). Taken together, these
results suggest that IL-6 promotes the differentiation of basal
cells into multiciliated cells by down-regulating the Notch sig-
naling pathway and up-regulating ciliogenesis genes.

Previous studies showed that the cytokine IL-13, which reduces
ciliogenesis and promotes secretory cell differentiation in airway
epithelium (32), inhibits Foxjl transcription directly through
STATS6 binding to a target site in the Foxjl promoter (33). Mcidas
and Notchl also have putative STAT3 binding sites in their pro-
moter regions. We therefore used a ChIP assay with antibody to
phospho-STAT3 (p-STAT3) to ask whether activated STAT3 di-
rectly regulates Notchl, Mcidas, and Foxjl (Fig. 4C). IL-6 was
added to cells in ALI culture at day 7, and samples were harvested
for ChIP analysis 4 h later. The result showed that p-STAT3
binding to promoter regions of Foxjl, Mcidas, Notchl, and Socs3
(the positive control) was increased after IL-6 stimulation (Fig.
4C). This suggests that IL-6/STAT3 modulates ciliogenesis
through direct regulation of Notchl, Mcidas, and Foxj1.

Expression of IL-6 and Activated STAT3 During Airway Repair. We
next asked whether the activity of the IL-6/STAT3 pathway
changes in vivo during the repair of adult tracheal epithelium after
SO, injury. In this model (Fig. 54), luminal cells die and surviving
K5* p63* basal cells spread to cover the denuded basal lamina and
proliferate to give rise to a population of undifferentiated luminal
cells that are K8", K57, p63~, FOXJ1~, and SCGB1A1™~ (termed
“undifferentiated progenitors” here) (3). FOXJ1* cells and cells
expressing the secretory marker SCGB3A2 can be detected from
3 d postinjury (dpi) (Fig. 5C), and SCGB1A1" secretory cells and
multiciliated cells are observed from 5 dpi, with repair complete in
2 wk. Using immunohistochemistry, we observed p-STAT3 in
basal cells (p63™) and undifferentiated progenitors at 24 and 48 h
postinjury (hpi) (Fig. 5B). At these two times, p-STAT3* cells
made up 68.4% and 56.4% of the total, respectively. Although the
overall proportion of positive cells subsequently declined, at 3 dpi,
51.5% of the FOXJ1* cells are p-STAT3*.

Several cytokines can activate JAK/STAT3 signaling down-
stream of gp130, including IL-6, IL-11, IL-10, leukemia inhibitory
factor (LIF), oncostatin-M (OSM), and ciliary neurotrophic factor
(CNTF) (34). We therefore examined levels of transcripts for
these cytokines in the trachea at different times after SO, injury.
1l-6 transcripts showed a transient 150-fold increase at 24 hpi
compared with steady state (Fig. 64), and in situ hybridization
revealed these transcripts in the stroma beneath the epithelium,
particularly in the intercartilage regions (Fig. 6B). By contrast,
there was only a slight transient increase in /l-711 and Osm at 24 hpi
(fourfold and threefold, respectively) and no changes in the levels
of Cntf, Lif, and II-10 (Fig. 64). In other tissues, epithelial repair is
frequently associated with the transient influx of immune cells
(35), and we confirmed the influx for the SO, injury model, with
significant changes in the proportion of monocytes and neu-
trophils at 24 hpi and macrophages and neutrophils at 48 hpi (Fig.
S3 A and B). The mesenchyme also contains numerous resident
stromal cells that express platelet-derived growth factor receptor
alpha (PDGFRa), as shown by the expression of histone H2B/
GFP from a knock-in reporter allele (36) (Fig. 6D). When the
levels of II-6 transcript were measured by qPCR in different cell
populations isolated by FACS, the highest relative expression was
seen in the Pdgfra-GFP" stromal cells compared with different
immune cells (Fig. 6C). Localization of II-6 transcripts in these
cells was confirmed by in situ hybridization of tracheal sections
(Fig. 6E). These results suggest that the stromal cells are a major
source of IL-6 during repair.
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Fig. 4. IL-6 enhances expression of cilia-related genes and inhibits Notch1

