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Despite therapeutic advancement, pulmonary disease still remains
a major cause of morbidity and mortality around the world. Op-
portunities to study human lung disease either in vivo or in vitro
are currently limited. Using induced pluripotent stem cells (iPSCs),
we generated mature multiciliated cells in a functional airway
epithelium. Robust multiciliogenesis occurred when notch signaling
was inhibited and was confirmed by (i) the assembly of multiple
pericentrin-stained centrioles at the apical surface, (ii) expression
of transcription factor forkhead box protein J1, and (iii) presence
of multiple acetylated tubulin-labeled cilia projections in individual
cells. Clara, goblet, and basal cells were all present, confirming the
generation of a complete polarized epithelial-cell layer. Addition-
ally, cAMP-activated and cystic fibrosis transmembrane regulator
inhibitor 172-sensitive cystic fibrosis transmembrane regulator cur-
rents were recorded in isolated epithelial cells. Our report demon-
strating the generation of mature multiciliated cells in respiratory
epithelium from iPSCs is a significant advance toward modeling
a number of human respiratory diseases in vitro.
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ung disease is the third highest cause of death in the United

States after cardiovascular disease and cancer; however, un-
like the latter two, death rates from pulmonary disease continue
to increase. Modeling human lung disease currently requires the
isolation of primary bronchial epithelial cells from the lungs of
deceased patients. These lungs are often at the end stages of the
disease and have been exposed to a variety of therapeutic
approaches and environments. Furthermore, understanding the
development of a genetic human lung disease, such as primary
ciliary dyskinesia, is difficult to recapitulate accurately in vitro. A
reproducible model of human lung disease from a self-renewing
population of cells would create the opportunity to study human
lung disease more extensively. Indeed, using homologous re-
combination to generate gene-corrected respiratory epithelial
progenitor cells from a patient with genetic disease could proffer
a potential therapeutic approach.

Generation of pluripotent stem cells from somatic cells [in-
duced pluripotent stem cells (iPSCs)] has opened the door for
creating patient- or disease-specific pluripotent cells with the
potential to differentiate to disease-relevant cell types to model
disease and screen for novel therapeutic approaches (1). To use
such iPSCs to model lung disease, an effective differentiation
protocol is necessary to generate pseudostratified polarized re-
spiratory epithelium in a dish. In particular, this differentiation
requires the generation of a specialized postmitotic multiciliated
cell. The differentiation of embryonic stem cells and iPSCs to
airway epithelial cells has recently received increased attention
(2, 3). The current manuscript describes developing a differenti-
ation protocol based upon lessons learned from embryogenesis
to generate multiciliated cells (4-9).

Airway epithelium first develops from the definitive endoderm
(DE). Both Wnt3a and activin A signaling are critical for the
push from mesendoderm to DE, and a standardized protocol for
the induction of DE from pluripotent stem cells is now widely
accepted (10, 11). The anterior foregut endoderm (AFE), the
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caudal end that gives rise to the trachea and lung, can be sub-
sequently induced from differentiated DE by inhibition of bone
morphogenic protein (BMP) and transforming growth factor
beta (TGFp)/Nodal. This combination was shown to maintain
forkhead box A2 (FOXA2) expression while augmenting the
reemergence of sex determining region-Y box 2 (SOX2) (foregut
marker) and suppressing the expression of hindgut marker cau-
dal type homeobox 2 (12). BMP4 and fibroblast growth factor
(FGF) are known to act downstream of Wnt3a and are involved
in the differentiation and maintenance of the distal lung epi-
thelium (13). FGF10 is expressed in the lung mesenchyme and
is a critical regulator of endoderm proliferation and lung bud
morphogenesis (14, 15). FGF7 [also known as keratinocyte
growth factor (KGF)] can also be detected early in lung de-
velopment and is known to interact with other factors to regulate
epithelial branching and epithelial proliferation (16, 17). A
combination of these factors in addition to the careful regulation
of BMP4 expression can induce expression of the transcription
factor NK2 homeobox 1 (NKx2.1) and push differentiation to-
ward the ventral anterior endoderm (6, 18, 19). NKx2.1 is also
known as thyroid transcription factor 1 (TTF-1) and is critical
for the transcription of genes essential for thyroid and lung
development. Thyroid cells can be defined by the acquisition
of specific markers such as paired box 8 gene (PAXS), known to
be important for thyroid epithelial cell differentiation and sur-
vival (20), and during development have also been shown to
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lose expression of endoderm marker FOXA2 (21). Lung progenitor
specification and lung maturation can be subsequently con-
trolled by combinations of FGF, TGFf, and BMP4 regulated
signaling (3). In addition, the microenvironment can be crit-
ical to successful differentiation of cells; bronchial epithelial
cells have been shown to differentiate into a mature polarized
epithelium in vitro using an air-liquid interface model
(22, 23).

