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ABSTRACT

Production of human embryonic stem cell (hESC)-derived lung progenitors has broad applicability for
drug screening and cell therapy; however, this is complicated by limitations in demarcating pheno-
typic changes with functional validation of airway cell types. In this paper, we reveal the potential
of hESCs toproducemultipotent lungprogenitors usinga combinedgrowth factor andphysical culture
approach, guided by the use of novel markers LIFRa and NRP1. Lung specification of hESCs was
achieved by priming differentiation via matrix-specific support, followed by air-liquid interface to al-
low generation of lung progenitors capable of in vitro maturation into airway epithelial cell types,
resulting in functional characteristics such as secretion of pulmonary surfactant, ciliation, polariza-
tion, and acquisition of innate immune activity. This approach provided a robust expansion of lung
progenitors, allowing in vivo assessment, which demonstrated that only fully differentiated hESC-
derived airway cells were retained in the distal airway, where they aided in physiological recovery
in immunocompromised mice receiving airway injury. Our study provides a basis for translational
applications of hESCs for lung diseases. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:7–17

INTRODUCTION

Human endodermal specification into functional
pancreatic [1], hepatic [2], thymic [3], or lung
[4] cell types from human embryonic stem cells
(hESCs) has proven complex [5]. These studies de-
scribemultistepprocesses and require the culture
of hESC-derived cells over extensive periods to per-
mit generation of cells that acquire marker expres-
sion based on mouse embryology, associated with
putative lineage-specific progenitors [1–3]. Sig-
naling mechanisms involved in mouse endoderm
development have been exploited using hESCs to
generate putative lung progenitors [4, 6, 7], al-
though evidence for subsequent maturation and
functional tissue integration has yet to be demon-
strated. Accordingly, the translational impact of
these studies using hESC differentiation schemas
[4, 8–10] remains unclear [5, 11]. In addition to
the heterogeneous nature of differentiation from
hESCs, the impact of these studies will ultimately
depend on functional capacity and measurement
of the fully mature cell types derived. To date,
the only successfully derived endodermal cell type
used forexperimental cell therapy inanimalmodels
has been pancreatic cells [12, 13]. Noteworthy is
that these experiments were most successful not
with pure sorted populations but rather with het-
erogeneous mixtures of pancreatic and other cell
types [12, 13]. For airway epithelia, functional
long-term human engraftment studies in xenograft

models have yet to be performed. In this study,
we describe a novel approach to obtaining hESC-
derived lung epithelial progenitor cells that have
functionalproperties.Becauseof theexpansivena-
ture of this protocol,wehavebeen able to test and
validate the functionality of these hESC-derived
airway cells in vivo using a mouse xenograft trans-
plantation model following acid-induced acute
lung injury.

MATERIALS AND METHODS

Cell Culture

All experiments were performed using hESC
lines CA2 [14] and H9 [14] grown on Matrigel
(BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com) and passed 1:2 by dissocia-
tion with collagenase IV for # 5minutes.Where
explicitly indicated, certain experiments also in-
cluded a dermal derived induced pluripotent
stem (iPS) cell line (iPS1.2 [15]), and data from
these three lines were averaged. Cells were cul-
tured in atmospheric oxygen and maintained in
either mTeSR1 (StemCell Technologies, Vancou-
ver, BC, Canada, http://www.stemcell.com) or
mouse embryonic fibroblast-conditioned medium
(MEF-CM) supplemented with 8 ng/ml basic fibro-
blast growth factor (bFGF), with daily media
changes. Daily morphological evaluation of cells
was made by stereo binocular light microscopy
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(Nikon, Tokyo, Japan, http://www.nikon.com) with routine moni-
toringof pluripotencymarkerexpression (stage-specific embryonic
antigen 3, TRA-1-60) by flow cytometry. Control primary hu-
man small airway epithelial cells were propagated in bronchial
epithelial growth media (BEGM; Lonza, Walkersville, MD,
http://www.lonza.com) and switched to Clonetics B-ALI air-
liquid interface (ALI) medium for ALI culture (Lonza). Experi-
ments represent averaged results from these two hESC lines
unless stated otherwise.

hESC Priming and Differentiation in ALI

Optimal conditions for airway cell differentiationwere as follows:
HESCs, which were grown for more than five passages in mTeSR1
on 1:15 Matrigel to KnockOut (KO) Dulbecco’s modified Eagle’s
medium (DMEM), were stimulated to form definitive endoderm
(DE) by addition of 100 ng/ml activin A (AA) to mTeSR1 for 5 days
with daily feeding. Cells were passaged with collagenase IV, trit-
urated 10 times, and pipetted through a 35-mm strainer cap test
tube (BD Biosciences). Noteworthy is that spontaneous neural
outgrowths observed inmTeSR1were removed bymanual scrap-
ing. Cells were counted using an automated cell counter (Count-
ess; Invitrogen, Carlsbad, CA, http://www.invitrogen.com) and
viability assessedby trypanblueexclusion. Then, 5–103 103 live
cells were plated on Matrigel-coated polyester membrane inserts
with0.5-mmpores adapted for 24-well tissue cultureplates (Costar
3470; Corning Costar, Acton, MA, http://www.corning.com/
lifesciences). Subsequently, cells had 2–3days of liquid-liquid cul-
ture inmTeSR1, followed bymaintenance for 2–3 days inmTeSR1
or differentiation media [9] (80% KO-DMEM, 20% KO serum re-
placement, 2 mM L-glutamine, and 1% nonessential amino acids
[Invitrogen], termed “bFGF-free differentiation media”), for a to-
tal of 4–6 days in liquid-liquid culture (until a monolayer was
formed). An “air-lift” procedure was then performed in which liq-
uid was removed from the apical or upper surface and cells fed
only from thebasolateral or lower side,withmedia changes every
other day. This procedure is referred to asALI culture. After 5 days
of ALI, cells were split using TrypLE (Invitrogen), triturated 30–40
times, and pipetted through a 35-mm strainer cap test tube and
doubled by plating on two new inserts coated inMatrigel. Liquid-
liquid culture was then repeated for 3–6 days (until a monolayer
was formed), followed by ALI for a minimum of 30 days and
a maximum of 50 days, with media changes occurring (basally
only) every other day. Continued culture in bFGF-free differen-
tiation media results in functional airway cell differentiation, as
described. For lipopolysaccharide (LPS) stimulation, recombinant
LPS (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com)
was added to cultures at 1-mg/ml concentrations in 20ml apically
and 500 ml basally in media for 5 hours.