expression in mouse ALI culture. (A) Schematic of ALl culture of mouse tra-
cheal epithelial cells. At day 7, IL-6 (10 ng/mL) was added to culture medium
in the lower chamber. Cells were harvested after 6, 12, and 24 h, and total
RNA was extracted. (B) Quantitative RT-PCR shows that IL-6 treatment pro-
motes the expression of the known target gene Socs3 and ciliogenesis-
related genes, such as Multicilin (Mcidas) and Foxj1. IL-6 treatment also
inhibits Notch1 and promotes expression of Cdc20b, the host gene for miR-
449a/b. No significant changes were observed in the expression of Notch2,
DII1, or Jagged1. (C) ChIP assay shows that p-STAT3 binding to promoter
regions of Socs3, Foxj1, Mcidas, and Notch1 is increased after IL-6 stimula-
tion. *P < 0.05 against control; **P < 0.001 against control (n = 3). Error
bars indicate SD (n = 3).

IL-6 and STAT3 Regulate Differentiation of Basal Cells During Repair
in Vivo. To examine the in vivo role of the IL-6/STAT3 signaling
pathway further, we carried out genetic gain-of-function and loss-
of-function experiments in the mouse. For gain-of-function
experiments, we made use of a K5-CreER (K5-CreER'?) knock-in
allele that drives recombination specifically in basal cells. We also
exploited the fact that SOCS3 is a feedback inhibitor specifically of
the JAK/STAT3 pathway (Introduction). Administration of ta-
moxifen (Tmx) to K5-CreER™?: Socs3™"*: Rosa-YFP mice both
deleted Socs3 in basal cells and activated YFP expression as
a lineage trace (Fig. 74). K5-CreER™?; Rosa-YFP mice were used
as controls. After three doses of Tmx, mice were treated with SO,
for 4 h (Fig. 74). In the Socs3 conditional KO mice, sustained
activation of STAT3 was observed at 6 dpi; however, in control
mice, pSTAT3 was no longer seen at this time (Fig. S44). Tra-
cheas were harvested at 6 dpi, and longitudinal sections were
stained with GFP antibody and cell-specific markers to define cell
types. Even though the overall level of recombination is quite low
with our K5-CreER™ allele (about 25%), gain-of-function
experiments result in a 33% increase in the proportion of ciliated
cells, from 21.4 + 2.4% in controls to 30.8 + 0.7% in conditional
mutants (Fig. 7 B and C) (n = 3; P < 0.01). At the same time, there
was a decrease in the proportion of basal cells, from 47.6 + 3.5%
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to 379 + 3.0%, and in SCGB1A1 secretory cells, from 26.6 +
2.5% to 18.4 + 2.4% (n = 3) (Fig. 7C). Similar results were ob-
served when SCGB3A2 was used to score secretory cells (11.9 +
0.8% in Stat3 gain-of-function mice compared with 21.7 + 1.6% in
controls, n = 3) (Fig. 7C).

For loss-of-function genetic experiments, we compared the
response to SO injury in WT vs. Il-6 null mutant (KO) mice. At
4 dpi, the percentage of FOXJ1" cells in the tracheal epithelium
of 1l-6 KO mice was reduced by 35%, from 26.8 + 3.9% in WT
mice to 17.3 + 2.4% in mutants (n = 3, P = 0.02). On the other
hand, the percentage of SCGB3A2* cells was increased by 44%,
from 14.3 + 2.4% in WT mice to 20.6 + 1.6% in mutants (n = 3,
P = 0.02) (Fig. 7 D-F). These results were also confirmed by
gPCR for both genes (Fig. S4B). These results are consistent
with a model in which JAK/STATS3 signaling downstream of IL-6
regulates the differentiation of multipotent basal cells toward
ciliated cells during repair in vivo.