Motile multiciliated cells (MCCs) are a population of spe-
cialized cells that have exited cell cycle and assembled basal
bodies and that project hundreds of motile cilia as they differ-
entiate. The notch signaling pathway is known to play critical
roles in the maintenance and differentiation of stem cells, in-
cluding basal cells in the adult lung (24). Recently, inhibition of
notch has been shown to be essential for the development of MCCs
in Xenopus, mouse, and human airways (24-30). Concentration-
dependent notch signaling is known to be able to determine the
fate of stem cells in both the mouse and human lung. Basal stem
cells can undergo self-renewal, independent of notch, and then
be driven to an early progenitor cell by the addition of notch.
The fate of the progenitor cells is also determined by notch ex-
pression because lowest levels of notch signaling will push the

cells toward a ciliated cell fate whereas higher concentrations
will select for a secretory cell type (24).

This study demonstrates the differentiation of human iPSCs to
MCCs that accumulate numerous pericentrin-labeled centrioles,
allowing for the formation of multiple cilia projections in each
cell. Only in the presence of notch inhibition was a substantial
population of MCCs generated. Furthermore, we verify the ro-
bust pseudostratified polarized nature of the epithelial cells and
demonstrate the presence of Clara cells with Clara cell 10 kD
(CC10)-positive vesicles and mucin 5A/C (MUCSA/C)-positive
goblet cells. Finally, we show the presence of forskolin-induced
chloride currents sensitive to cystic fibrosis transmembrane regu-
lator inhibitor 172 (CFTRinh-172) in isolated epithelial cells by
the whole-cell patch-clamp technique. This model provides a
platform for studying the development of lung diseases where
cilia are defective, such as primary ciliary dyskinesia, or where
secretory cells are deregulated, such as asthma and chronic ob-
structive pulmonary disease. With further purification, the model
could be adapted for high-throughput compound screening for
novel therapeutics for lung diseases, such as cystic fibrosis,
asthma, and bronchitis.
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Fig. 1. Differentiation to definitive endoderm. (4) Summary of the differentiation protocol indicating the days of media changes (media are in S/ Appendix,
Table SlI). (B) Up-regulation of FOXA2, GATA6, and SOX17 mRNA at day 4 of differentiation; data are normalized to iPSC. (C) Colocalization of SOX17 and
FOXAZ2 at day 4 and day 11 of differentiation. (Scale bar: 100 pm.) (D) mRNA expression of DE markers over the time course of differentiation; data are
normalized to whole adult lung cDNA. Red and blue bars represent two independent iPSC lines. (E) Quantification of the % of cells also expressing FOXA2 or
SOX17 (mean + SEM). n = 6 independent experiments. ***P < 0.01, ****P < 0.001.
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Results

Generation of Airway Epithelial Cells. Induced pluripotent stem
cells (iPSCs) were derived from human-skin fibroblasts using a
polycistronic six-factor lentivirus, which was subsequently excised
using CRE-recombinase (SI Appendix, Supplemental Experimental
Procedures and SI Appendix, Figs. S1 and S2). The iPSCs were
subjected to a stepwise differentiation protocol adapted from cur-
rently available protocols and based on normal lung development
in utero (Fig. 1 and ST Appendix, Figs. S3-S7). The protocol follows
basic stages of lung embryogenesis moving through a SOX17,
FOXA2, and GATA binding protein 6 (GATA6) expressing
definitive endoderm (Fig. 1 and SI Appendix, Fig. S3) and
NKx2.1 expressing ventral anterior foregut endoderm (Fig. 2 and
SI Appendix, Fig. S6). FOXA?2 expressing DE was generated with
a high efficiency of 93.6 + 2.6%, with 64.8 + 4.2% coexpressing
SOX17 as can be seen in the representative images and quantifi-
cation at day 4 of differentiation (Fig. 1 C and E). There was
a concordant up-regulation of DE genes SOX17, FOXA2, and
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Fig. 2. Anterior foregut endoderm specification. Representative immuno-
fluorescent images of day 9 of differentiation indicating the colocalization
of FOXA2, NKx2.1, and EpCAM (A) or PAX8 (B). (C) The same time point
stained with CK18, NKx2.1, and SOX2. (D) The % of the DAPI cells stained
with SOX2, NKx2.1, or both and (E) the % of the DAPI cells stained with
FOXA2 or FOXA2 and NKx2.1 at day 9 of differentiation (mean + SEM). n=7
independent experiments. (Scale bar: 100 pm.)
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GATAG6 at the mRNA level as shown for two independent cell
lines in Fig. 1B. DE also triple stained for epithelial calmodulin
(EpCAM), tyrosine-protein kinase Kit (C-KIT or CD117), and
C-X-C chemokine receptor type 4 (CXCR4 or CD184), with >99%
of cells double-positive for EpCAM and CXCR4 and ~45% triple-
positive with C-KIT expression also at day 5 of differentiation; by
day 9, the triple-positive population had increased to ~70% (SI
Appendix, Fig. S4). By day 11 of differentiation, 67.2 + 12.7% of
cells expressed FOXA2 and 72.3 + 13.1% SOX17, indicating ef-
ficient differentiation to DE, which is maintained through the
anterior foregut endoderm and lung endoderm differentiation
stages (Fig. 1E). Over the time course, the mRNA expression of
these DE markers gradually decreased to levels comparable with
adult lung (Fig. 1D).