Embryonic Array Analysis

Fertilized chicken eggs were incubated at 38.5°C for 5 hours. The
area pellucida (AP) region of the embryos, containing both epiblast
and hypoblast, was cut out in Pannett-Compton buffer. In half of
the dissected AP samples, the hypoblast was further removed
and the remaining pure epiblast tissues were pooled and used
for RNA isolation. Two independent sets of total RNA from six AP
samples and six epiblast-only samples were isolated with the
RNeasy Micro kit (Qiagen, Hilden, Germany, http://www.qiagen.
com)., Using two-cycle cRNA labeling protocols (Affymetrix, Santa
Clara, CA, http://www.affymetrix.com), 100 ng of quality-checked

total RNA were used per array. High-density Gallus gallus arrays
(GeneChip Chicken Genome Array; Affymetrix) were hybridized
according to the Expression Analysis Technical Manual (Affyme-
trix), and analysis of resulting expression levels was performed
as reported [16]. Probe sets with a ratio.1.5 between maximum
andminimummean expression levels among two sample sets (AP
vs. epiblast)were examined for genes coding for cell-surface recep-
tors and membrane-associated proteins.

Flow Cytometry and Sorting

Flow cytometry was carried out using preconjugated primary
antibodies at the indicated concentrations in 3% fetal calf serum
in phosphate buffered saline (FCS/PBS) with an LSR II for analysis
and FACSAria for sorting (BD Biosciences). All antibodies and
reagents were purchased from BD Biosciences unless stated oth-
erwise: CXCR4-PE (1:50), CXCR4-APC (1:100), LIFRa-PE (1:50; R&D
Systems Inc., Minneapolis, MN, http://www.rndsystems.com),
NRP1-APC (1:100, R&D Systems), TRA-1-60-Alexa-488 (1:200),
SSEA-3-PE (1:100). All results are based on live cell staining by gat-
ing on 7-aminoactinomycin D-negative populations (1:50). All
analysis and flowgraphingwasdone in FlowJo (TreeStar,Ashland,
OR, http://www.treestar.com).

Tissue Harvesting and Flow Cytometry From
Transplanted Mouse Lungs

Two lobes of right lung were harvested from euthanized mice,
minced using scalpels, andplaced in 3% FCS/PBS (wash buffer). Tis-
sue was then digested overnight with 0.4 U/ml collagenase B at
4°C. Tissues were then dissociated by trituration, washed, and
red blood cells lysed in 13 ammonium chloride red blood cell lysis
buffer for 5minutes at 4°C (StemCell Technologies), washed again,
and dissociated with phosphate buffered saline-based single-cell
dissociation solution (Invitrogen) for 15minutes at 37°C. Cellswere
then washed and resuspended in 3% FCS/PBS. The following anti-
bodies were used: mouse-specific CD11b-PE-Cy7 was used at
1:500 (BD Biosciences); unconjugated anti-human acetylated
tubulin (Sigma-Aldrich) was used at 1:1,000, followed by sec-
ondary staining with anti-mouse Alexa-647 (Life Technologies)
used at 1:1,000 with two washes with 3% FCS/PBS following an-
tibody staining. Flow cytometry was run and analyzed, as indi-
cated previously.

Whole-Mount RNA In Situ Hybridization

In situ hybridization of chicken embryos (stage HH4 [17]) was per-
formed as described previously [18, 19]. Sectioning of paraffin-
embedded embryos was performed using a Microm HM325
microtome (10 mm). Whole-mount images were taken with an
SZX12microscope and images of sections with a BX51microscope,
both mounted to a DP70 camera (Olympus, Tokyo, Japan, http://
www.olympus-global.com). In situ hybridization probes of genes
used in this work correspond to the following National Center
for Biotechnology Information sequences: CXCR4 (nt 706–1163
of AF294794), GATA6 (nt 561–1032 of NM_205420), LIFRa (nt
3271–3795 of NM_204575),NRP1 (nt 1481–2104 of NM_204782).

RNA Extraction and Quantitative Polymerase
Chain Reaction

RNAwas extracted from cells using the “All-in-One” purification kit
according to the manufacturer’s protocol (Norgen Biotek Corp.,
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Thorold, Ontario, Canada, http://norgenbiotek.com). Quantitative
polymerase chain reaction (qPCR) was performed on a CFX-96ma-
chine running CFXManager software (Bio-Rad, Hercules, CA, http://
www.bio-rad.com). The GoTaq qPCR master mix (Promega, Madi-
son,WI, http://www.promega.com) was used for all reactions, with
fluorescence read in theSYBRgreen channel.Datawereanalyzedus-
ing the comparative Ct method (22ΔΔCt) with 18S ribosomal RNA,
glyceraldehyde-3-phosphatedehydrogenase,andTATA-bindingpro-
tein serving as control genes. Student’s t testwas used to determine
statistical significance between groups. All qPCR runs included
b-glucuronidase as a metric for Ct background cutoff.

Histology and Immunohistochemistry

Assistance for histological analysis was provided by the core
histology laboratory of the department of pathology and mo-
lecular medicine at McMaster University (Hamilton, Ontario,
Canada). Briefly, ALI cassette inserts were removed and placed
into 10% formalin overnight at 4°C. The next day, cassettes
were washed with 50% ethanol for 10 minutes, placed into
70% ethanol, and embedded in paraffin wax. Sections were
then cut on amicrotome to a thickness of 10mm. Sections were
then rehydrated and stained in periodic acid-Schiff-Alcian blue
or hematoxylin-eosin following established protocols and eval-
uated histologically.

