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SUMMARY

Lung epithelial lineages have been difficult to maintain in pure form in vifro, and lineage-specific reporters have proven invaluable for
monitoring their emergence from cultured pluripotent stem cells (PSCs). However, reporter constructs for tracking proximal airway lin-
eages generated from PSCs have not been previously available, limiting the characterization of these cells. Here, we engineer mouse and
human PSC lines carrying airway secretory lineage reporters that facilitate the tracking, purification, and profiling of this lung subtype.
Through bulk and single-cell-based global transcriptomic profiling, we find PSC-derived airway secretory cells are susceptible to pheno-
typic plasticity exemplified by the tendency to co-express both a proximal airway secretory program as well as an alveolar type 2 cell pro-
gram, which can be minimized by inhibiting endogenous Wnt signaling. Our results provide global profiles of engineered lung cell fates,
a guide for improving their directed differentiation, and a human model of the developing airway.

INTRODUCTION

The mature respiratory epithelium comprises two major
compartments, the distal alveoli and the proximal airway,
both of which include numerous functional cell types.
The various cell types of the airways, including goblet,
secretory, and ciliated cells, form a mucociliary escalator
that protects the lung from pathogens and other inhaled
agents. The lung secretory (or club) cell lineage represents
an abundant and heterogeneous cell type localized to the
conducting airways. These cells provide critical protective
functions to the lung by participating in immune modula-
tion, oxidative stress reduction, and xenobiotic meta-
bolism. Club cells are also capable of differentiation to
other proximal cell types, are a major known facultative
progenitor for ciliated and goblet cells, and can reconstitute
the airway epithelium after injury (Boers et al.,, 1999;
Mango et al., 1998; Rawlins et al., 2009).

Differentiated lung club cells are marked by the expres-
sion of club cell secretory protein (Cc10/Ccsp/Scgblal).
In addition to Scgblal, secretoglobin family members,
including Scgb3al and Scgb3a2, are expressed in heteroge-
neous populations of secretory cells and are important to
the function of these cells in immune homeostasis and
mediation of oxidant-induced stress (Mango et al., 1998;
Reynolds et al., 2002). In particular, expression of Scgb3a2
has been reported in proximal epithelial progenitors in
lung development prior to maturation of the Scgblal+
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club cell lineage, and is the earliest known marker of differ-
entiation to this fate (Guha et al., 2012).

The in vitro directed differentiation of pluripotent stem
cells (PSCs) via sequential regulation of developmental
signaling pathways has been established as a model to
study early stages of human development that are other-
wise difficult to examine in vivo. In addition, lung epithelia
generated from patient-specific induced PSCs (iPSCs) using
this approach (Huang et al., 2013) have the potential to
provide primary-like cells for disease modeling and drug
testing. We have previously described a protocol for gener-
ating functional proximalized airway spheres expressing
markers of multiple airway epithelial cell types, including
basal and secretory lineages. These cells can be further
differentiated to multiciliated cells in the context of Notch
inhibition or air-liquid interface culture (McCauley et al.,
2017).

While the expression of lineage-specific markers,
including secretory cell markers SCGBI1IA1 and SCGB3A2,
as well as basal cell markers TP63 and KRTS, suggest that
PSC-derived airway spheres contain defined lung lineages,
questions remain about the identity, heterogeneity, and
long-term phenotypic stability of these cells, as well as
the establishment and segregation of these separate line-
ages during airway sphere formation and how these
findings relate to in vivo murine biology. The PSC model
system has suggested that manipulation of key signaling
pathways can regulate the sequence of lung endodermal

1579

A This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

OPEN ACCESS


mailto:dkotton@bu.edu
https://doi.org/10.1016/j.stemcr.2018.03.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2018.03.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Nkx2-16FP Scgb1adTomatoTr SCGB1A1 Merge + DNA

chb1 a1CreERTM  Rogg2pLSL-tdTomato Nkx2-1GFP
@ x @ x @ > ~
ATG IRE

Scgb1atdmomatTr NKX2-1 Merge + DNA

Scgbial locus:

Nkx2-16FP

ATG STOP
Rosa?26 locus: STOP
ATG_STOP
Nkx2-1 locus:
B D Lung progenitor
DE AFE Day 12
Day 0 Day5 Dayé6 Nkx2-16FP+ Day 25 Day 33
‘ 60 hrs ‘ 60 hrs ‘ 24 hrs ‘ Specification 3D Matrigel
-LIF Activin A Noggin Wnt3a FGF2 FGF2
SB4 BMP4 Sort GFP+ FGF10 FGF10 Ana|yze
E F 4'OH-Tmx

GFP dTomatoTr Day 33 Analysis
Nkx2-167F Scgb1 a1 dromator
i el Day 15 GFP+ sorted; +tmx

& w 1.0
>
© 5 = 08
© 0O ¥ 5
Y g
=t &
0.6
gL ¢ E:'E
X
ox %
§ w 2
= ®
% 10 - T i
& [d 10! L 10 et GFP- GFP+ GFP+
Nkx2-05 Amx +tmx

G | SCGB1A1 Scgb1a1tdremateT Merge + DNA
Nkx2-1 Sftpb Scgbtal Scgb3a2
& 80000 5x10°% 5%10°% 600000
5
5 6. 6.
g 60000 4x10f 4x10f
400000
3 3%10° 3x106
8 40000
s 2x10° 2x106-
5 200000
e} 20000 1x106 1x106
S
'S
Uv%,v Ov%xv e ;& x
et RIS S8 S el
< & & <
& ks & & &
Hp Upk3a p63 Foxj1
. 150000 25000 20000 15
=
B
S 20000 15000
B 100000 10
2 15000
° 10000
2 10000
& 50000 i 5
o
. 5000
o
w 0'%)(' U.g,. 0'6*’ o’%x’
KL S KL S L8 EXSANS
Y g Vs Y
& £ & &£
Sfipc H
& 250000
2
g 200000 . GFP
3 150000 = Pres
o
<3 +
E 100000 B GFP*/TdT
o B GFPY/TdT”
o 50000
[}
w
0
L L
& &

(legend on next page)

1580 Stem Cell Reports | Vol. 10 | 15791595 | May 8, 2018



and proximal airway cell fate decisions during develop-
ment. However, because the precise signals required to
maintain these cells are not fully understood, it is likely
that the airway derivatives engineered from PSCs in vitro
may lose or drift in their phenotypes with prolonged pe-
riods in culture, as has previously been observed in primary
lung epithelial cells. For airway secretory cells it may be
particularly difficult to maintain a stable phenotype in cul-
ture given the known plasticity displayed by these cells
when exposed to distalizing factors in vivo in published
genetic mouse models (Zhang et al., 2008; Xi et al., 2017;
Reynolds et al., 2008) or when primary murine club cells
undergo even short periods of in vitro culture (Shannon,
1994; Tata et al., 2013; Lee et al., 2017).