Inhibition of BMP and TGFf signaling on day 5 of differen-
tiation, followed by continued TGFf inhibition with the addition
of BMP4 on days 6-9, was used to push the DE to differentiate
to ventral anterior foregut. By day 9, there was a notable pop-
ulation of cells that strongly expressed EpCAM and NKx2.1 but
had lost the expression of FOXA2 (Fig. 24). It is likely that this
population of cells represents the development of a thyroid lin-
eage. Although we do not observe nuclear PAXS8 staining, nor
mRNA expression of PAXS or thyroid-stimulating hormone re-
leasing hormone, we did observe some thyroglobulin (Tg) ex-
pression, which would indicate that a population of thyroid-like
cells are generated in our protocol (Fig. 2B and SI Appendix, Fig.
S5B). By day 9, FOXA2*NKx2.1* cells also expressed EpCAM.
Foregut endoderm can also be identified by costaining with
SOX2; at day 9 of differentiation, 52.5 + 8.2% of cells expressed
SOX2, with NKx2.1"SOX2* cells representing 45.9 + 8.4% of
DAPI-expressing cells. NKx2.1* cells could also represent
a population of ventral forebrain progenitors (Fig. 2 C and D);
although there was some scattered Tuj1 expression in the derived
epithelial cells at day 9 of differentiation, it did not account for
the majority of the NKx2.1% cells (ST Appendix, Fig. S6A). In the
anterior foregut endoderm, 75.7 + 4.2% expressed FOXA2, with
55.6 + 5% coexpressing NKx2.1 (n = 12) (Fig. 2E). Pancreatic
endoderm marker paired box protein 6 decreased in expression
compared with the control, undifferentiated iPSCs, after 45 d of
differentiation, indicating minimal differentiation to pancreatic
endoderm (SI Appendix, Fig. S9A4). It is worth noting that cur-
rently available in vitro differentiation lung progenitor differ-
entiation protocols have also observed contamination of the
lung endoderm differentiation with thyroid, neuronal, and
mesodermal differentiation (31, 32).

The concentration of BMP4 in lung development is known to
be tightly regulated so we investigated changes in the BMP4
concentration during the early stages of differentiation (protocol
from days 5-17). Zero, 5, and 20 ng/mL were used, and RNA was
collected from the differentiation at day 45. Analysis of lung-
related gene expression at this time point showed that 5 ng/mL
supported the most robust up-regulation of genes related to lung
development and mature lung cells, such as DE makers FOXA2,
GATA®G, goblet cell marker MUCS5A/C, MUCI1, CFTR, and
transcription factor cEBPa (important for lung-branching mor-
phogenesis) (33, 34), and was thus used as the working concen-
tration for the protocol (shown in SI Appendix, Fig. S7). Analysis
of the cells by FACS at day 10 of differentiation indicated ~70%
EpCAM™ cells, with ~28% expressing mesenchymal marker
cluster of differentiation factor 90 (CD90) (Thy-1) (SI Appendix,
Fig. S84). This data indicates that, by day 10 of differentiation,
a population of the cells pushed to definitive endoderm had
assumed a mesenchymal phenotype.

Maturation of the primed airway epithelial progenitor cells
was induced at day 17 by allowing the cells to be maintained in
an air liquid interface (ALI), reflecting more closely the envi-
ronmental niche of mature epithelial cells in the lung. Such an
ALI is commonly used to push the maturation of human primary
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bronchial epithelial cells in vitro and has been used to assist in
the differentiation of embryonic stem cells to lung epithelial cells
(2, 35, 36). The ALI was maintained in media G on the basolateral
side (37) and used to promote maturation and polarization of the
epithelial cell layer.

Functional epithelial cell layers are characterized by the de-
velopment of tight junctions between cells forming a high-
resistance epithelial barrier (38). The expression of tight junction
protein ZO-1 (also known as occludin-1), epithelial cadherin
(E-Cadherin) (both a marker of epithelial cells and a cell-adhe-
sion molecule), and epithelial calmodulin (EpCAM) was ob-
served at the cell junctions [Fig. 34, shown at day 45 of dif-
ferentiation (day 28 of ALI)]. Polarization of the mature
airway epithelial cells is essential to their function; concentration
gradients are established for nutrients and growth factors, the
basal side is adapted for anchorage, and the apical side is
adapted for cell-specific functions. Analysis of our epithelial cell
cultures after 45 d of differentiation indicated cuboidal-shaped
polarized cells (Fig. 3B). The expression of epithelial markers
cytokeratin 18 (CK18), EpCAM, and E-Cadherin was localized
to the apical epithelial layer, and staining clearly shows the tight
junctions between cells (Fig. 3C). Our differentiation protocol
generates a supportive mesenchyme layer with a polarized layer
of epithelial cells only on the most apical side. Mesenchymal
markers vimentin and CD90 localized to the layers of cells un-
derneath the apical epithelial cell layer (Fig. 3D) suggest the
possibility of a niche supporting epithelial differentiation. The
precise role for this supportive mesenchymal cell layer requires
further investigation; however, it was notable that, if cells were
first differentiated in a dish and then transferred to the transwells,
this layer did not robustly form and the terminal differentiation
did not efficiently generate the desired mature epithelial cell
types. This observation is supported by quantitative polymerase