Immunofluorescent Staining of Paraffin-Embedded
Tissues and Fixed Cells

Immunofluorescent staining was performed on paraffin-
embedded tissues that were deparaffinized and blocked in
5% FCS/PBS or on tissue culture plates from cells fixed with
100% methanol for 15 minutes at 4°C. Primary antibodies di-
luted in 5% FCS/PBS were used at the following concentrations:
rabbit anti-pro-SP-C at 1:250 (AB3786; Millipore, Billerica, MA,
http://www.millipore.com) and mouse anti-acetylated tubulin
at 1:1,000 (T6793; Sigma-Aldrich), goat anti-FoxA2 at 1:200
(SC-9187; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
http://www.scbt.com), rabbit anti-NKX2.1 at 1:200 (SC-13040;
Santa Cruz Biotechnology), mouse anti-NKX2.1 at 1:200 (SC-
53136; Santa Cruz Biotechnology), and mouse anti-OCT4 at
1:200 (SC-5279; Santa Cruz Biotechnology). Secondary antibod-
ies, used at 1:500, donkey anti-rabbit DL488 (green channel),
donkey anti-mouse Alexa Fluor 647 (far red), and donkey anti-
goat DL488 or DL647 (depending on the combination used).
All antibodies were incubated overnight at 4°C in a humidified
chamber. Slides and plates were washed 3 times in PBS-0.05%
Tween-20 before primary and secondary antibody incubation.
Hard-set 49,6-diamidino-2-phenylindole (DAPI) mounting media
(Vector Laboratories, Burlingame, CA, http://www.vectorlabs.
com) was directly applied to PBS rinsed slides with coverslips or
at 1:1,000 in PBS for cells stained in vitro on tissue culture plates.
Confocal imaging was performed using an inverted spinning disk
confocal microscope (Olympus), where indicated. Regular immu-
nofluorescent staining was taken using an inverted fluorescentmi-
croscope (Olympus). Images from both systems were captured
with Metamorph software (Molecular Devices LLC, Sunnyvale,
CA, http://www.moleculardevices.com/) and overlays with phase
and DAPI made using the open source ImageJ software suite. For
ZO-1 (TJP1) antibody (HPA001636, used at 1:200; Sigma-Aldrich),
staining was performed “en face,” with fixation in acetone, with
subsequent blocking and washing steps performed as described.

Fluorescent DNA In Situ Hybridization

Fluorescein isothiocyanate-conjugated human Alu Repeat DNA
probes (BioGenex, Fremont, CA, http://www.biogenex.com/)
were used as describedpreviously [20]. Briefly, slideswere depar-
affinized as described and washed in 23 saline-sodium citrate
(SSC)buffer. Theprobewaswarmedandmountedwithacoverslip
onto slides at 37°C for 10minute. Slideswereplacedonahotplate
at 75°C for 90 minutes and then dipped in a 72°C water bath to
remove coverslips and washed in 0.43 SSC at 72°C and twice
in 23 SSC 0.05% Tween-20 at room temperature for 5 minutes.
Slideswere then coverslippedwith DAPI and imaged as described
previously.

Transepithelial Electrical Resistance

Transepithelial electrical resistance was measured under a con-
stant current of 10mA using an epithelial volt-ohmmeter (EVOM2;
World Precision Instruments, Sarasota, FL, http://www.wpiinc.
com). Electrodes were placed both apically and basally with KO-
DMEM added apically to cover the electrode.

Enzyme-Linked Immunosorbent Assay

Surfactant protein D (SP-D) levels were measured in apical
secretions of cells grown in ALI or control liquid cultures using
the Quantikine Human SP-D Immunoassay (R&D Systems)
according to the manufacturer’s protocols. Briefly, the apical
surface, which contains a viscous layer after ALI, was briefly
rinsed with 50–100 ml of KO-DMEM and collected and stored
at280°C until use. SP-D protein concentrations were then cal-
culated based on a standard curve generated from human
recombinant SP-D. Absorbance was measured at 450 nm and
correctedby subtractingbackgroundat540nmonaBMGFluoStar
Omega plate reader (Imgen Technologies, Alexandria, VA, http://
www.imgen.com/).

Acid-Induced Lung Injury Model

An in vivo murinemodel of acute lung injury was used [21],with
all mice bred and maintained in the Stem Cell and Cancer Re-
search Institute animal barrier facility at McMaster University.
All animal procedures received the approval of the animal ethics
board at McMaster University. Briefly, 30–50ml of 0.1M hydro-
chloric acid (HCl) and 0.3% PBS (pH 1.25) was instilled by the
intratracheal route into anesthetized NOD.CB17-Prkdcscid/J
(NOD-SCID) mice (Jackson Laboratory, Bar Harbor, ME, http://
www.jax.org). HCl administration was performed using a fiber
optic mouse BioLite intubation kit (Braintree Scientific Inc.,
Braintree, MA, http://www.braintreesci.com/). After monitor-
ing for breathing rate stability for 1 hour, saline vehicle or
0.53 105 to 2.53 105 cells (bFGF-free differentiated ormTeSR1
undifferentiated hESCs) or 23 106 15-mmblue-green fluorescent
microspheres (Invitrogen) were administered intravenously via
tail vein. Mice were harvested 24 hours after intravenous injec-
tion of beads and processed using an alternative protocol neces-
sitated to preserve bead integrity [22]. Prior to administration,
cells were labeled with 2 ml/ml CellTracker Vybrant CM-DiI,
which has been chemically modified to resist formalin fixation
and paraffin embedding, following the manufacturer’s instruc-
tions (Invitrogen). The ability of the cells to retain fluorescent
dye was first tested by replating labeled cells on Matrigel for
.1week and examining fluorescence intensity. At the indicated
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time points, oxygen saturation (SpO2) was recorded using
apulse oximeter on groupedanimals on the sameday to account
for experimental variability (PhysioSuite; Kent Scientific Corpo-
ration, Torrington, CT, https://www.kentscientific.com/). Ani-
mals were sacrificed and weighed, and lungs were removed
for histological processing at the indicated time points. For histo-
logical sections, lungs were processed as noted previously. CM-DiI
was imaged in the CY3 channel and microspheres were imaged in
the GFP channel, along with DAPI nuclear staining and phase con-
trast (bright field), using an inverted fluorescent microscope (Olym-
pus). Images were captured with Metamorph software (Molecular
Devices) and overlays, with phase and DAPI made using the open
source ImageJ software suite.