Here we address these ongoing questions regarding the
derivation of airway epithelial cells from PSCs in general
and secretory lineages in particular. We have generated
both murine and human PSC-based tools to study secretory
lineage specification in vitro, demonstrating that both
mouse and human PSC-derived airway express lineage-se-
lective markers consistent with the known in vivo identity
of these cells. Using a new SCGB3A2 PSC reporter system,
time-series microarray, and single-cell RNA sequencing
(RNA-seq) profiling in comparison with PSC-derived alve-
olar epithelial cells, we find that PSC-derived airway
spheres contain both basal epithelial cells and SCGB3A2+
secretory airway cells. In contrast to PSC-derived distal
alveolar epithelial type 2 (AEC2)-like cells and proximal
basal-like cells, we find the proximal secretory lineage ex-
hibits plasticity and is susceptible to phenotypic drift,
acquiring the co-expression of both proximal secretory
and distal alveolar cell programs, including the capacity
to generate functional lamellar bodies that process surfac-
tant. These results clarify the identity of the various cell
types of the lung epithelium derived from PSCs via our pre-
viously described approaches, and further emphasize the
utility of global transcriptomic profiling of single cells to

reveal the heterogeneity, identity, and potential plasticity
of emerging lineages.

RESULTS

We have previously described an approach to generate
proximalized airway epithelial spheres from both human
and murine pluripotent stem cells (hPSCs and mPSCs,
respectively [McCauley et al., 2017; Serra et al., 2017]).
We found that a low versus high level of canonical Wnt
signaling was a key driver of proximal versus distal patter-
ing, respectively, measured by the emergence of lineages
expressing specific proximal and distal markers, including
Scgblal and Sftpc (McCauley etal., 2017). Because the prox-
imal airway contains a diversity of cell types, we here
sought to derive and purify more defined subsets of airway
epithelia from both mPSCs and hPSCs, beginning with
airway secretory cells for which there are well established
in vivo genetic murine reporters or lineage tracers (Rawlins
et al., 2009).

Directed Differentiation of Secretory Airway Cells
from Murine PSCs

To generate a bifluorescent system able to identify multiple
developmental stages in airway secretory cell differentia-
tion, we bred knockin mice carrying lineage reporters or
lineage tracers targeted to gene loci known to be sequen-
tially activated during airway differentiation: Nkx2-1*F,
Rosa26St-tdfomate - and  Scgb1al“F*™  (hereafter
Nkx2.19";Scgb1a1"°mat°T) We characterized expression
patterns of these fluorochromes both in vivo as well in mu-
rine iPSCs (miPSCs) generated by reprogramming tail tip fi-
broblasts (Figures 1A and S1). In adult mice exposed to
tamoxifen to induce Scgblal lineage tracing, we observed
Scgblal lineage labeling in the vast majority of SCGB1A1
protein-expressing cells (Figures 1B and 1C), as has been

Figure 1. Generation and Directed Differentiation of Nkx2-15F:Scgb1a1tdTomateTrace (M) Moyse and iPSC Lines

(A) Schematic of targeted alleles.

(B) Nkx2-1°F7;Scgb1a1t7°™a®™ adylt mouse lung post-tamoxifen exposure. The arrowheads indicate an Scgh1a1*™™®™" (abeled cell in

the alveolar compartment. Scale bars, 50 pum.

(C) Immunofluorescence stains of Nkx2-1°F;Scgb1a1%™™atT adylt mouse lungs for SCGB1A1, GFP, tdTomato, or NKX2-1 proteins. The

arrowheads indicate SCGB1A1— cells. Scale bars, 50 pum.

(D) Schematic of directed differentiation of miPSCs to lung lineages. DE, definitive endoderm; AFE, anterior foregut endoderm.
X2- ;Scgbla miPSC-derived sphere at day 28 of differentiation to airway epithelium. Scale bar, wm.

E) Nkx2-15%;Scgb1a1'Tom®™" mipSC-derived sph day 28 of differentiation to ai ithelium. Scale bar, 50

(F) Flow cytometry and quantification of Nkx2-1°7;Scgb1a1%™™3T" expression on day 33 of differentiation.

(G) gRT-PCR of fold change of gene expression compared with day 0 miPSCs (

2725 in day 33 cells sorted for expression of Nkx2-16F and

Scgb1a1%™matTr Bars represent mean + SD (n = 3 replicates separated at day 5 of differentiation).
(H and I) Representative immunofluorescence of embedded spheres for (H) anti-SFTPC (green) and DNA (Hoechst, blue) and (I) anti-
SCGB1A1 (green), tdTomato (red), and DNA (Hoechst, blue). The arrowheads in (I) indicate a tdTomato+ SCGB1A1— cluster. Scale

bars, 25 pum.
See also Figure S1.
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reported previously (Rawlins et al., 2009). Similarly, we
confirmed co-expression of NKX2-1 nuclear protein and
the cytoplasmic GFP reporter (Figure 1C). Although both
secretory airway and AEC2 cells expressed Nkx2-1°F,
only a minor subset of alveolar cells expressed the
Scgblal'dTemateTr reporter (Figure 1B), as has been reported
previously (Rawlins et al., 2009). In contrast, all SCGB1A1+
cells within the airway epithelium co-expressed both the
GFP and tdTomato™ reporters, consistent with the ex-
pected distribution of these markers in the normal mouse
lung (Figures 1B and 1C).

To test the differentiation potential of miPSCs engi-
neered from these mice, we sequentially differentiated
them via definitive endoderm and anterior foregut endo-
derm to Nkx2-1%""* lung progenitors using our previously
reported combination of Wnt and BMP4 activation (Fig-
ure 1D) (Longmire et al., 2012; Serra et al., 2017). Quanti-
fying lung lineage specification efficiency by flow cytome-
try on day 12 of differentiation, we observed Nkx2-16P
induction in 7.30% + 0.22% of cells, corresponding to a to-
tal cell yield of 6.9 + 2.6 Nkx2-1°F"* cells per starting input
miPSC (Figure 1E). Consistent with our previous publica-
tions (Hawkins et al., 2017; Longmire et al., 2012; Serra
etal., 2017) the Nkx2-1SP* progenitors at this day 12 stage
are relatively undifferentiated without evidence of Scgblal
mRNA expression (Serra et al., 2017).