A NHBE
B

Da‘ 28 ALl 63x Da‘ 28 ALl 20x Da‘ 28 ALl 20x

T

Fig. 3. Generation of pulmonary epithelium. (A) Differentiated normal
human bronchial epithelial (NHBE) cells stained with ZO-1 (red). iPSCs at day
28 of differentiation stained with ZO-1 (red), epithelial cadherin (ECAD, red),
and epithelial calmodulin (EpCAM, green). Images shown at 63x as labeled.
(Scale bar: 50 pm.) Images shown at 20x as labeled. (Scale bar: 100 pm.) (B)
H&E-stained histological samples showing a cuboidal layer of epithelial cells
on the apical surface. (C) Staining of the apical cell layer with CK18 and
ECAD (red). (Scale bar: 50 um.) Staining of the apical cell layer with EpCAM
(green). (Scale bar: 100 pm.) (D) Images showing the mesenchymal layer
stained by CD90 and vimentin (red) and the epithelial layer stained with
EpCAM (green). (Scale bars: 100 um.) Nuclei are counterstained with DAPI
(blue) in all images.
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chain reaction (QPCR) data for two independent iPSC lines
comparing plating at day 0 and day 8 of differentiation onto the
transwells and the substantial drop in expression of Clara,
goblet, and basal cell genes (SI Appendix, Fig. S9). Further-
more, cell density at the endpoint (day 45) was much lower and
less 3-dimensional, with fewer FOXA2 and SOX2 positive cells
(SI Appendix, Fig. S9B).

By day 45 of differentiation, the EpCAM-positive cells rep-
resented 40-55% of the cells, with the majority (>80%) coex-
pressing CD44. CD90* mesenchymal cells represented 17-40%
of the final population. Representative FACS plots are shown
in SI Appendix, Fig. S8 for control and conditions where y se-
cretase was inhibited using either N-[(3,5-difluorophenyl)acetyl]-
L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT) or
Ly441575 to inhibit notch and push ciliogenesis. After 45 d of
differentiation (25 d in the ALI), FOXA2", NKX2.1* cells were
still observed in the apical cell layer (SI Appendix, Fig. S104).
FOXA2* cells also displayed nuclear localization of p63 (SI
Appendix, Fig. S10B), and the quantity of p63-positive cells in
this section may indicate airway progenitors in a currently non-
pseudostratified region of the differentiation. Sections showing
apical to basolateral organization indicated an epithelial cell
layer where CKI18 and NKx2.1, and tumor protein p63 and
CFTR were colocalized (SI Appendix, Fig. S10 C and D, re-
spectively). Basal cell markers p63, nerve growth factor receptor,
and Kertatin 5 all increased in mRNA expression over the time
course of differentiation, peaking between 11 and 18 d in the air—
liquid interface and returning to levels similar to those observed
in whole adult lung lysate after 45 d of differentiation (SI Ap-
pendix, Fig. S10F).