Microchimerism Polymerase Chain Reaction

Presence of human genomic DNA (gDNA), chromosome 17a-sat-
ellite, was evaluated in acid-injured lungs that received trans-
planted human cells and control uninjured lungs, according to
previously published protocols [23, 24]. A standard curve of con-
trol human gDNA from 100 pg/ml to 1 pg/ml was included. Poly-
merase chain reaction products were run on a 1% agarose gel and
imaged using an EpiChem3 BioImaging system and PC running Vi-
sion Works LS version 7.0.1 (UVP LLC, Upland CA, http://www.
uvp.com/visionworks.html). Sample gDNA was purified using
the DNeasy blood and tissue kit (Qiagen) and quantified on an
ND-1000 spectrophotometer (NanoDrop, Wilmington, DE,
http://www.nanodrop.com).

Statistical Analysis

Statistical testing was performed using GraphPad Prism version
5.0a by application of either ANOVA, for grouped flow cytometry
kinetics, or Student’s t test, for qPCR results (GraphPad Software,
Inc., San Diego, CA, http://www.graphpad.com). A threshold p
value of ,.05 was used to determine statistical significance.

RESULTS

Novel Markers Reveal the Ability to Prime hESCs for
Endodermal Lineage

Compared with ectoderm and mesoderm [25, 26], the endoderm
has traditionally been a lineage with a very limited choice of cell
surface markers to characterize differentiation events. Currently,
CXCR4 is the only cell surfacemarker utilized to describe DE differ-
entiation inmice [27] andhumans [28], but it comprises a subset of
extremely heterogeneous cell types [6, 7], making optimization of
differentiation difficult to interpret [5, 11].Using an establishedap-
proach of embryonic microdissection that provides robust tran-
scriptomic data of the gastrulating embryo [16], we performed
an embryonic germ layer screen of avian embryos aimed at isolat-
ing novel endodermal cell surface markers. A total of five candi-
dates encoding cell surface markers from this screen were
prioritized and included independent identification of CXCR4
(Fig. 1A). Top candidates showed fold enrichment of CXCR4
(6.93), NRP1 (4.33), GPC3 (4.23), LIFRa (3.33), CD3e (2.13). In
addition, TFs associated with endodermal differentiation [29]
were also found to be upregulated with the following fold en-
richment: SOX17 (5.63), HNF4A (5.43) GATA6 (4.03), FOXA2
(2.63). The top candidates from the newly identified surface
markers were then evaluated by in situ hybridization during
avian embryonic development demonstrated here by their

expression at developmental stage 4 (HH4) [17] and were com-
pared with the known intracellular endodermal marker GATA6
[29] (Fig. 1B).

Using these known and novel differentiation markers, we
tested the hypothesis that initial hESC endodermal differentiation
can be primedunder specific culture conditions [30], given thepro-
longed culture conditions required for other endodermal lineages
to develop from hESCs [1–3]. Under feeder-free conditions, we
identified that hESCs grown onMatrigel in chemically defined me-
diamTeSR1 [31] versusMEF-CM supplementedwith bFGF allowed
phenotypic conversion of hESCs to cells with enhanced expression
of the endodermal protein marker CXCR4 after multiple pas-
sages (Fig. 1C). This also correlated to an increased expression
of endodermal-specific transcription factors—GATA6, FOXA2,
and SOX17 (Fig. 1D, 1E)—required for DE formation and anterior
foregut endoderm patterning [29, 32] and resulted in stable lev-
els of CXCR4-positive hESCs. Consistent with enhanced endo-
derm marker expression of hESCs cultured in mTeSR1, NRP1
and LIFRawere also expressed at high levels that could be aug-
mented along with CXCR4 in the presence of AA in serum-free
mTeSR1 cultures (Fig. 1F).

Thesenewly identifiedgeneswerealsoevaluatedbyqPCRcom-
parisons from purified subsets of CXCR4-positive and CXCR4-
negative hESCs, demonstrating higher expression in CXCR4-
positive subsets (Fig. 1G). To provide a more direct evaluation,
NRP1-positive and LIFRa-positive hESCs were purified and used
toevaluatepluripotency(OCT4)andearlyendodermal transcription
factor expression forGATA6, FOXA2, and SOX17 (Fig. 1H). Endoder-
mal marker expression was found to be enriched in LIFRa-positive
and NRP1-positive hESC fractions compared with unfractionated
hESCs (Fig. 1H), validating these novel cell surface markers in early
endoderm potentiation of hESCs. Further qPCR characterization of
the gene expression signature of hESCs sorted for CXCR4, LIFRa, or
NRP1 early endodermalmarkers revealed additional enrichment of
early mesodermal markers (T) but not ectodermal markers (SOX2,
NESTIN) or neural crestmarkers (NOTCH1,NOTCH2) (supplemental
online Fig. 1).