Discussion

An important goal in regenerative biology is to define the
mechanisms by which cytokines, growth factors, and other ef-
fector molecules produced locally in damaged tissues influence
the self-renewal and differentiation of resident stem and pro-
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Fig. 5. IL-6/STAT3 signaling is activated in tracheal epithelium during re-
pair. (A) Schematic of the SO, injury model. After exposure to SO,, luminal
cells die. Basal cells spread, proliferate, and generate early progenitors.
These progenitors differentiate into ciliated and secretory cells, and repair is
complete in 2 wk. (B) Longitudinal midline sections stained with antibodies
to p-STAT3 (red) and p63 (green), a marker for basal cells. (C) Expression of
p-STAT3 (red) and FOXJ1 (green) during epithelial repair. Note the coex-
pression of p-STAT3 and FOXJ1 at 3 dpi. (Scale bars: B and C, 50 pm.) (Also
see Fig. S3.)
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against control (n = 3). Error bars indicate SD (n = 3).

genitor cells. Because multiple factors are usually produced in
response to injury by resident epithelial and stromal cells, as well
as by immune cells summoned to the site of action, it is impor-
tant to parse out the likely contribution of each and to determine
whether each is acting as “friend” or “foe” in the repair process.
Here, we provide multiple lines of evidence that the IL-6/
IL-6RA/JAK/STATS3 signaling pathway, a pathway that has been
shown to exert either proinflammatory or anti-inflammatory
effects in other systems depending on the in vivo context (37, 38),
can play a positive role in the regeneration of the mucociliary
airway epithelium from basal stem cells and promote the dif-
ferentiation of ciliated vs. secretory cells.

The function we have uncovered here in the mouse tracheal
epithelium and primary HBE cells can be compared with the role
of the Drosophila 11-6 homolog, Unpaired (Updl, Upd2, and
Upd3) and its receptor, Domed, in regulating the behavior of
adult midgut intestinal stem cells (ISCs). Upd ligands can be
produced by either visceral muscle cells in steady state or luminal
cells following bacterial infection or tissue damage. In both cases
JAK-STAT signaling is activated in ISCs and enteroblasts to en-
hance, through the Notch pathway, their differentiation into
enterocytes (39—41). Fig. 8 summarizes our current model for how
IL-6/STAT3 regulates ciliogenesis in the mouse trachea following
damage and loss of luminal cells in response to SO,. In this model,
the stromal cell population secretes IL-6, and multiple cell types,
including p63* basal cells, undifferentiated progenitors, and
FOXJ1" precursors of ciliated cells, respond, as judged by their
expression of nuclear p-STAT3, at different times during the re-
pair process (Fig. 5 B and C). Our studies suggest that Stat3 sig-
naling functions at two levels: (i) in basal cells and early
progenitors to inhibit secretory and promote ciliated fate by di-
rectly inhibiting Notch 1 gene expression and (i) in ciliated pro-
genitors to promote differentiation and cilia biogenesis through
up-regulating Mcidas, Foxj1, and Cdc-20b/miR-449. Further studies
will be needed to define the complete spectrum of direct tran-
scriptional targets in basal cells and undifferentiated progenitors
that promote ciliogenesis (42). Finally, it is likely that factors other
than IL-6 promote ciliogenesis in vivo, an assumption based on the
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fact that the level of Foxj1* cells was only reduced by about 35%
during repair in //-6 null mice. These other factors may be
members of the IL-6 family of cytokines, albeit produced at
lower levels in the model system used here, or they could be
other regulators that are yet to be identified.

In this paper, we have focused on the role of IL-6/STAT3
signaling in the regeneration of the mucociliary epithelium from
basal progenitors. The response to IL-6, namely, an enrichment
of ciliated cells in the epithelium, makes biological sense because
it likely enhances the clearance of noxious material from the
airways. The increased expression of IL-6 observed in patients
suffering from chronic respiratory disorders, such as asthma,
COPD, and emphysema (22), may thus reflect attempts by the
tissue to restore a functional epithelium from basal progenitors
in the face of repeated shedding or loss of luminal cells (43).
Such a potentially positive, rather than negative, role of IL-6 in
homeostasis and repair should be born in mind when proposing
therapeutic drug strategies to block IL-6 signaling in patients
with asthma who carry variant alleles of IL-6R (44, 45). Finally,
our results suggest that IL-6 may help to promote the differen-
tiation of functional mucociliary epithelium from pluripotent
stem cells for drug screening or for bioengineering replacement
parts. In other endodermal tissues, the final maturation of spe-
cialized cell types has proved to be a roadblock to clinical
translation.