We sorted day 12 GFP+ versus GFP— cells for further dif-
ferentiation (Figure 1D) in 3D culture in proximal airway
medium containing fibroblast growth factor 2 (FGF2) and
FGF10, previously shown to pattern cells toward airway
secretory cells enriched in Scgblal expression (McCauley
etal., 2017; Serra et al., 2017). We added tamoxifen starting
at day 25 to induce Scgblal lineage tracing.

By 48 hr post-tamoxifen exposure, a subset of Nkx2-
derived cells began to co-express both Nkx2-1°T" and
Scgbla1tdTomatoTr gigyre 1E).

On day 33, after 8 days of tamoxifen treatment, 1.05% +
0.30% of Nkx2-19* cells co-expressed Scgbla]‘dTomatoTr+
by flow cytometry, compared with just 0.03% + 0.02% of
vehicle-only-exposed cells (Figure 1F). In contrast, we
observed no expression of Scgblal'd™mate™r jn any cell
deriving from outgrowths of the Nkx2-1°*"~ population
(Figure 1F).

We next purified Nkx2-19P*Scgbla1tdfomatelr= and
Nkx2-19"P*Scgb1a1tdTomateTt+ nonylations to ask whether
lineage labeled cells were enriched for markers consistent
with club cell identity. By gRT-PCR, we found that
Scgblal'dTematoTr+ cells expressed Nkx2-1 and Sfipb as well
as known club cell genes, Scgblal, Scgb3a2, Hp, and
Upk3a (Figure 1G). Sftpc expression at the protein level
within a subset of cells was confirmed by immunostaining
(Figure 1H). Immunofluorescence microscopy confirmed
co-expression of Scgblal'd™mat°Tr and SCGB1A1 protein

1GFP+_
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within a subset of Scgb1a1'™°™a©T+ ce]|s and this pattern
was present in the majority of spheres examined (Figure 11).
The presence of a subset of Scgblal'dTomatoTr+ cejls that
lacked expression of SCGB1A1 protein suggests either the
loss of club cell fate during further culture or differentiation
into alternative airway lineages as has been reported in
prior studies of primary club cell cultures (Tata et al., 2013).

SCGB3A2 hPSC Reporter Line Facilitates the
Purification and Characterization of Human Airway
Lineages

Having established that miPSC-derived lung epithelial cells
in FGF2- and FGF10-supplemented media contain a popu-
lation of secretory-like cells, we next sought to study hu-
man airway secretory cells derived from hPSCs using
similar media and a reporter-based approach. Of the secre-
toglobins, in humans, SCGB3A2 is highly specific to lung
tissue (gtexportal.org), and in mice has been reported to
be developmentally expressed at an earlier stage than
Scgblal (Guha et al., 2012). Further supporting the selec-
tion of this marker, we have previously found that
SCGB3A2 expression is upregulated rapidly in the hPSC-
derived proximalized epithelial population and is highly
specific to the hPSC-derived lung epithelium (McCauley
et al.,, 2017). To validate the use of SCGB3A2 as an
airway epithelial marker, we performed immunostaining
of human distal conducting airway tissue obtained
from 18-month- and 60-year-old donors. In all sections
examined, we observed high levels of SCGB3A2 protein
expression selectively in the airway epithelium with no
detectable signal in distal alveolar tissue (Figure 2A). For
these reasons, we chose to design an SCGB3A2 fluorescent
reporter to track and purify putative airway epithelial cells
derived from hPSCs in vitro.

We used CRISPR/Cas9 technology to target a 2A-
CherryPicker (membrane-anchored mCherry) fluoro-
chrome cassette to the end of the coding sequence of
the endogenous SCGB3A2 locus in normal human embry-
onic stem cell line RUES2 (henceforth called RUES2-
SCGB3A2CheryPicker - 1 RSC; Figures 2B and S2). We
differentiated RSCs using our published differentiation
strategy (Hawkins et al., 2017; McCauley et al., 2017) to
the lung progenitor stage (day 15, Figure 2C), and sorted
NKX2-1-enriched and -depleted populations using our
established cell surface marker sorting strategy (CD47"i8"/
CD26'). Lung lineage specification efficiency was
measured by flow cytometry for NKX2-1 protein to be
67.4% + 17.0% (n = 11 differentiations) for this hPSC
line, and, as expected, there was no expression of the
SCGB3A2CheryPicker renorter at this NKX2-1+ lung progen-
itor developmental stage (data not shown).

To further validate our previous work identifying a prox-
imal-specific SCGB3A2+ signal (McCauley et al., 2017),
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Figure 2. Generation and Characterization of hPSC SCGB3A2"e™Picker Raporter Line
(A) Human distal lung sections from 18-month- and 60-year-old donors, respectively, stained with anti-SCGB3A2 (green). Scale

bars, 100 um.

(B) CRISPR/Cas9 targeting strategy for human SCGB3A2 locus. CP, CherryPicker; *, stop codon.
(C) Schematic of directed differentiation of hPSCs to lung epithelial cell types.
(D) Representative flow cytometry of SCGB3A2F expression in cells differentiated in CFK+DCI (left) or 2+10+DCI (right).

(legend continued on next page)
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sorted day 15 CD47"8"/CD26'" cells were replated in either
our previously published proximal bronchosphere (FGF2,
FGF10, and DCI; hereafter 2+10+DCI) versus distal alveolo-
sphere (CHIR, FGF10, KGE and DCI; hereafter; CFK+DCI)
media (Jacob et al., 2017; McCauley et al., 2017). In
2+10+DCI medium, SCGB3A2CheryPickert (hanceforth SC)
expression was found to be 33.0% + 1.57% by day 25,
whereas expression in CFK+DCI was just 0.18% + 0.03%
at this time (Figures 2D-2G). SC expression in the CD47'°"
outgrowth in 2+10+DCI was just 8.16% + 0.87%, support-
ing the conclusion that cells competent to become
SCGB3A2+ epithelia are relatively enriched in the day 15
NKX2-1+ progenitor population and likely derive from
this primordial intermediate, in keeping with our mouse
PSC in vitro model (Figure 1). Sorted human SC+ cells
from the proximal medium conditions at day 25 were en-
riched for expression of airway epithelial genes SCGB3A2
and SCGB1A1. Notably, NKX2-1 and SCGB3A2 expression
levels in RSC-derived SC+ cells were similar to levels
measured in adult human lung biopsy tissue controls
(Figure 2H).