Formation of Multiciliated Cells. Proximal airway function relies
upon the cells having multiple motile cilia to generate a flow in
the periciliary layer and keep mucus moving over the airway
surface. Ciliated cells beat to propel mucus produced by secre-
tory cells, such as Clara and goblet cells, out of the airway (39,
40). This mucociliary clearance protects the airway from in-
fection. Forkhead box protein J1 (FOXIJ1) is a transcription
factor associated with the activation of genes necessary for the
anchoring of basal bodies at the apical surface and initiating
ciliogenesis (41, 42). In our differentiation protocol, FOXJ1 gene
expression is highly up-regulated after switching to ALI at day 17
following initiation of differentiation (Fig. 4B). Analysis by
confocal microscopy indicated that FOXJ1 expression is local-
ized in the nucleus (Fig. 4 4 and C). Pericentrin is known to be
associated with both centrioles at the base of primary cilia and
motile cilia (43). After 28 d in ALI, confocal analysis of cilia
suggests that the majority of ciliated cells are in the early
stages of multiciliogenesis. Small clusters of pericentrin foci
are visible along with associated acetylated alpha tubulin-
stained cilia projections; however, under these control differen-
tiation conditions, little evidence for true multiciliogenesis was
found (Fig. 4D). We believe that these cells represent cells that
are not fully differentiated. It has been shown that primary cilia
are found transiently in the airways but not in well-differentiated
airway epithelium. In addition, primary cilia have been observed
in the luminal layers of epithelium and basal cells after lung
injury (44). Inhibition of notch signaling is known to be involved
in the switch from a primary ciliated cell to an MCC (24, 27, 28,
45). DAPT inhibits notch signaling via its action on y secretase.
When DAPT was added at day 1 of ALI (experiment day 17) and
maintained in the media for the following 28 d, MCCs were
observed (Fig. 4E). These cells show the assembly of multiple cell
bodies (indicated by staining with pericentrin) and multiple cilia
projections (indicated by acetylated tubulin staining). Inhibition of
notch signaling, with either y secretase inhibitors DAPT and
LY441575 or notch transcription factor inhibitor SAHM-1 en-
hanced the mRNA expression of genes related to the formation of
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Fig. 4. Generation of MCCs with Inhibition of notch signaling. (A) Repre-
sentative images showing colocalization of FOXJ1 and DAPI at days 16 and
20 of differentiation. (Scale bar: 100 pm.) (B) gPCR for FOXJ1 expression
during differentiation. Data are shown for two primer sets (gray/black) and
are corrected for internal control GAPDH and normalized to whole-lung
cDNA. Data are expressed as mean + SEM and represent n > 2 repeats per
cell line. (C) Expression of transcription factor FOXJ1 (cyan); nuclei are
counterstained with DAPI (blue) and cells indicated with ZO-1 (red). (Scale
bar: 50 pm.) Representative images of cilia in the absence (Control) (D) and in
the presence (DAPT-treated) (E) of notch inhibition. (Scale bar: 50 pm.) Cilia
are indicated by acetylated alpha tubulin (cyan) and centrosome assembly by
pericentrin (red), and nuclei are counterstained with DAPI (blue). D, Right
indicates the three planes of view showing primary cilium at the apical
surface and E, Right shows a 2.5x digital zoom image of multiciliated cells
with dense centrioles marked with pericentrin. (F) The apical localization of
both the cilia and the pericentrin (yellow arrow).

functional cilia (SI Appendix, Fig. S114) compared with the
vehicle control (DMSO). Although dynein axonemal assembly
factor 1, dynein axonemal heavy chain 9, and dynein axonemal
intermediate chain 1 were barely detected, it should be noted that
the normal human bronchial epithelial (NHBE) cell levels were
comparable with the iPSC differentiation experiment. Although
the precise roles and functions of these genes will need further
investigation, we can currently conclude that the generation of
multiciliated cells and the expression of genes associated with
ciliogenesis are increased under conditions where notch signaling
is reduced.

Generation of Secretory Cells. Function of the respiratory epithe-
lium also relies upon Clara and goblet cells to secrete proteins
that maintain the function of the periciliary layer (46, 47). Goblet
cells are glandular columnar cells more localized in bronchi that
secrete mucin; MUCS5A/C is the gene that encodes Mucin SAC
and is associated with goblet cells in the respiratory epithelium
(48). Clara cells are nonciliated secretory epithelial cells lining
the pulmonary airways that secrete Clara cell secretory protein
(CCSP) (also known as CC10, CC16, or uteroglobin) (49). Clara
cells were identified during differentiation from iPSCs by the ex-
pression of CC10 in vesicle-like structures on the apical surface
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of the epithelial layer (representative images are shown in Fig. 5 4
and B). CC10 mRNA expression increased over the time course of
differentiation, and the protein also colocalized with the nuclear
expression of NKx2.1 (Fig. 5B); and the data in SI Appendix, Fig.
S10 show that nuclear expression of NKx2.1 at this time point was
associated with colocalization of FOXA2, indicating that the CC10-
expressing cells were derived from lung-specific endoderm. Clara
cells represented 27.3 + 3.7% (n = 4 independent experiments)
of the differentiated epithelial cell layer. Goblet cells were sim-
ilarly identified by staining with MUCS5A/C and represented a
much smaller fraction of the cells (~1-2% on average) (Fig. 5C).
The relative distribution of these Clara cells is representative
of in vivo airways where they represent 0.4% of cells in the tra-
chea, increasing up to 22% in the bronchioles (46). Goblet-cell
distribution is <2% in the large airways of mice but is often higher
in human airways, dependent upon exposure to environmental
factors. Up-regulation of MUCSA/C, MUCI, and transcription
factor SAM pointed domain containing ETS transcription factor
(SPDEF), required for goblet-cell differentiation (50), was seen
during differentiation (SI Appendix, Figs. S7 and S9). As previously
mentioned, the detection of MUCSA/C was dependent upon the
day the cells were transferred to the inserts. Analysis day 45 of
differentiation indicated that cells directly seeded onto the inserts
at day 0 of differentiation had increased mRNA expression of
secretory cell markers (SPDEF, MUCI, and MUC5A/C) com-
pared with transfer at day 8 (SI Appendix, Fig. S9). Pulmonary
surfactant comprises lipids and proteins that are important for
maintaining the surface tension at the air-liquid interface in the
lungs (51). They are primarily secreted by alveolar cells; however,
they are also detected in and secreted by Clara cells and alveolar
macrophages (52, 53). We observed expression of surfactant pro-
tein D at the apical surface of the epithelial cells (Fig. 5 D and E).