Materials and Methods

Animals. Socs37°* mice (46) were provided by Douglas Hilton, The Walter and
Eliza Hall Institute of Medical Research, Parkville, Australia. Socs37°% (46), K5-
CreER™ (47), Rosa-YFP (48), Foxj1-GFP (26), and Pdgfra-H2B:GFP mice (36)
were maintained on a C57BL/6 background. B6.12952-//-6""%°P%/) null mu-
tant mice were maintained as homozygotes. Male mice 8-12 wk old were
given three doses of Tmx (0.1 mg/g of body weight) through oral gavage
every other day. One week after the final dose, mice were exposed to 500
ppm of SO, in air for 4 h. All experiments were approved by the Duke In-
stitutional Animal Care and Use Committee.

Tracheosphere Culture. NGFR" basal cells (4) from Foxj1-GFP mice were sus-

pended in mouse tracheal epithelial cells (MTEC)/plus medium (30), mixed at
a 3:7 ratio with growth factor-reduced Matrigel (BD Biosciences), and seeded
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bars indicate SD (n = 3). (Scale bars: 50 pm.) (Also see Fig. S4.)

at 333 cells per well in 96-well, 1-um pore inserts (Falcon) coated with 5 pL of
100% Matrigel. Medium in the lower well was changed every other day.
MTEC/serum free (SF) (30) was used from day 7. Images were taken using an
AxioVert 200 M microscope (Carl Zeiss). For quantifying GFP* cells, spheres
were dissociated with dispase and 0.1% trypsin/EDTA, fixed with 2% (wt/vol)
paraformaldehyde (PFA) in PBS, and then analyzed using a FACSCanto (BD
Biosciences). For immunohistochemistry, spheres were fixed with 4% (wt/vol)
PFA in PBS for 30 min and then embedded in 3% (wt/vol) agarose, followed
by embedding in paraffin. For statistical analyses, three independent
experiments were done in triplicate.

Human ALI Culture. Primary human tracheobronchial epithelial cells were
obtained from excised subtransplant-quality lungs under a University of
North Carolina Biomedical Institutional Review Board-approved pro-
tocol (03-1396) as previously described (28), and informed consent from

Tadokoro et al.