Time Course Microarray Analysis of Differentiating
Lung Epithelium Reveals Emergence of a Secretory
Cell Program

Next we sought to better understand the kinetics of differ-
entiation and the global transcriptomic programs of these
SC+-labeled cells as they emerge over prolonged culture pe-
riods. Analysis of SC expression over time identified initial
reporter activation by microscopy as early as 1 week after
sorting and replating NKX2-1+ progenitors (day 22, Fig-
ure 3A) and established a peak of reporter expression
(39.2% =+ 12.5%) around day 36 of differentiation (Fig-
ure 3A). The sorted SC+ population at each of four time
points between days 28 and 52 expressed both SCGB3A2
and SCGB1A1 (Figure 3B).

We next performed whole transcriptome microarray
profiling of cells at various key stages of RSC differentiation
to proximal airway: undifferentiated cells (day 0), purified
early lung progenitors (day 15 CD47™), early airway pro-
genitors (day 22), and SC+ and SC— late airway populations

(day 36, Figures 3C and 3D, Table S2). Comparing day 36
SC+ with SC— cells, we found that the SC+ population
was significantly enriched in expression of airway secretory
cell genes, including SCGB3A2 and SCGB1A1 (the top two
most differentially expressed genes, ranked by fold change
[FC]) as well as HP (Figures 3E and S3A). Other upregulated
genes between the SC+ and SC— populations included
SFTA3, SFTPA1, CYPIB1, and NKX2-1 (FDR-adjusted
p < 0.05; hereafter “FDR,” FC > 10; Figures 3E and S3A).
These lung secretory genes were also upregulated between
day 22 and day 36 SC+ (FDR < 0.05; Figures 3F and S3A).
We next performed pre-ranked gene set enrichment anal-
ysis comparing day 22 with day 36 SC+ and day 36 SC+
with day 36 SC— populations. Multiple pathways were up-
regulated in SC+ cells (FDR < 0.1) in both comparisons,
including pathways known to be important for mature
secretory cell function, such as secretion (Hallmark path-
ways: protein secretion, cholesterol homeostasis), and
innate immune modulation (Hallmark pathways: TNF-a/
NF-«B signaling, IL-6/STAT3 signaling; interferon-gamma
response, and IL-2/STATS signaling; Figures S3B-S3D).

We next evaluated whether genes not typically found in
developing airway secretory cells were detectable within
the hPSC-derived secretory population. In the top 70 genes
differentially expressed in the SC+ versus SC— population
(FDR < 0.05; FC > 10) we observed surfactants Al and D
(SFTPA1, SFTPD; Figure S3A), consistent with published de-
scriptions of airway surfactants (A, B, and D) detected in
both proximal and distal lung epithelia in rodents (Kalina
et al., 1992). Expanding the list of differentially expressed
genes (FDR < 0.05; FC > 2), we found that the remainder
of airway surfactants (SFTPB) were similarly enriched in
SC+ cells; however, we also observed enriched expression
of AEC2-selective genes, including SFTPC, LAMP3,
ABCA3, LPCAT1, PGC, and NAPSA in this population (Fig-
ure 4A). Although expression of these markers in the SC+
population was validated by qRT-PCR, we found the level
of expression of SFTPC to be significantly lower in SC+ cells
than in control hPSC-derived AEC2s generated in “distaliz-
ing media” and expressing an SFTPC'T°™3t reporter (here-
after iAEC2s [Jacob et al., 2017]). Expression of proximal

(E) Quantification of flow cytometry results from (D). n = 3 biological replicates from cells separated at day 15; similarly validated in 5

repeated differentiations.

(F) Fluorescence image of SCGB3A2" expression in airway spheres. Scale bar, 50 pm.
(G) Confocal microscopy of CherryPicker (SCGB3A2%7) cytoplasmic protein (red) in airway spheres (DNA, Hoechst; blue). Scale bar, 25 pm.

(H) gRT-PCR of fold change of gene expression compared with day 0 hPSCs (

272%™ in cells differentiated in each indicated condition

and sorted based on expression of SCGB3A2%" (SC+ versus SC—). PreS, presorted/unsorted cells. Bars represent mean + SD; p < 0.01,
****p < 0.0001. Adjusted p values obtained by ordinary one-way ANOVA with Tukey’s multiple comparisons test. Asterisks indicate
comparison between SC+ and other conditions (SC+, SC—, n = 9 biological replicates of independent wells from 3 independent differ-
entiations for SCGB3A2 and SCGB1A1 and n = 6 biological replicates of independent wells from 2 independent differentiations for AFP and
NKX2-1. PreS values are from n = 3 replicates of independent wells from 1 differentiation).

See also Figure S2.
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Figure 3. Kinetic Microarray Analysis Reveals Progression of Cells to an SCGB3A2+ Secretory Lineage

(A) Flow cytometry of SCGB3A2" expression over time with fluorescence microscopy of SCGB3A2F expression in live airway spheres shown

for the indicated time points. Scale bars, 50 um. The arrow indicates emerging CherryPicker+ sphere.

(B) Kinetic of gene expression (qRT-PCR; 2~*2%%). Bars represent mean = SD (day 29: n = 1; day 36: n = 3; day 44: n = 3; day 52: n = 2
replicates from wells separated after day 15 sort and then sorted for SC+ versus SC— at each indicated time point for qRT-PCR).

(C) Schematic of microarray experiment for (D-F).

(D) Principle component analysis of global transcriptomes from n = 3 independent differentiations (biological replicates) of microarray
samples indicated in (C).

(E) Volcano plot of differential gene expression between day 36 SC+ and SC— cells. Indicated genes are a selected subset of those meeting
indicated cutoff criteria by pairwise Student’s t test.

(F) Heatmap representing relative gene expression over time of selected transcripts related to lung development (FDR < 0.01).

See also Figure S3.
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Figure 4. Expression of Proximal and Distal Lung Epithelial Marker Genes in the hPSC-Derived Airway Epithelial Cell Population
(A) Heatmap of AEC2 cell marker genes from microarray analysis across indicated time points (FDR < 0.01).

(B) Gene expression (qRT-PCR; 27 22%) in cells differentiated toward airway epitheilum and sorted for expression of SCGB3A2%" (SC+) or
differentiated toward alveolar epithelium and sorted for expression of SFTPCtToMat® (GAEC2s). D, time of differentiation in days.
Bars represent mean + SD, n = 3 biological replicates from independent differentiations. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. Adjusted p values obtained by ordinary one-way ANOVA with Tukey’s multiple comparisons test. Asterisks indicate

comparison between iAEC2s and all other conditions.

marker SCGB1A1 was significantly higher in the SC+ popu-
lation compared with iAEC2s (Figure 4B; Table S1).