In Vitro Differentiation of Airway Epithelium Using
bFGF-Free Dual ALI Culture

We next evaluated differentiation potential of hESCs with en-
hanced DEmarker expression using subsequent ALI culture for fur-
ther development toward lung epithelial progenitors, as illustrated
in Figure 2A. ThehESCswere primedby serial culture in feeder-free
mTeSR1media and treatedwith 100ng/ml of AA for 5 days prior to
transfer to transwell inserts coated with Matrigel. Subsequently,
three scenarioswere tested. Primed cells adapted tomTeSR1were
maintained inmTeSR1growthmedia, placed inbFGF-free differen-
tiationmedia [9], or assayed against initial starting conditions con-
sisting of cells not adapted to mTeSR1 but maintained in MEF-CM
throughout. The use of undefined commercialmedia BEGMand B-
ALI (Lonza), reported in a recent directed differentiation protocol
[10], was avoided because of xenogenic products (bovine pituitary
extract) and undisclosed, proprietary additives (B-ALI inducer;
Lonza). On formation of a monolayer of cells, media in the apical
(upper) chamber of the transwellwere removed and cultureswere
sustained from the basolateral side only (ALI culture). ALI culture
withMEF-CM created large areas of pigmented cells clearly not as-
sociated with lung (supplemental online Fig. 2A). In contrast, ALI
culture in bFGF-free differentiation media [9] was associated with
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theemergenceofdistinctmorphological features suchas focalden-
sities appearing around 1 week (Fig. 2B). ALI culture also resulted
in the formation of functional tight junctions, a hallmark of

epithelialization, as documented by an increase in electrical poten-
tial (transepithelial electrical resistance) between apical and basal
compartments (Fig. 2C) [33].

Figure 1. Evaluation of novel endodermmarkers in the embryo and in human embryonic stem cells (hESCs); priming to definitive endoderm.
(A): Cell surface receptors identified by an avian embryonic screen and tested in hESCs. (B): Expression analysis of NRP1, CXCR4, LIFRa, and
control GATA6 by whole-mount RNA in situ hybridization at stage HH4 in avian embryos. Transverse sections (lower panels) confirm staining
to the lower endodermal cell layer (arrows). Scale bars = 500 mm (top panels) and 50 mm (bottom panels). (C): Emergence of stable CXCR4-
positive population in hESCs in mTeSR1. Grouped flow cytometry values from CA2, H9, and iPS1.2 evaluated by analysis of variance (pp,
p,.01). (D): Summarized quantitative polymerase chain reaction data from CA2, H9, and iPS1.2 demonstrating increased endodermal marker
expression in mTeSR1. (E): Immunofluorescence of primed H9 cells showing OCT4-positive colonies negative for regions of FOXA2-positive en-
doderm. FOXA2 expression overlaps with anterior foregut endoderm marker NKX2.1. Insets stained with 49,6-diamidino-2-phenylindole show
total cell numbers. Scale bars = 50mm. (F): Flow cytometry analysis of CXCR4, LIFRa, and NRP1 versus TRA-1-60 in H9 cells adapted to mTeSR1
with andwithout 5-day treatment of 100ng/ml AA. Endodermalmarkers expressed in basal conditions are augmented byAA,whereas TRA-1-60
is diminished. (G): Correlation of expression of LIFRa and NRP1with CXCR4-positive sorted CA2 cells (sorting gates shown on left). (H): Expres-
sion of pluripotency (OCT4) and endodermalmarkers in primedCA2 cells sorted forNRP1 and LIFRa (gating shownon left). Endodermalmarkers
arehigher in sortedpopulations,whereasOCT4expression is lower. Bar graphs showmean+SEM.p,p,.05;ppp,p,.001; #, lower expression in
sorted cells (p,.01); two-tailed Student’s t test. Abbreviations: +AA, plus activin A; CTL, control; hPSCs, human pluripotent stem cells;MEF-CM,
mouse embryonic fibroblast-conditioned medium.
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Secondary ALI Results in Differentiation of Lung
Epithelial and Secretory Cell Types

Asecondary replating (29ALI) permittedpropagationof epithelial-
ized E-cadherin and ZO-1 (TJP1)-positive, TRA-1-60-negative dif-
ferentiated live cells (Figs. 2D–2F; supplemental online Fig. 2B,

2C). Because ZO-1 and ECAD (Fig. 2D, 2E) are general epithelial
markers and are not specific to lung epithelium [34], we performed

a differential expression screen using SIX1 as a marker enriched in

lung epithelium versus other ciliated epithelialmarkers from the fal-

lopian tubes (HOXC4), brain (ependymal [SLC47A2]), and gut (Villin)

Figure 2. Differentiation of primed human embryonic stem cells (hESCs) to airway progenitors in vitro. (A):Optimized differentiation strategy
demonstrating growth conditions enriching endodermal populations andultimate airway cell formation. A hierarchical organization fromhESCs
to endodermal anddefinitive endoderm to airwayprogenitors emerges from this approach. Scale bar inmicroscopy image captured at32 is 500
mm. (B):Gross surfacemorphology of differentiated ALI cultures. Scale bar = 500mm. (C): Transepithelial electrical resistancemeasurements of
CA2, H9, and iPS1.2 grown in ALI. Control liquid-liquid cultures do not polarize. (D):Whole-mount en face staining for epithelial tight junction
marker ZO-1 shows the presence of epithelial sheets on the surface of 29ALI differentiated H9 cultures only. Scale bar = 10 mm. (E,F): Flow
cytometric evaluation of epithelial (ECAD) andpluripotent (TRA-1-60) surfacemarker expression in 29ALI in CA2. Insets showunstained controls.
(G): Quantitative polymerase chain reaction-based expression screen of epithelial cell differentiation demonstrating robust increase of SIX1
(lung associated) versus Villin (gut), HOXC4 (fallopian), and SLC47A2 (ependymal) in 29ALI cultures from CA2 and H9 and control SAECs only.
(H):Quantitative polymerase chain reaction-based expression screenof ciliationmarker (FOXJ1) and secretory cell transcripts (CCSP, SP-C, SP-D)
demonstrating a ∼103 upregulation in differentiated CA2 and H9 cultures only. In addition, 29ALI differentiation results in upregulation of
anterior foregut endodermal marker (NKX2.1) expression, which is also high in control SAECs. (I): SP-D enzyme-linked immunosorbent assay
from apical supernatant. Conditioned media from liquid-liquid control hESC cultures or SAECs do not have detectable secreted SP-D. (J): PAS-
Alcianblue staining (purple,mucins) shows a layer of ciliated cells (arrows)with underlying substratum. (K, L): Immunofluorescent costaining for
acetylated tubulin (ciliation marker) and pro-SP-C (secretory cell marker). Colocalization of both markers is not observed, arrows indicate pos-
itive cells (hESCs). (J–L): Scale bars = 10mm. Bar graphs showmean + SEM. Bars on scatter plots representmean values. p, p,.05, ppp, p,.001;
two-tailed Student’s t test. Abbreviations:2bFGF, basic fibroblast growth factor-free; AcTub, acetylated tubulin; ALI, air-liquid interface; DAPI,
49,6-diamidino-2-phenylindole; ECAD, E-cadherin; FSC, flow cytometry; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hPSCs, human
pluripotent stem cells; PAS-Alcian blue, periodic acid-Schiff-Alcian blue; SAEC, small airway epithelial cell; SP-D, surfactant protein D.
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inorder todistinguish the specific typeofepitheliagenerated [35]. In
addition to modest (fivefold) upregulation of the fallopian marker
HOXC4, expression of the lung epithelial specific marker SIX1 [36]
was increased.50-foldbyair-liquiddifferentiation inbFGF-freeme-
dia (Fig. 2G), validatingourhypothesis thatpriminghESCs inmTeSR1
with AA followed by ALI culture in bFGF-free differentiation media
would enrich lung epithelial specification.