patients was obtained. Passage 2 cells were seeded at 2.0 x 10° cells per
insert on collagen IV-coated, 10-mm diameter Millicell CM 0.4-um pore-
sized inserts (Millipore) or in 6.5 mm of Transwell with 0.4-um pore-
sized inserts (Corning). IL-6 was added from day 1, and the medium was
changed every 2-3 d. When cells reached confluence, the apical me-
dium was removed with basolateral feeding only, and apical washing
was performed with PBS once per week. Cells were harvested for RNA,
and membranes were fixed for histological/immunocytochemical
analysis at the times indicated. Cells were stained by antibody for
a-tubulin or SCGB3A1 antibody with DAPI, and images were taken by
confocal microscopy (49). For quantification, a-tubulin or SCGB3A1*
cells were counted in four randomly chosen areas (425 pm x 425 um,
0.18 mm? per area), except for the area within 1 mm from the edge of
the well. Statistical analyses were done using results from three
different donors.
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Immunohistochemistry. Mouse tracheas were fixed with 4% (wt/vol) PFA in
PBS at 4 °C for 4 h, washed with PBS, and processed for frozen or paraffin-
embedded sectioning. Tracheas were sectioned longitudinally in the midline
along the dorsal-ventral axis at 12 um (frozen) or 7 um (paraffin-embedded).
Paraffin sections were deparaffinized, rehydrated, and steamed with so-
dium citrate (pH 6.0) at 121 °C for 10 min. After blocking with 10% (vol/vol)
donkey serum, 3% (wt/vol) BSA, and 0.1% Triton X-100 in PBS, samples were
incubated with primary antibodies in blocking buffer at 4 °C overnight.
Primary antibodies used were as follows: rabbit K5 (1:1,000; Covance),
mouse p63 (1:100, 4A4; Santa Cruz Biotechnology), rabbit p-STAT3 (Tyr705;
1:200, 9145; Cell Signaling Technology), mouse FOXJ1 (1:1,000; eBioscience),
mouse a-tub (1:1,000, T7451; Sigma), rabbit Splunc (1:750, a gift from Colin
Bingle, University of Sheffield, Sheffield, United Kingdom), rat a-tubulin
(1:400; Millipore), mouse Muc5Ac (1:1,000; Thermo Fischer Scientific), goat
SCGB1A1 (1:10,000, a gift from Barry Stripp, Cedars Sinai Medical Center, Los
Angeles, CA), mouse SCGB3A1 (1:100; R&D Systems), rabbit SCGB3A2 (1:500,
a gift from Shioko Kimura, National Cancer Institute, Bethesda, MD), and
chicken GFP (1:500, GFP1020; Aveslab). Unless otherwise stated, Alexa Fluor-
labeled secondary antibodies (Invitrogen) were used at a 1:500 dilution.
Alexa488-labeled donkey anti-rat IgG (H+L, 1:500), Alexa488-labeled donkey
anti-chicken 1gY (1:500), and cyanine 3 (Cy3)-labeled donkey anti-mouse 1gG
(H+L, 1:500) were purchased from Jackson ImmunoResearch. After washing
with PBS, nuclei were stained with DAPI and mounted in FluoSaver (Cal-
biochem). Confocal images were obtained using an LSM 710 inverted con-
focal microscope (Carl Zeiss). For quantification, images between cartilages 2
and 10 were tiled, and cells were counted on dorsal and ventral surfaces and
averaged from three sections from three different tracheas.

Mouse ALl Culture and Virus Infection. The caStat3 (A661C and N663C) and
dnStat3 (Y705F) vectors were from Addgene (13373 and 8709) (50, 51). The
lentiviral vector (Lenti-FCMV-P2A-EGFP W; a gift from Fan Wang, Duke
University) was modified by replacing GFP with RFP. Genes were cloned into
BamHI and Nhel sites. Expression vector and packaging vectors (A8.9 and
VSVg) were transfected into 293T cells using Lipofectamine 2000 (Invi-
trogen), and medium was collected twice every 24 h. Viruses were centri-
fuged at 65,000 x g ta 4 °C for 2.5 h and suspended in HBSS. Mouse tracheal
epithelial cells were dissociated with 0.1% trypsin/EDTA and seeded on rat
tail collagen I-coated, 24-well 0.4-ym inserts at 7.5 x 10 cells per insert.
Medium was changed every other day. Lentivirus was added on top at day
3. When cells reached confluence, the overlying medium was removed and
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the medium in the well was changed to MTEC/SF (30). At day 12, cells were
fixed, stained, and observed by confocal microscopy. For quantitative RT-PCR
analysis, cells were stimulated with IL-6 (10 ng/mL) at day 7 and were har-
vested at the times indicated. Statistical analysis was done using results from
three independent experiments.

Quantitative RT-PCR. Total RNA was extracted from cells or whole tracheas
using an RNeasy kit (Qiagen). cDNA was synthesized using SuperScript I
reverse transcriptase (Invitrogen), and quantitative RT-PCR was performed
with iQ SYBR Green Supermix (Bio-Rad) using a StepOne Plus System (Applied
Biosystems). Primer sequences are listed in Table S1. For miRNA, RNAs were
extracted using the mirVana miRNA Isolation Kit (Life Technologies), and
gRT-PCR was performed with a TagMan MicroRNA Reverse Transcription Kit
and TagMan Universal PCR Master Mix (both from Invitrogen). Human
miRNA-449a and the control RPL21 were analyzed using a TagMan Micro-
RNA Assay from Invitrogen (nos. 001030 and 001209, respectively). For
quantitative RT-PCR from mouse ALl culture, statistical analysis was done
using results from three independent experiments. For human ALI culture
and mouse trachea experiments, statistical analyses were done using results
from three different donors or three different mice.