Functional Expression of CFTR. Maintenance of the periciliary layer
is also dependent upon the functional expression of CFTR

A CC10/20-1/DAPI

C D SPD/ECAD/DAPI

Fig. 5. Generation of secretory cells. (A) Representative images of iPSC-
derived CC10-expressing cells (green), ZO-1 (red), and nuclei (blue). (B)
Images at day 45 indicating the colocalization of CC10 (green) with NKx2.1
(red). (C) Representative images showing the generation and frequency of
MUCS5A/C (cyan) stained cells (indicated by the yellow arrows). (D) Repre-
sentative images of the apical epithelial layer stained with surfactant protein
D (SPD) (green), ECAD (red), and DAPI (blue). (E) gPCR expression of SPD over
the differentiation time course normalized to whole adult lung cDNA. Red
and blue bars represent two independent iPSC lines. (Scale bars: A-D, 100 pm;
E, 50 pm.)
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localized to the apical membrane. CFTR could be visualized at
the apical surface of polarized cells in the ALI (Fig. 64). Ex-
pression of CFTR at the mRNA level was observed throughout
the differentiation after specification of the pulmonary endo-
derm stage (SI Appendix, Figs. S7 and S9). Although the exact
nature of an interaction between CFTR and the epithelial so-
dium channel, ENaC, is still debated, it is generally agreed that
there is an interaction between the two (54). ENaC was observed
during differentiation at the apical surface of the polarized cells
and at the cell membrane (Fig. 6B). After 45 d of differentiation,
cells were dissociated and plated on collagen IV-coated plates
and passed for three passages before preparation on coverslips
for patch-clamp experiments. At day 45, 40-55% of cells ex-
pressed EpCAM (SI Appendix, Fig. S6B), and, after two passages
in bronchial epithelial growth media (BEGM), cells maintained
homogenous epithelial cell morphology (Fig. 6E). CFTR func-
tion was assessed by whole-cell patch-clamp studies in conditions
where K*, Na*, and Ca®* currents were minimal. Activation of
CFTR by the addition of 10 pM forskolin, a c-AMP analog,
showed an increase in the current that was subsequently reversed
to baseline by CFTRinh172 (Fig. 6C). Fig. 6C, Right shows the
CFTRinh172-sensitive chloride current. The IV curve indicates
a significant increase in the forskolin-stimulated current at vol-
tages positive to +40 mV. It should be noted that 2 of 10 cells did
not respond to forskolin, indicating that not all cells isolated in the
mixed epithelium culture expressed CFTR protein.

Discussion

We describe the differentiation of human iPSCs to a functional
epithelium containing multiciliated, Clara, goblet, and basal cells

in a polarized layer with functional CFTR activity analogous to
that observed with mouse iPSCs (32, 55).

Multiciliated cells (MCCs) are a very specialized cell type in
which hundreds of centrioles are generated in postmitotic pro-
genitor cells. Centrioles form the core of the centrosome and are
a microtubule-based structure that anchors the cilium (56). The
generation of MCCs is critical to the function of a respiratory
epithelium; their coordinated beating is essential for the move-
ment of mucous and protection of the lung. Generation of robust
MCCs from human iPSCs (Fig. 4) provides the opportunity for
in-depth study of the development of these cells in the human
system and may lead to the discovery of new mechanisms and
therapeutic approaches for diseases, such as primary ciliary
dyskinesia (PCD), that have been difficult to model and un-
derstand with the research tools currently available (57).

The influence of notch signaling on epithelial cell differenti-
ation is well documented, and its level of expression is known
to influence the maturation of these cells (24, 26-28, 45, 58). In
our differentiation model, only in the presence of notch in-
hibition were true MCCs evident. It is interesting to note that,
at day 28 of ALI (day 45 of differentiation), there are cells in
the presence of notch inhibition that show the assembly of
multiple basal bodies but do not have cilia projections. It is
possible that the level of notch inhibition and the time undergoing
differentiation are factors influencing this formation of cilia
projections, but further investigation will be required.

Our current protocol not only has the capacity to up-regulate
the mRNA indicative of differentiation to the various cell types of
the respiratory epithelium, but also shows evidence for the ap-
propriate distribution of these cells throughout the in vitro gen-
erated epithelial cell layer. The Clara cells show CC10 distributed
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Fig. 6. Functional CFTR expression at the apical surface. (A) CFTR (red) expression at the apical surface; nuclei are counterstained with DAPI (blue). (Scale bar:
50 pm.) (B) Apical expression of ENaC (green). (Scale bar: 50 um.) (C) Representative whole-cell chloride currents recorded from —80 to +80 mV in 20-mV
increments at baseline and in the presence of forskolin and forskolin plus CFTRinh-172. (Right) Traces represent the CFTRinh-172-sensitive current. (D) IV
curves for baseline (squares) and in the presence of forskolin (triangles). *P < 0.05, **P < 0.01 (paired t test). (E) Phase images indicating the morphology of
the expanding cells at P2 used for the patch-clamp experiments (20x and magnified 5x). (F) mMRNA expression of CFTR over a time course of differentiation;

data are corrected for GAPDH and normalized to whole-lung ¢cDNA (n = 6).