Single-Cell RNA Sequencing Identifies Cell-Type-
Specific Clusters in hPSC-Derived Airway Epithelium
We next aimed to determine whether in our “proximal”
conditions SFTPC and other AEC2 markers were being ex-
pressed in rare distal cells within the heterogeneous SC+
population, or the alternative possibility that a distal pro-
gram might be co-expressed within cells that also express
proximal lung markers. To distinguish these potential
explanations, we used single-cell mRNA sequencing
(RNA-seq) to elucidate the global transcriptomes of hPSC-
derived putative airway cells on a per-cell basis. We differ-
entiated hPSCs (RSC line) into airway spheres and purified
SC+ and SC— populations at day 27 of differentiation for
single-cell RNA-seq (Figure 5A), analyzing 52 SC+ and 24
SC- cells, of which 44 SC+ and 22 SC— passed quality con-
trol. Dimensionality reduction (ZINB-WaVE) and hierar-
chical clustering revealed three distinct cell clusters
(Table S3; Figures 5B and 5C). The majority of the SC+-
sorted cells clustered together and expressed high levels
of both SCGB3A2 and CherryPicker mRNA (correlation
R? = 0.987, Figure 5D). We therefore categorized the three
cell clusters as secretory airway (C1), non-secretory airway
(C2), and non-lung (C3), based on expression of known
marker genes within these gene clusters (FDR < 0.05),
including SCGB3A2 and SCGB1A1 (secretory; enriched in
cell cluster C1); TP63 and ITGA6 (basal; enriched in C2);
NKX2-1, SFTA3, SFTA2, SFTPB, and CD47 (enriched in
both lung cell clusters: C1 and C2); and SERPINA1, SOX9,
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FGB, APOA2, and AFP (liver; enriched in C3) (Figure 5C).
C3 contained 8 out of 66 total cells, suggesting that
12.1% of the analyzed cells were non-lung. Notably, only
a subset of SCGB3A2 mRNA+ cells co-expressed the more
mature club cell marker SCGBIA1 (10 out of 35 cells, Fig-
ures 5E and S4). A distinct subset of SC+-sorted cells clus-
tered within C2, the non-secretory airway population,
expressed high levels of NKX2-1, TP63, and ITGA6, but
low levels of secretory markers, indicating a putative
basal cell-like identity (Figure SE). Despite expressing
CherryPicker protein, these TP63+ cells were predomi-
nantly SCGB3A2— and did not express CherryPicker
mRNA (Figures S5E, S4B, and S4C), suggesting these cells
had recently lost expression of the reporter as they acquired
a basal cell-like fate.

We next investigated whether any hPSC-derived airway
cells co-expressed proximal and distal lung markers,
including SFTPC. We found that expression of SFPTC, along
with that of LPCAT1, LAMP3, and NAPSA, was upregulated
in cluster C1 (Figures S5E and S4D) and that SFTPC was ex-
pressed predominantly in SCGB3A2+ cells (25 out of 31 cells,
Figure S4E). Cells in this cluster expressed low levels of distal
patterning marker SOX9 (Figure SE). In contrast, the basal
cell-like population in cluster 2 was not enriched in expres-
sion of SFTPC or other AEC2-selective genes (Figure SE).

Single-Cell RNA-Seq of Airway versus Alveolar Spheres
Reveals Heterogeneity and Distinctly Patterned
Lineages

Having established that SFTPC is co-expressed with
airway markers in hPSC-derived airway epithelium, we
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simultaneously derived proximal airway epithelial cells
and distal iAEC2s from hPSCs in parallel and profiled these
lineages by single-cell RNA-seq of larger numbers of cells
after a prolonged period of culture. We differentiated our
published bifluorescent iPSC line (BU3) engineered to carry
GFP and tdTomato reporters targeted to the NKX2-1 and
SFTPC loci, respectively (hereafter BU3 NGST [Jacob et al.,
2017]). After 15 days of differentiation into primordial
lung progenitors (NKX2-19F+/SFTpCtdTomato—) “we sorted
GFP+/tdTomato— cells for further differentiation in parallel
in either our published proximal/airway (McCauley et al.,
2017) or distal/alveolar (Jacob et al., 2017) 3D culture con-
ditions (Figure 6A). To explore the effect of extended time
in culture, we differentiated the sorted GFP+ cells until
day 41 to form putative airway or alveolar spheres,
passaged each condition one time on day 26 (alveolar) or
day 29 (airway), and analyzed 1,392 cells that passed data
quality control.

Initial k-means clustering analysis and dimensionality-
reduction visualization represented as tSNE plots demon-
strated the separation between the airway and iAEC2
medium-derived cells and identified four distal (C1, 2, 3,
and 7) and three proximal (C4-6) clusters (Figures 6B, 6C,
and SSA). We first confirmed the predicted medium effects
by evaluating expression of Wnt target gene AXIN2, which
was higher in the distal cells cultured in medium contain-
ing the Wnt signaling stimulator, CHIR, than in the prox-
imal cells (Figure 6D). We next asked whether any of the
identified clusters represented non-lung populations. Map-
ping of expression of NKX2-1 revealed that one proximal
(C4) and one distal (C3) cluster were NKX2-1'°", We found
that 234 out of 673 clustered proximal cells (34.8%) and
131 out of 719 clustered distal cells (18.2%) were repre-
sented in C4 and C3, respectively, and therefore we esti-
mate these to be the proportion of non-lung cells obtained
in each of these conditions in this differentiation. Further
statistical analysis of genes differentially expressed in
each cluster identified these putative non-lung clusters as
gastric epithelium (C3) expressing GIF, TFF1, TFF2, and
CLDN18 in the distal condition and hepatic endoderm
(C4) expressing a constellation of known liver genes

including AFP, APOA2, TTR, TF VIN, ALB, and FGB in
the proximal conditions (Figures 6D and 6E; Table S4),
consistent with prior observations (Hawkins et al., 2017;
McCauley et al., 2017). A subset of these hepatic-like cells
had high levels of proliferation markers (AURKB, MKI67,
and TOP2A), suggesting that a subset of this population is
mitotic (Figures 6D and S5B; Table S4).

To identify potential lung lineages, we next interrogated
all differentially expressed genes (Table S4) and supervised
clustered heat maps of the top 50 genes enriched in each
cell cluster compared with all cells (Figure 6E). Marker
genes of known lung lineages were differentially enriched
in identifiable clusters, allowing us to validate our assign-
ments of cell-type identity for the remaining NKX2-1+
clusters. For example, the distal NKX2-1+ clusters C1 and
C2 contained AEC2-like cells expressing SFTPC (Figure 6D;
Table S4) along with other distal lung epithelial markers
including FGF9, BMP4, BMP3, and FOXP2 (Figure 6E;
Table S4), and were depleted of markers of proximal epithe-
lium including SCGB3A2 and P63 (Figure 6D). Despite
these similarities, we found that C2 had higher expression
of SFTPC (FC = 1.81, p,qj = 0.077) relative to all other clus-
ters, including C1. We therefore asked what distinguished
C1 and C7 from C2. We found that C1 expressed high
levels of proliferation markers (AURKB, MKI67, and
TOP2A), suggesting that this represents a mitotic AEC2-
like population (Figures 6D, 6E, and S5B; Table S4). The
final NKX2-1+ distal cluster (C7) also had an AEC2-like
phenotype and similar gene expression to C1 and C2, but
expressed lower levels of key genes including SFTPC and
FOXP2 (Figures 6D and 6F; Table S4).