ChIP Analysis. Mouse ALI cultures at day 7 were exposed to mouse IL-6 (20 ng/
mL; R&D Systems) at 37 °C for 4 h. Approximately 4 x 10° cells were fixed at
room temperature for 10 min and scraped off the inserts. The ChIP assay was
performed using a SimpleChlp Enzymatic Chromatin IP Kit (Cell Signaling
Technology) following the manufacturer’s instructions. In brief, nuclei were
digested by micrococcal nuclease, followed by sonication. Chromatin was
precipitated with rabbit p-STAT3(Y705) antibody (9145; Cell Signaling
Technology) or rabbit control IgG. Purified DNA samples were analyzed by
gPCR and were normalized with input DNA. The primers used for STAT binding
sites in the respective promoter regions were as follows: 5-CACAGCCTTT-
CAGTGCAGAG-3’ and 5-GTATTTACCCGGCCAGTACG-3' for Socs3, 5-GCTGGC-
TCTGCTTCCTAGAC-3" and 5'-GTAGGGTAACCCAGCGTCTC-3’ for Foxj1, 5'-
CTGGCTTCAGTACTCTGCTTCA-3’ and 5'-TGCCAAAGCTCTGCTCTGTA-3" for
Mcidas, and 5-CTGTAACCCAAGCCCTGATTTCC-3’ and 5'-CACGGGATGG-
CTTCTCACTG-3’ for Notch1. Statistical analysis was done using results from
three independent experiments.

In Situ Hybridization. Paraffin sections were deparaffinized and rehydrated,
and then treated with Proteinase K (50 pg/mL; Invitrogen) for 10 min, fol-
lowed by acetylation with triethanolamine for 10 min at room temperature.
After prehybridization, digoxigenin (DIG)-labeled probes (500 ng/mL) were
hybridized at 65 °C overnight. After washing once with 5x SSC and four
times with 0.2x SSC at 65 °C, slides were blocked with 10% (vol/vol) heat-
inactivated sheep serum in Tris-buffered saline for 1 h and incubated with
alkali phosphatase-conjugated sheep anti-DIG antibody (1:1,000; Roche
Applied Science) in 1% heat-inactivated sheep serum/PBS at 4 °C for over-
night. To detect K5 or GFP, slides were incubated with anti-K5 antibody or
anti-GFP antibody, followed by secondary antibody with DAPI for counter-
staining (Materials and Methods, Immunohistochemistry). Slides were in-
cubated with FastRed (Roche Applied Science) for 2-3 h to develop color.

Flow Cytometric Analysis and Cell Sorting. For analysis of immune cells, tra-
cheas were harvested, cleaned of attached connective tissue, and digested
with 1.5 mg/mL Collagenase A (Roche), 0.4 mg/mL DNase | (Roche), and
2 U/mL Dispase Il (Sigma-Aldrich) in HBSS at 37 °C for 30 min. Single-cell
suspensions were washed, and approximately 5 x 10° cells per trachea were
used for 11-color flow cytometry. Antibodies used included the following:
CDA45, CD11¢, and IA/IE (eBioscience); CD11b and Ly6G (BD Biosciences);
and F4/80, CD64, CD24, and CD31 (Biolegend). At least one channel was
used for detecting autofluorescence. In addition, Invitrogen Aqua Live/
Dead was used to exclude dead cells. Data were collected with a BD LSRII
flow cytometer (BD Biosciences) and analyzed with FlowJo software
(TreeStar, Inc.). For isolation of Pdgfra-GFP cells and CD45" immune cells,
tracheas from Pdgfra-H2B:GFP mice were dissociated as described above.
Cell suspensions were labeled with phycoerythrin-CD45 antibody, and
cells were sorted using a FACSVantage SE system (Becton Dickinson).
Statistical analysis was done using results from three different mice
per condition.