E1728 | www.pnas.org/cgi/doi/10.1073/pnas.1403470111

Firth et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403470111/-/DCSupplemental/sapp.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403470111/-/DCSupplemental/sapp.docx
www.pnas.org/cgi/doi/10.1073/pnas.1403470111

L T

/

1\

=y

in large secretory vesicles while retaining their NKx2.1 and
FOXA2 expression (59). The goblet cells, although infrequent
in number, also demonstrate specific expression of MUCS5A/C,
which does not colocalize in the CC10-expressing cells (Fig. 5)
(60). The research preceding the Rossant study (2) focused pri-
marily on the differentiation of mouse pluripotent cells and
demonstrated the generation of lung progenitor cells (3, 32).
There are significant differences in mouse-lung morphology and
disease development. While providing some very important in-
formation, mouse models of diseases such as asthma and cystic
fibrosis do not accurately represent the human disease (61, 62).
The aforementioned reasons highlight the importance and necessity
for a pliable human model of lung disease. The differentiation
protocol featured in the current manuscript provides a platform
for the study of many human respiratory diseases, such as asthma,
PCD, and inflammatory diseases, in a dish.

The robust generation of a mature layer of epithelial cells also
generated a mesenchymal layer on the basolateral side. Similar
observations were made in a protocol describing the efficient
generation of ATII cells (31). When differentiating cells were
plated at later time points on the inserts, the capacity for gen-
eration of a good pseudostratified epithelial layer was reduced. It
will be essential to determine what this mesenchymal layer
provides in its “environmental niche” to support the epithelial
differentiation. This mesenchymal layer is also somewhat prob-
lematic when trying to measure transepithelial electrical re-
sistance (TEER). It caused the cells to pull away from the edges
of inserts, thus reducing TEER. With regards to TEER de-
velopment, it is also worth noting that, in cultures of primary
human bronchial epithelial cells and immortalized cell lines,
variability in the development of TEER does exist and that the
Ev-Ohm meter has a tendency to underestimate actual resistance
(63, 64). We are currently working on methods to isolate spe-
cifically the lung epithelial cells to also make this a reproducible
model for high-throughput screening.

Our work describes a method to generate a renewable source
of human epithelial cells, including multiciliated cells, that can
be used to study human respiratory diseases that have previously
been difficult to study and model in vitro. Human iPSCs provide
an unlimited source of cells and also proffer the opportunity for
gene editing and clonal expansion of cells for disease modeling.
There are several lung diseases with a known genetic origin, such
as cystic fibrosis and PCD, that could be corrected by replacement
of the defective gene with the correct gene by gene-editing tech-
nology (65). It is hoped that, eventually, patient-specific iPSC cells
can be used in this model, not only to provide a platform for un-
derstanding the cellular and molecular mechanisms of the disease,
but to generate a gene-corrected transplantable cell type capable
of engraftment into the lung.

Methods

Isolation of Patient Fibroblasts and iPSC Generation and Characterization. Data
are included in S/ Appendix, Supplemental Experimental Procedures.

Flow-Activated Cell Sorting. Cell surface markers of iPSCs were quantified
using SSEA4, Tra-1-81, and Tra-1-60 (S/ Appendix, Table Sl). Cells were pre-
pared by resuspension as single cells, using Accutase, incubated at 4 °C for
30 min in fluophore-conjugated antibodies, before washing in flow-activated
cell sorting buffer [PBS with 2% (vol/vol) FBS], filtering (40 pm), and analysis
on an LSR Il flow cytometer (BD). Data were exported and analyzed using
FlowJo software. For epithelial cell analysis, a single-cell suspension of live
cells was isolated and stained with EpCAM-AF488, CD90-PE, and CD44-AF647
for 30 min on ice followed by 2x washes. Dead cells were stained with 7-AAD
and gated out on the PerCP channel on the LSR II.

Immunocytochemistry. Cells were fixed in 3.2% (vol/vol) paraformaldehyde
for 10 min at room temperature or overnight at 4 °C, washed 3x with PBS,
and permeabilized in 0.5% Triton X-100 for 5 min at room temperature.
Cells were blocked for 1 h with 2% (wt/vol) BSA (Sigma-Aldrich) and 5%
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(vol/ivol) normal donkey serum (Jackson Immunoresearch) in PBS and then
incubated in primary antibody at 4 °C overnight. Cells were washed 3x in
PBS and incubated for 1 h in secondary antibodies raised in donkey (S/ Ap-
pendix, Table Sl). Stained cells were finally incubated in DAPI for 5 min
before washing and mounting on glass microscope slides in Fluomount-G.
Images were taken at either 20x or 63x on a Zeiss LSM 710 confocal mi-
croscope and processed/counted using Image J.