We next examined the NKX2-1+ proximal clusters
(CS and 6). Consistent with our prior single-cell analysis
(Figure 5), we found that cluster C5 represented a basal
cell population expressing P63, KRT5, KRT14, KRT17, and
PAX9 (Figures 6D and 6E; Table S4), and cluster C6 repre-
sented an airway secretory cell population enriched
in expression of known secretory markers, SCGB3A2,
SCGB1A1, HP, SFTA2, and AQP4 (Figures 6D and 6E;
Table S4) (Guha et al., 2014; Kalina et al., 1992; Kreda
et al., 2001). We similarly identified subpopulations of

Figure 5. Single-Cell RNA-Seq of hPSC-Derived Airway Epithelial Spheres Reveals Subsets of Secretory and Basal-like Cells

Expressing Distinct Markers
(A) Experiment schematic.

(B) Dimensionality reduction plot (ZINB-WaVE) of global transcriptomes of the top 1,000 most variable genes across 66 individual cells.

Indicated cell groups were identified by k-means clustering analysis.

(C) Row-normalized heatmap of global gene expression using unsupervised hierarchical clustering of all 66 cells based on the 560 genes
that passed the thresholds (variance > 3 and ANOVA FDR < 0.05) indicated in (B).

(D) Correlation analysis between the log-expression of SCGB3A2 and CherryPicker mRNA in all 66 cells.

(E) Violin plots showing normalized expression for indicated genes across cell clusters. Colored points indicate sort markers used (red, SC+;
green, SC—); violin color indicates assigned cell cluster (red, C1; green, C2; blue, C3).

See also Figure S4.
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Figure 6. Single-Cell Transcriptomic Comparison of hPSC-Derived Airway and Alveolar Epithelial Cells

(A) Experimental schematic.

(B-D) tSNE plots of 1,392 cells with (B) culture medium indicated; (C) lineage names assigned to 7 clusters identified by k-means; or (D)

overlayed normalized expression of indicated marker genes.

(E) Heatmap of the top 50 differentially expressed genes in each of 7 cell clusters compared with all cells by negative binomial exact test

(ranked by FC; FDR <5 X 1074
See also Figures S5 and S6.

mitotic secretory and basal cells enriched for AURKB,
MKI67, and TOP2A (Figures 6D and S5C; Table S4). To
exclude the effect of cell-cycle genes on our statistical clus-
tering analyses, we repeated all analyses after removing 280
known cell-cycle genes (Table S5) from the dataset, and
found minimal effects on the clustering and no alteration
in the cellular identities of the identified clusters (Figures

S5C and S5D). We therefore continued all analyses without
excluding these genes (Figure 6).

Similar to our prior 66 cell analysis (Figure 5), the airway
secretory population shown in Figure 6 again expressed
all 5 surfactants (SFTPA1, SFTPA2, SFTPB, SFTPC, and
SFTPD) along with other AEC2-selective transcripts that
encode lamellar body genes, including NAPSA and PGC
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(Figures 6D and 6E; Table S4). Correlation analysis within
the proximal epithelial population further established
that 63 out of 146 of the SFTPC+ cells within this popula-
tion also expressed SCGB3A2, but only 1 out of 146 ex-
pressed SCGBI1A1 (Figure SSE). A direct comparison of
iAEC2 with airway secretory gene expression revealed
that the majority of the iAEC2 gene expression signature
was depleted in the secretory airway population (Figures
6F and S5A; Table S4). In particular, the airway secretory
cells expressed lower levels of distal patterning genes,
including SOX9, BMP4, FOXP2, FGF9, and ETVS5, than
the distal clusters, further demonstrating that the secretory
airway cells exhibit an indeterminate phenotype with fea-
tures of both proximally patterned airway epithelium
along with some AEC2 genes, but without markers of early
distal patterning.

Finally, we also found that, in spite of the distinct expres-
sion of known marker genes and associated transcriptomic
signatures indicative of particular known cell types, some
genes were also expressed at low levels in unpredicted pop-
ulations, such as expression of AFP and ALB in NKX2-1+ pu-
tative airway epithelial cells (Figures 6D and 6E), when these
three markers are not known to be co-expressed in vivo. We
confirmed the expression of liver markers within the
SCGB3A2¢"* population by qRT-PCR (data not shown).

A Subset of hPSC-Derived Airway Epithelial Cells
Contain Functional Lamellar Bodies

Having identified a population of airway epithelial cells ex-
pressing some AEC2-associated genes but lacking a com-
plete AEC2 signature, we next sought to test whether these
cells exhibited functional and ultrastructural features
consistent with AEC2s. Electron microscopy of plastic
sections of hPSC-derived differentiated airway spheres
revealed that spheres were heterogeneous and contained
a mixed population of cells, some of which exhibited char-
acteristics of airway secretory lineages. These included elec-

tron-dense granules and abundant rough endoplasmic
reticulum, as well as abundant glycogen and microvilli
with associated secretory bodies on the apical surface of
some epithelial spheres (Figure 7A). All examined cells
lacked any evidence of goblet cell maturation or ciliation.
Together, these features are characteristic of immature,
differentiating human airway secretory cells (Plopper
etal., 1980), and support the conclusion that hPSC-derived
airway spheres contain secretory cell types.

As predicted by single-cell RNA-seq, we also found that
some cells generated in proximal medium contained struc-
tures reminiscent of surfactant-producing lamellar bodies
(Figure 7A), with similar features to those we have previ-
ously reported for hPSC-derived alveolospheres (Jacob
etal., 2017). To test the function of these putative lamellar
bodies, and given the high expression of surfactant pro-
teins and the SFTPB processing enzymes PGC and NAPSA
in these cells, we tested whether airway secretory cells
were able to process SFTPB pro-protein (pro-SFIPB) to its
mature 8 kDa form, a capacity unique to lamellar body-ex-
pressing AEC2s in vivo following 24 weeks of human gesta-
tion (Brasch et al., 2004; Guttentag et al., 1998). By western
blot analyses, hPSC-derived airway spheres were capable of
processing SFTPB to its mature 8 kDa form (Figures 7B and
7C); however, in comparison with hPSC-derived iAEC2s,
when stained with an antibody specific to pro-SFTPB
(anti-NFlank) these cells had relatively higher accumula-
tion of the unprocessed 25 kDa form, known to be
expressed in airway cells in vivo (Kalina et al., 1992) (Fig-
ure 7C). This pattern suggested that hPSC-derived airway
spheres may contain a heterogeneous mixture of cells,
many of which produce pro-SFTPB, but only some of which
are able to fully process the pro-protein to its mature form
(Figures 7B and 7C), a conclusion supported by the pres-
ence of at least two morphological subsets of cells present
in airway spheres analyzed by electron microscopy (Fig-
ure 7A and data not shown).