To further this characterization, we examined the expression
dynamics for the anterior foregut progenitor marker NKX2.1, cili-
ated cell marker FOXJ1, and pulmonary secretory markers [37]
Secretoglobin 1A1/Clara Cell-Specific Protein (Uteroglobin/CCSP/
CC10) and Surfactant Proteins C andD (SPC, SP-D) under our differ-
entiation scheme. Embryonic stem cells that underwent 29ALI in
bFGF-free differentiation media showed enhanced expression of
not only progenitor marker NKX2.1 but also ciliation (FOXJ1) and
secretory markers SP-C, SP-D, and CCSP, alluding to the high level
of complexity of the engineered lung tissue (Fig. 2H).

Subsequently, so as not to rely merely on transcript informa-
tion to examine differentiation, protein measures were evaluated.
Secreted SP-D is synthesized and secreted primarily by pulmonary
epithelium [38] and was evaluated by enzyme-linked immunosor-
bent assay from washes of the apical (air-exposed) cells. Levels
of secreted SP-D were found to be highest following 29ALI culture,
indicating that these conditions permitted progression from a pro-
genitor to a more mature state (Fig. 2I). Next, to gain information
about the single-cell level, histological examinationwasused to fur-
ther characterize engineered lung tissue. Healthy airways secrete
mucus to protect against infection and preserve moisture. Trans-
verse sections of ALI cultures exhibited abundantmucus secretion,
as demonstrated by strong periodic acid-Schiff-Alcian blue, which
stains mucins a vibrant purple (Fig. 2J) [39]. In addition to their
mucin coating, large areas of surface epithelium showed ciliation
with this stain (Fig. 2J; supplemental online Fig. 2D). Further evi-
dence of ciliation was seen by immunostaining using the ciliation-
specific marker acetylated tubulin, expressed on the apical, or air-
exposed, side of surface epithelium (Fig. 2K; supplemental online
Fig. 3). Interestingly, distinct regions of cells positive for the type
2 alveolar epithelial cell-specific marker pro-SP-C were also abun-
dant,but regions containing amixtureofboth ciliatedand secretory
cellswerenot foundbycostaining (Fig. 2K,2L). In summary,wehave
shown that hESC priming with mTeSR1 plus AA followed by 29ALI
culture leads to thegenerationof both ciliated and secretory airway
epithelium in vitro.

Utility of hESC-Derived Airway Cells In Vivo Using a Lung
Injury Model

In its progression from a progenitor to a mature state, airway epi-
thelium acquires the ability to respond to pathogens to which it is
presented when in contact with the external environment during
respiration [40]. In order to functionally validate the lung epithelial
cultures generated, the innate immune responseof hESC-generated
29ALI was challenged. Cultures were exposed to the proinflamma-
tory bacterial endotoxin LPS, which elicited a significant increase
in tumor necrosis factor a transcription in 29ALI cultures grown in
differentiationmediaonly,whereaspairedcontrolskept inhESCme-
dia had no effect (Fig. 3A). This finding indicates a lack of epithelial
maturation in the control conditions despite the onset of epithelial-
ization and polarization induced by ALI culture (Fig. 2).

Next,wequantifiedthenumberof input-to-outputcellsused in
this study (Fig. 3B) to avoid merely reporting increased frequency

(enrichment by attrition) of specific lineage-committed cells de-
rived from hESCs by simply utilizing procedures that destroy cells
incapable of endodermal differentiation, and thus survival, under
these conditions. These analyses show that an overall increase of
approximately 300-fold is obtained from a starting population of
1 3 106 mTeSR1-adapted hESCs primed for DE with high-dose
AA to fully differentiated cells, thereby overcoming a major obsta-
cle in the production of airway epithelia required for future appli-
cations and functional testing [5, 11].

Given this advance in obtaining high numbers of airway cells
from hESCs, we developed a novel approach to examine hESC-
derived airway cells in vivo using a murine recipient model of lung
injury (Fig. 3C). We used intratracheal dilute HCl administration
[21], adapting the system to immunodeficient mice capable of
accepting human cells—an option not afforded to recent hESC-
to-lung differentiation studies that were limited to in vitro drug
assays because of generation of insufficient numbers of airway ep-
ithelial cells [10]. Dosage for chemical injury induction was deter-
mined by titrating tolerance of acid volume injected into the
airways of NOD-SCID mice, where maximum penetration and sur-
vivalwasobservedbetween30–50ml injected intratracheally,with
perfusion robustly penetrating deeply into all lobes of the lung
(supplemental online Fig. 4A). Similarly, cell deliverymethodswere
tested using 15-mm fluorescent microspheres instilled intratra-
cheally or injected intravenously 1 hour following injury. These
experiments revealedan increased retentionofbeadsdelivered in-
travenous into the lung (supplemental online Fig. 4B). Trans-
planted cells were tested at high doses (2–2.5 3 105 cells) and
low doses (0.5–13 105 cells) and assayed at different endpoints,
revealing increasedmortality at high doses of cells and thus estab-
lishing limits of cell doses for testing (supplemental online Fig. 4C).
Histological examination of uninjured versus injured lung sections
showeddifferences,with injured lungs displaying an increase in in-
flammatory cell infiltration (Fig.3D) inaddition toconsistent reduc-
tion in SpO2 used as a measure of lung physiological function,
compared with uninjured mice (Fig. 3E).