Immunohistochemistry. Paraffin-embedded sections were deparaffinized by
washing for 3 x 5 min in xylene, 2 x 10 min in 100% EtOH, 2 X 10 min in 95%
(vol/vol) EtOH, and 2 x 5 min in ddH,0. Antigen retrieval buffer was pre-
heated to 90 °C, and the slide was incubated for 30 min and then allowed to
cool for 20 min. The slides were blocked in 1x PBS with 5% (vol/vol) normal
donkey serum and 0.3% Triton X-100 for a minimum of 1 h before staining
in primary antibody overnight at 4 °C.

Epithelial Monolayer Histology. Differentiated epithelial cells on inserts were
fixed overnight at 4 °Ciin 3.2% paraformaldehyde for 24 h and transferred to
70% ethanol for storage. The membranes were carefully cut from the holder
using a clean razor blade and placed into a plastic cryomold containing
a warmed solution of 1% Agarose. Once cooled, the agarose-embedded
membrane was removed from the mold and routinely processed on a Shandon
Excelsior Tissue Processor for paraffin embedding. Before paraffin embed-
ding, the membrane was sliced into strips that were embedded standing on
edge for cross-sectioning at 5 pm on a rotary microtome.

Differentiation to Airway Epithelial Cells. Differentiation followed a stepwise
protocol. Transwell inserts were coated with a combination of fibronectin
(5 pg/mL; BD Biosciences), laminin (5 pg/mL; Sigma-Aldrich), and collagen IV
(60 pg/mL; Sigma-Aldrich), or six-well plates were coated with Matrigel. A
single-cell suspension of iPSCs was generated using TrypLE (Life Technolo-
gies). Then, 300,000 iPSCs were plated per 30-mm insert or 120,000 per
12-mm insert in TeSR with ROCK inhibitor for 24 h. Differentiation to de-
finitive endoderm consisted of 1 d in RPMI with 100 ng/mL activin A and
25 ng/mL Wnt3a (medium B) and 2 d in RPMI with activin A (100 ng/mL) and
1% FBS (medium C) (10, 11). This definitive endoderm step was followed by
an anterior foregut endoderm push (media D and E) and a push for lung-
specific endoderm (medium F) (S/ Appendix, Table Sll). Cells were then dif-
ferentiated into a mature pseudostratified airway epithelium in an air-liquid
interface (ALI). The ALl medium (medium G) is included in S/ Appendix,
Table SII.

Quantitative PCR. Total RNA was isolated from one well per insert of cells
using the Qiagen Easy RNA mini kit as per the manufacturer’s protocol. Then,
500 ng of RNA was DNase treated (Ambion) as per the manufacturer’s
protocol and then reverse-transcribed to cDNA using a High Capacity cDNA
kit (Applied Biosystems). Quantitative PCR was performed using SYBR Green
(Applied Biosystems) in a 5-ul reaction volume at 50 °C for 2 min, 95 °C for
10 min, 95 °C for 15 s, 60 °C for 1 min, 40 cycles and analyzed using 7900HT
SDS software (Applied Biosystems). Each run was carried out, at minimum, in
duplicate for three samples per experiment. GAPDH was used as an internal
control. The data were then either normalized to iPSC or human whole-lung
cDNA (as indicated in Figs. 1-6). Data are expressed as normalized cycle
threshold (ct) + SEM and represent an average of two to three repeats
minimum of three experimental replicates. Whole-lung, thyroid, and pan-
creas cDNA were used as controls. Primers used for qPCR are included in S/
Appendix, Table SlIl.

Patch-Clamp Electrophysiology. Cells were resuspended using Accutase and
plated on collagen IV-coated wells in BEGM (ATCC) for two passages and then
split onto 12-mm round glass coverslips coated with Matrigel for patch-clamp
experiments. For CFTR recording, the pipette (intracellular) solution con-
tained (in mM): NaCl 5, MgCl, 2, CsCl 145, EGTA 10, Hepes 10, MgATP 5 (CsOH
to pH 7.2). The bath (extracellular) solution contained (in mM): CaCl, 2, NaCl
150, MgCl;, 2, Hepes 10 (Tris-HCl to pH 7.4). Cells were held at a holding
potential of —40 mV, and 200-ms depolarizing steps in 20-mV increments
from —80 to +80 mV were applied using an Axopatch 200B amplifier (Mo-
lecular Devices). The data were filtered at 2 kHz and digitized at 4 kHz. Cell
capacitance and series resistance were routinely monitored. Pipette re-
sistance was 2-4 Mohm. Then, 10 uM forskolin was added to the extracel-
lular solution, and the cells were perfused for 5 min before recording.
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