Figure 7. Co-expression of Distal Programs in hPSC-Derived Airway Cells Is Reduced by Wnt Inhibition

(A) Representative electron micrograph of ultra-thin sections of epithelial spheres differentiated in proximal medium with characteristic
lamellar body structures. gl, glycogen; lb, lamellar bodies; mv, microvilli; n, nucleus; g, Golgi apparatus.

(B) Schematic of surfactant protein B processing in functional lamellar bodies.

(C) Western blots of hPSC-derived airway (bronchospheres) and alveolar spheres (iAEC2s), generated in proximal versus distal medium,
respectively; immunostained for total SFTPB (left) and precursor SFTPB protein with retained N-flank (right).

(D) Schematic of experiment testing Wnt inhibition during airway sphere formation.

(E and F) Representative flow cytometry and quantification (E) of day 33 airway spheres treated with vehicle, CHIR, or XAV939 from day
15-33 of differentiation (F). Mean + SD; n = 3 replicates of independent wells separated at day 15.

(G) Gene expression (qRT-PCR; 2722%) in cells differentiated under indicated conditions and sorted based on expression of SCGB3A2
(SC+ versus SC—). (F and G) Bars represent mean + SD (n = 3 replicates of independent wells separated at day 15, representative of 2
repeated differentiations on independent PSC lines). **p < 0.01, ***p < 0.001, ****p < 0.0001. Adjusted p values obtained by ordinary
one-way ANOVA with Tukey’s multiple comparisons test. Asterisks indicate comparison between vehicle-treated SC+ and all other
conditions.

(H) Schematic of cell fate decisions in directed differentiation of lung epithelium.

See also Figure S7.
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Distal Plasticity of hPSC-Derived Secretory Cells Is
Promoted by Exposure to Endogenous and Exogenous
Distalizing Soluble Factors

We considered the possibility that expression of distal
markers within the proximal secretory population might
result from the presence of unappreciated distalizing fac-
tors acting over prolonged culture periods. Building on pre-
vious work identifying Wnt as a key driver of distal
patterning both immediately post-specification (McCauley
et al., 2017) as well as in the context of differentiation of
AEC2-like cells from primary adult mouse secretory cells
in culture (Lee et al., 2017), we sought to test whether
endogenous Wnt signaling might play a role in the aber-
rant expression of SFTPC within hPSC-derived airway
epithelium.

To test the effect of Wnt on the expression of AEC2
marker genes in proximalized spheres, we tested whether
spheres differentiated in proximal medium responded to
Wnt activation or inhibition with CHIR or the Wnt inhib-
itor XAV939, respectively (Figures 7D and 7E). Compared
with proximal/airway control medium, Wnt inhibition re-
sulted in maintenance of SCGB1A1 and SFTPB levels as well
as marked reduction in AEC2 and lamellar body markers,
SFTPC, NAPSA, and ABCA3, within sorted SC+ cells (Fig-
ure 7G; Table S1). As expected, CHIR treatment resulted
in loss of the SCGB3A2"* program (Figures 7E-7G) and
increased SOX9, consistent with canonical Wnt-driven dis-
talization (Figure 7G; Table S1 and data not shown). Lack of
cell sorting in this CHIR-containing condition precluded
equivalent profiling of the entire iAEC2 program. To deter-
mine whether the putative plasticity of proximalized cells
in these conditions was limited to a narrow developmental
window we repeated this experiment with delayed CHIR
addition to the proximalized cells. We found that CHIR
treatment, even up to 10 days post-replating in airway me-
dium, resulted in upregulation of SFTPC'T™a% expression
(Figure S7), a reporter we have previously shown to be
reflective of higher levels of SFTPC mRNA expression (Jacob
et al., 2017).

This response to CHIR treatment indicates that the puta-
tive plasticity of the proximalized cells, measured by
changes in SFTPC reporter expression, was sustained for
atleast 25 total days of differentiation time. In comparison,
cells cultured in the absence of CHIR had little to no detect-
able SFTPC'¥™°™2t° expression by microscopy (Figure S7).

DISCUSSION

Our results provide a thorough characterization of hPSC-
derived putative airway and alveolar lineages, with a focus
on the understudied secretory airway population, using
both murine and human lineage reporters. Through sin-
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gle-cell RNA-seq accompanied by ultrastructural and
functional surfactant processing studies, our findings
emphasize the heterogeneity of lung and foregut endo-
dermal lineages that emerge over time in culture and
demonstrate the relative plasticity versus stability of
different proximal and distal putative lung lineages derived
from PSCs in these conditions.

We find iAEC2s generated in distal medium display over-
all long-term stability of lineage without phenotypic drift
in their transcriptomic programs toward either proximal
airway or AEC1 phenotypes. In proximal medium, the pu-
tative airway basal cell population also displays a program
that is devoid of alternate lung lineages, although low
levels of expression of hepatic transcripts can be detected
in this population. In marked contrast, airway secretory
cells generated from PSCs display lineage plasticity with a
tendency to upregulate a Wnt-dependent distal lung pro-
gram, leading to co-expression of both proximal-secretory
and AEC2-like programs. This culminates in the assembly
of functional lamellar bodies able to process surfactant, a
feature not present in unperturbed primary secretory cells
in vivo (Figure 7H).

Plasticity in epithelial identity within the proximal lung
epithelium has previously been described in the trachea
and airways of the mouse during development (Shannon
et al., 1998), in settings of forced over-stimulation of Wnt
signaling (Zhang et al., 2008; Reynolds et al., 2008), and
in the context of epithelial injury and repair (Xi et al.,
2017). Particularly relevant to our findings is the recent
observation by Lee et al. (2017) that adult murine airway
secretory (club) cells placed in co-culture with Wnt-acti-
vating mesenchymal cells similarly exhibit upregulation
of a distal program within these club cells. Importantly,
recent work studying patients with idiopathic pulmonary
fibrosis has also identified aberrant proximal and distal
transcriptomic programs co-expressed in individual
epithelial cells (Xu et al., 2016), suggesting that this phe-
nomenon may have direct relevance to abnormalities in
cell fate observed in complex diseases of the lung epithe-
lium. We hypothesize that PSC-derived airway secretory
cells similarly represent an in vitro proximalized correlate
population that is plastic and tends to phenotypically
drift toward distal epithelium under specific signaling
conditions.