Based on these results, we defined ourmodel to utilize 30–50
ml of 0.1 N HCl instilled intratracheally to induce lung injury, fol-
lowed by cellular transplantation intravenously 1 hour following
injury. Using histology and SpO2 as endpoints, the effects of sev-
eral cell transplantswere compared, including both control undif-
ferentiated hESCs from liquid-liquid and air-liquid culture versus
hESCs differentiated to airway cells (Fig. 2A, 3C). All cells were la-
beledwith CM-DiI tracking dye (chemicallymodified to resist par-
affin embedding) for in vivo detection of human cells in injured
recipient NOD-SCID mice as well as human-specific Alu repeat
DNA probe to define integrated cells.

hESC-Derived Airway Cells Aid in the Functional
Recovery of the Lung Following Injury

Injured animals receiving hESC-derived lung epithelial cells (hESC-
LECs) differentiated in 29ALI showed integration of cells into the al-
veolar epitheliumof thedistal airways (Fig. 4A; supplemental online
Fig. 4D, 4E). In contrast, recipients with injured lung tissue injected
withundifferentiatedhESCshadevidenceof infiltratedcells intope-
ripheral alveolar spaces and obstruction of airways (Fig. 4A). Differ-
entiation of hESCs using ALIwith embryonic stemmedia conditions
failed to integrate in the appropriate regions of injured lung at early
time points (1.5 weeks), similar to undifferentiated transplanted
hESCs. Polymerase chain reaction for chromosome 17 a-satellite
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gDNA revealed the presence of human DNA in lung homogenates
up to 8 weeks following injection (Fig. 4B). Flow cytometry analysis
was also performed at 8 weeks to verify retention levels thanks to
CM-DiI labeling (supplemental online Fig. 4F), showing that chime-
rism of human cells was ,1% (supplemental online Fig. 4G). Fur-
thermore, mouse-specific CD11b staining was performed on
harvested lungs in order to rule outCM-DiI uptake fromcells phago-
cytosed by circulating mouse macrophages. Flow cytometry results
demonstrated that CM-DiI-positive cells were found only in the
CD11b-negative population (supplemental online Fig. 5).

Importantly, transplantation of hESC-derived lung epithelium
enhanced the survival of airway-injured animals, whereas control
mice transplanted with undifferentiated hESCs showed amarked
reduction in survival by 1.5 weeks after injury (Fig. 4C). Concom-
itant with survival disparity, injured mice receiving hESC-derived
lung epithelial progenitor cells (hESC-LEPs) showed recovery in
SpO2, whereas injured surviving mice transplanted with undiffer-
entiated hESCs showed lowered SpO2 levels (Fig. 4D). Further-
more, hESC-LEPs differentiated in 29ALI in bFGF-free conditions
demonstrated sustained survival and lung function based on
SpO2 for up to 6 weeks after transplantation, whereas long-
term survival of injured mice transplanted with hESCs was mini-
mal (Fig. 4E). On inspection of major organs at harvest, animals
transplanted with hESC-LEPs examined at late time points had
no observable tumors or teratoma formation.

With respect to the functionality of the integrated cells, CM-
DiI-positive hESC-LEPs retained in the distal airways were found
to costain with either CCSP or pro-SP-C, as detected by high-

resolution confocalmicroscopy of lung sections (Fig. 4G). Further-
more, by gating acetylated tubulin-positive ciliated cellswith flow
cytometry,wewereable toobserve a significantnumber (∼3%)of
CM-DiI-positivecellswithin that fraction, indicatingacontribution
to the conducting airways (Fig. 4H). In aggregate, our results re-
veal that primed hESCs differentiated in dual 19ALI and 29ALI cul-
tures in bFGF-free differentiation media give rise to functional
airway cells (hESC-LEPs) that allowed tissue integration and that
contribute to the physiological improvement of the lung.

DISCUSSION

In this paper, we provide stepwise, hierarchical differentiation of
hESCs to airway epithelial progenitor cells and subsequent func-
tional pulmonary epithelial maturation that has not been reported
to date (Fig. 5). Stepwisedifferentiationcouldbedemarcatedusing
multiplex phenotypic, morphological, and functional properties.
These properties could be traced by illustrative heat mapping by
progressive gain and loss of these markers throughout in vitro dif-
ferentiation, resulting inprogressive lossofpluripotency character-
istics followed by transitional adaptation to DE, allowing eventual
gain of mature lung epithelial properties including secretory pro-
tein expression, ciliation, and innate immune response. Novel en-
dodermal markers identified using an avian embryonic screen,
LIFRa and NRP1, aided in demarcating the early steps of directed
hESC endodermal differentiation, although neither their use nor
the use of CXCR4 provided an advantage in ameliorating ALI differ-
entiation when sorted to pure populations.