Statistical Analysis. All results are mean + SD. Statistical significance was

determined by unpaired Student t tests unless otherwise described.
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Fig. S1. Related to Fig. 1. (A) Effect of pyrimethamine, a Stat3 inhibitor, on forkhead box protein J1 (Foxj7)-GFP expression in spheres. Differential in-
terference contrast images (Upper) and fluorescent images of the same spheres (Lower) are shown. d, day(s). (B) Colony-forming efficiencies at different doses
of IL-6. Error bars indicate SD. **P < 0.01 against control; ***P < 0.001 against control (n = 3). (Scale bar: 500 um.)
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Fig. S2. Related to Fig. 2. (A) Effect of IL-6 on ciliogenesis in human air-liquid interface (ALI) culture. Primary human bronchial epithelial cells from three
donors were cultured on inserts for 21 d with or without IL-6 (0, 1, and 10 ng/mL). Inserts were stained in whole mounts for a-tubulin (ciliated cells, green) and
counterstained with DAPI. Ciliated cells were quantified as a percentage of total DAPI* cells. Error bars indicate SD. *P < 0.05 against control; ***P < 0.001
against control (n = 3). (B) 5-ethynyl-2’-deoxyuridine™ cells were quantified in control and IL-6 (10 ng/mL)-treated ALI culture from three donors as a per-
centage of total DAPI* cells at day 3, day 7, day 14, and day 21. (C) Quantitative RT-PCR shows that IL-6 treatment up-regulates ciliogenesis-related genes, such
as FOXJ1 and Sentan (SNTN), and down-regulates secretory cell-related gene secretoglobin 3A1 (SCGB3A1) in human ALI culture. The expression levels were
normalized to the control hypoxanthine phosphoribosyltransferase 1 (HPRT1). Error bars indicate SD. *P < 0.05 against control; **P < 0.01 against control;
**%P < 0.001 against control (n = 3). (D) Whole-mount staining of day 21 human ALI cultures for basal cells (p63, red). Nuclei are blue (DAPI). (Scale bar: 40 pm.)
(E) Quantification of D as a percentage of total DAPI* cells. Values are mean and SEM for cultures from three different donors. Error bars indicate SD. *P < 0.05
against control (n = 3). (F) RNA was extracted from ALI cultures from three different donors with or without IL-6 (10 ng/mL) at day 3, day 7, day 14, and day 21
and subjected to quantitative RT-PCR analysis. The expression level of miR-449a, a microRNA which controls ciliogenesis, was normalized to the control gene
ribosomal protein L21. Statistical significance was determined by the paired Student t test. Error bars indicate SD. *P < 0.05 against control (n = 3).
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Fig. S3. Related to Fig. 6. (A) Immune cell populations in the trachea from three different mice were analyzed by fluorescence-activated cell sorting (FACS)
and quantified as a percentage of live cells after SO, injury at 24 h postinjury (hpi). Error bars indicate SD (n = 3). (B) Immune cell populations in trachea from
three different mice were analyzed by FACS and quantified as a percentage of live cells after SO, injury at 48 hpi. Error bars indicate SD (n = 3). *P < 0.05
against uninjured trachea; **P < 0.01 against uninjured trachea (n = 3).

A l YFP p-STAT3 ]
6 dpi  K5-CreER™Rosa-YFP

o

1.6 1.2
© © L
3 14r 3 1.0f
®1.2f o
> . > 08¢}
o 1.0t <
go.s- goe-
'S 06' 'S 04_
D 04f o
TPy 2 02}
0 0

° © © O
NooE O

Fig. S4. Related to Fig. 7. (A) Expression of phospho-STAT3 (p-STAT3; red) and YFP (green) at 6 d after SO, injury in control trachea [Upper; Keratin 5 (K5)-
CreER™; Rosa-YFP ] and a gain-of-function model [Lower; K5-CreER™; suppressor of cytokine signals 3 (Socs3)"°°%; Rosa-YFP]. Note the persistence of
p-STAT3" nuclei in the epithelial cells in which the feedback inhibitor, Socs3, is conditionally deleted. (Scale bar: 50 um.) (B) Quantitative RT-PCR analysis shows
reduced Foxj1 expression and increased secretoglobin 3a2 (Scgb3a2) expression in /-6 null mice compared with C57BL/6 mice after SO, injury (4 d postinjury).
The expression levels were normalized to the control Hprt1. Error bars indicate SD. *P < 0.05 against control; **P < 0.01 against control (n = 3).
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Table S1.