An important question of semantics is whether to assign
airway identity to our hPSC-derived SCGB3A2+ cells by
referring to them as “plastic secretory airway cells” as
opposed to identifying them as “indeterminate cells” given
their co-expression of several AEC2 markers. Our single-cell
global transcriptomic profiling begins to address this ques-
tion by establishing that SCGB3A2+SFTPC+ cells cluster
together with putative “mature” secretory airway cells
that are SCGBI1A1+/SFTPC—, express other club cell



markers, and are distinct from the separately clustered
iAEC2 population, despite mutual expression of SFTPC
and lamellar body genes. Although these RNA-seq profiles
represent limited temporal snapshots, they support the
conclusion that these cells have an underlying secretory
airway identity with aberrant upregulation of a functional
alveolar epithelial program.

What are the factors responsible for the emergence of a
co-expressed distal program within the secretory airway
population in our studies or in the above in vivo scenarios?
Our current study and prior published work suggests that
the presence of distalizing factors influences core transcrip-
tional programs and maturation programs in proximal
airway cells during the period following lung lineage spec-
ification. Even mature secretory cells, such as adult
club cells, following naphthalene injury (Reynolds et al.,
2008) or when placed in culture (Lee et al., 2017), are sus-
ceptible to upregulation of AEC2 programs in the presence
of high levels of canonical Wnt signaling. One candidate
pathway that may similarly influence the fate of the devel-
oping secretory lineage in our PSC model is endogenous
Wnt signaling, since blocking Wnt appears to markedly
reduce the AEC2 program within the SCGB3A2°"*
population.

Two non-lung foregut endodermal subsets have repro-
ducibly emerged from the sorted day 15 population en-
riched in NKX2-1+ cells: hepatic-like and gastric-like cells
that are NKX2-1— (Hawkins et al., 2017). This raises a num-
ber of questions that will require further study to definitely
address the origins of these cells. It is possible that gastric
and hepatic cells simply arise from low levels of NKX2-1—
cells present in the NKX2-1+ sorted outgrowth; however,
a more interesting possibility is the likelihood that gastric
progenitors aberrantly expressing NKX2-1 are generated
through the high levels of Wnt signaling stimulated by
CHIR during lineage specification, analogous to mouse
genetic models, where forced in vivo overexpression of
B-catenin results in the generation of Nkx2-1+ cells in the
anterior stomach (Goss et al., 2009; Harris-Johnson et al.,
2009). Notably, the gastric-like cells produced in our exper-
iments emerge in distalizing conditions with sustained
CHIR, consistent with previous reports that emergence
of the gastric lineage is promoted by Wnt activation
(McCracken et al., 2017).

Taken together, our results emphasize the need for sort-
ing strategies to isolate defined lineages emerging within
heterogeneous populations over developmental time. In
addition, our findings demonstrate the need for global
profiling approaches to completely understand the genetic
programs of cells derived via directed differentiation, as
cells may be susceptible to phenotypic drift in culture.
For example, our single-cell RNA-seq results indicate that,
in our hands, only a minor subset of the overall NKX2-

1+SCGB3A2+ proximal airway population avoids co-ex-
pressing distal programs or reaches expression of the
more mature secretory marker, SCGB1A1.

In contrast to these plastic or less-differentiated lineages,
however, this same global analysis supported our identifi-
cation of a population of cells expressing a basal cell-like
program within airway spheres, and found that these cells
exhibit little observed drift toward a distal lung identity.
Although the differentiation potential and characteristics
of these putative basal-like cells needs to be further eluci-
dated in future studies, this exemplifies the importance
and utility of global transcriptomic profiling to precisely
and completely identify populations of cells of interest
derived from hPSCs.

EXPERIMENTAL PROCEDURES

Further details of experimental protocols, datasets, and reagents
can be found online at http://www.kottonlab.com.

Mouse Line Maintenance and Characterization

All studies involving mice were approved by the Institutional
Animal Care and Use Committee of Boston University School of
Medicine. Mouse strains used are detailed in Supplemental Exper-
imental Procedures.

Mouse iPSC Line Generation and Differentiation

The Nkx2-157F;Scgb1a1°FR™:Rosa26!SI-tdTemato ipSC Jine was
generated by transduction of tail tip fibroblasts with a Frt-flanked
STEMCCA reprogramming lentiviral vector. Differentiation to
lung lineages was performed as described previously (Serra et al.,
2017) with further details of reprogramming, line maintenance,
and differentiation detailed in the Supplemental Experimental
Procedures.

Immunofluorescence Microscopy and qRT-PCR

Details of all immunostaining protocols, antibodies employed,
and quantitation of gene expression by qRT-PCR are provided in
the Supplemental Experimental Procedures.

hPSC Reporter Line Generation and Maintenance
Human PSC lines were maintained in feeder-free culture
in mTeSR1 medium (STEMCELL Technologies). The RUES2-
SCGB3A2CheryPicker renorter line was generated by CRISPR/Cas9-
based gene editing of RUES2 (gift from Dr. Ali H. Brivanlou,
Rockefeller University) as detailed in the Supplemental Experi-
mental Procedures, and the derivation of the NKX2-16F/
SFTPC'd™omate ipgC line (BU3 NGST) was reported previously
(Jacob et al., 2017).

hPSC Directed Differentiation

hPSCs were differentiated to airway or alveolar spheres via endo-
dermal lung progenitors as described previously (Hawkins et al.,
2017; Jacob et al., 2017; McCauley et al., 2017) and as detailed in
the Supplemental Experimental Procedures. Detailed differentiation
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and CD47/CD26 cell sorting protocols can be freely downloaded
from http://www.bu.edu/dbin/stemcells/protocols.php.

Single-Cell RNA-Seq and Microarrays

Details of single-cell capture using Fluidigm C1 and 10X Chro-
mium platforms, sequencing of global transcriptomes, and all mi-
croarray and RNA-seq bioinformatics analyses are described in the
Supplemental Experimental Procedures.

Statistics

Details of all bioinformatics statistics, including lists of differen-
tially expressed genes with fold changes and FDR-adjusted p values
are delineated in Tables S2, S3, and S4. Additional relevant statisti-
cal methods for QRT-PCR analysis are described in the related figure
legends and in the Supplemental Experimental Procedures.
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