Figure3. Functional differentiation andevaluationof an in vivomodel. (A): LPS challengeof 29ALI cultures. Primedhumanembryonic stemcells
differentiated by29ALI show innate immune response by increasing TNFaexpression in response to LPS. (B):Quantification of total cell numbers
from initial basal cultures (mouse embryonic fibroblast-conditioned medium) to priming in mTeSR1 followed by addition of activin A (DE) and
primary and 29ALI cultures shows the increase in cell numbers obtained at each of these steps. (C): Animal model of lung injury using NOD-SCID
mice. Intratracheal acid administration was followed by intravenous cell transplant. Efficacy of cell transplant beyond survival was evaluated by
physiology, histology, and flow cytometry. (D): Representative histopathology of left lobe of control uninjured lung and lung following HCl-in-
duced acute injury at 1.5weeks showing evidenceof inflammatory cell infiltration. Scale bars = 50mm. (E):Oxygen saturation of control animals,
taken as baseline versus animals receiving intratracheal HCl. ppp, p,.001; two-tailed Student’s t test. Abbreviations: ALI, air-liquid interface;
CTL, control; DE, definitive endoderm; HCl, hydrochloric acid; H&E, hematoxylin and eosin; I.V., intravenously; I.T., intratracheally; LPS, lipo-
polysaccharide; AVG. SPO2, average oxygen saturation; TNFa, tumor necrosis factor a.
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Recently, advancesmade in the differentiation of hESCs to DE
derivatives such as the lung have taken cues from developmental

biology to carefully dissect growth factor-mediated progression
of this lineage into foregut anterior endoderm and embryonic

Figure 4. Cellular retention and physiological improvement in animals receiving hESC-derived LEPs (hESC-LEPs) following injury. (A): Far left:
Histopathologyof lungs fromanimals receivingeitherdifferentiatedcells (top)orcontrolhESCs (bottom)at1.5weeksafter injuryor transplantation.
Note elevated cellular infiltration in animals receiving undifferentiated hESCs compared with differentiated cells (H&E stain). Subsequent panels:
CM-DiI retention in lungs at 1.5weeks. Top row: hESC-LEPswereobserved in distal airways in close connection to vascular structures (pictured) but
never within the vasculature. Reduced evidence of cellular infiltration and damage to alveolar architecture is seen as comparedwith controls. Bot-
tom row: Control hESCs accumulated in the lung periphery andwere not found to contribute to airway structures.White inset shows comparative
peripheral lungmorphology after hESC-LEP injection (CA2 shown). (B):Human-specific chromosome 17polymerase chain reaction amplifyingDNA
from transplanted mouse lungs at 8 weeks after injury. Human standards are diluted at 100, 10, and 1 pg/ml. Input DNA content of unknowns is
between 30–100 ng/ml. (C): Animals receiving control embryonic stem cells versus airway cells at 1.5 weeks demonstrated increased survival in
treatmentgroup. (D):SpO2 ishigher in animals receivinghESC-LEPs at 1.5weeks. Survival (E)andSpO2 (F)of the treatment groupare alsohigher at 6
weeks. (G): Costaining of CM-DiI+ integrated cells with either CCSP or pro-surfactant protein C. Representative confocal Z-stacks (10-mmdepth) of
lungs from transplanted mice 1.5 weeks after transplantation with airway cells. A subset of cells in regions retaining transplanted cells displays
costainingofCM-DiIwitheitherCCSPorpro-surfactantproteinC,demonstrating functional differentiation in vivo (CA2 shown). (H):Flowcytometry
examining CM-DiI+ cell levels (PE channel) in acetylated-tubulin-positive ciliated cells (gating shown on left). CM-DiI+ cells are observed in the acet-
ylated tubulin-positive (ciliated cell) population in animals receiving acid injury and cellular transplantation (H9 shown). Bar graphs showmean +
SEM. ppp, p,.001; two-tailed Student’s t test. Scale bars = 10 mm. Abbreviations: AcTub, acetylated tubulin; ALI, air-liquid interface; DAPI, 49,6-
diamidino-2-phenylindole; H&E, hematoxylin and eosin; hESCs, humanembryonic stem cells; CM, conditionedmedium; DiI+, CM-DiI-positive; FSC,
flow cytometry; LEPs, lung epithelial progenitor cells; SpO2, oxygen saturation.
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lung stages [4, 6, 8, 10]. The complex growth factor combinations
used in these studies haveattempted toprecisely recapitulate the
environment encountered in the developing embryo. Despite
documented precision, these studies failed to effectively calcu-
late efficiencies of cellular yields or develop robust animalmodels
to test differentiation capabilities in vivo [4, 6, 8, 10]. In contrast to
these previous studies, ourwork takes an alternative approach to
reports based on recapitulating mouse embryology and reveals
four major, critical parameters for optimal generation of airway
cells fromhESCs: (a) preconditioning of cells in chemically defined
mediamTeSR1 plus AA that induces initial DE lineage priming; (b)
growth of cells on Matrigel in feeder-free conditions to increase
survival and maintenance of primed hESCs, as well as conditions
conducive to translational applications [41]; (c) extension of the
duration of differentiation via serial 19ALI and 29ALI cultures
that increases survival and permits greater cellular yields re-
quired for future high-throughput drug screening and cell trans-
plantation for lung regeneration in the human; and, importantly,
(d) differentiation of cultures of secretory and ciliated epithelia,
which is necessary for functional improvement in animal injury
models.

Airway cells generated through initial DE formation followed
by ALI are not homogenous but contain both secretory and cili-
ated epithelium. Previous studies have failed to show an in vivo
benefit of using pure populations of transplanted cells in regen-
erative scenarios in the lung.Wehypothesize that there is a lackof
in vivo work using models to generate, for instance, pure popula-
tions of SP-C-positive type II alveolar epithelium produced from
hESCs [42] because they are ineffective when used in isolation.
Given the heterogeneous nature of the cells we generated in this
study, we cannot rule out the possibility that nonlung cells pres-
ent in 29ALI cultures could have played a role in the recovery pro-
cess following acid-induced lung injury. Future studies may try to
compare the efficacy of hESC-LEPs versus other cellular sources
currently being tested such as adult mesenchymal stem cells
[43]. Such direct comparisons will ultimately prove whether

pluripotent hESCs or more restricted adult multipotent sources
are best to treat lung injury.

CONCLUSION

Collectively, we have shown the generation of functional human
airway cells from hESCs. Differentiation of these cells to DEwas in-
formed by the use of two novel endoderm markers: LIFRa and
NRP1. ALI culture and removal of bFGF resulted in epithelialization
and the acquisition of functional characteristics including polariza-
tion, surfactant protein production, and innate immune response.
The expansive nature of this differentiation protocol allowed us to
test functional efficacy in an in vivo model of acute lung injury
where,most important, these cellswereable topersist indamaged
areas of the lung and contribute to physiological recovery in vivo.
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