Primers for quantitative PCR

Forward

Reverse

-6

1-10
1-11
Cntf

Lif

Osm
Gapdh
Hprt1
Socs3
Foxj1
Mcidas
Cdc20b
Notch1
Notch2
DIl
Jagged1
Scgb3a2
FOXJ1
SNTN
SCGB3A1
HPRT1

5'-GAGGATACCACTCCCAACAGACC-3’
5'-GGTTGCCAAGCCTTATCGGA-3’
5'-GACTCTGGAGCCAGAGCTG-3’
5'-CCATCCACTGAGTCAAGGCT-3’
5'-AGCAGCAGTAAGGGCACAAT-3’
5'-CCATGCTCAGGATGAGGAGA-3’
5'-AGGTCGGTGTGAACGGATTTG-3’
5'-GAGGAGTCCTGTTGATGTTGCCAG-3’
5'-AACTTGCTGTGGGTGACCAT-3’
5'-CAACTTCTGCTACTTCCGCC-3’
5'-AAGAGTTGGTTTGCGTGCTT-3’
5'-GAAGGAAAATCTTGCCACCA-3’
5'-TGTTGTGCTCCTGAAGAACG-3’
5'-ATGTGGACGAGTGTCTGTTGC-3’
5'-CCGGCTGAAGCTACAGAAAC-3’
5'-CCTCGGGTCAGTTTGAGCTG-3’
5'-CCAAAGTCCCGGAAAACATC-3’
5'-GTTTGGGTTTGGTGGTTTGG-3’
5'-TTGCCACCACTGCTCTGATT-3’
5'-CATAGAGGGCTCCCAGAAGTG-3’
5'-TGTCAGTTGCTGCATTCCTAAA-3’

5'-AAGTGCATCATCGTTGTTCATACA-3’
5'-GGGATCACAGGTTGGTCTG-3’
5'-GGGATCACAGGTTGGTCTG-3’
5'-TGGCTAGCAAGGAAGATTCG-3’
5'-CCCCATTTGAGCATGAACTT-3’
5'-AGCTGTGTCACCCCTGAGAG-3’
5'-TGTAGACCATGTAGTTGAGGTCA-3’
5'-GGCTGGCCTATAGGCTCATAGTGC-3’
5'-AAGGCCGGAGATTTCGCT-3’
5'-CGAGGCACTTTGATGAAGC-3’
5'-ACCCCAGGACTGGAGTTTCT-3’
5'-CATCTTCCCATCGATTTGCT-3’
5'-GCAACACTTTGGCAGTCTCA-3’
5'-GGAAGCATAGGCACAGTCATC-3’
5'-AGCCCCAATGATGCTAACAG-3’
5'-CCTTGAGGCACACTTTGAAGTA-3’
5'-AGGGCAGTGGCAGAATAACC-3’
5'-TGGTCCCAGTAGTTCCAGCA-3’
5'-GGCTTGGTTTCTTGTCCCTCT-3’
5'-CAGCGTCTTGTCCTCAGGTG-3’
5'-TAAACAACAATCCGCCCAAA-3’

Cdc20b, cell division cycle 20B; Cntf, ciliary neurotrophic factor; DII1, delta-like 1; Foxj1/FOXJ1, forkhead box
protein J1; Hprt1/HPRT1, hypoxanthine phosphoribosyltransferase 1; Lif, leukemia inhibitory factor; Mcidas,
multicilin; Osm, oncostatin-M; SCGB3A1, secretoglobin 3A1; Scgb3a2, secretoglobin 3a2; SNTN, sentan; Socs3,
suppressor of cytokine signals 3.
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