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SUMMARY

Lung alveoli, which are unique to air-breathing
organisms, have been challenging to generate from
pluripotent stem cells (PSCs) in part because there
are limited model systems available to provide the
necessary developmental roadmaps for in vitro
differentiation. Here we report the generation of alve-
olar epithelial type 2 cells (AEC2s), the facultative
progenitors of lung alveoli, from human PSCs. Using
multicolored fluorescent reporter lines, we track and
purify human SFTPC+ alveolar progenitors as they
emerge from endodermal precursors in response to
stimulation of Wnt and FGF signaling. Purified PSC-
derived SFTPC+ cells form monolayered epithelial
‘‘alveolospheres’’ in 3D cultures without the need
for mesenchymal support, exhibit self-renewal
capacity, and display additional AEC2 functional
capacities. Footprint-free CRISPR-based gene
correction of PSCs derived from patients carrying a
homozygous surfactant mutation (SFTPB121ins2)
restores surfactant processing in AEC2s. Thus,
PSC-derived AEC2s provide a platform for disease
modeling and future functional regeneration of the
distal lung.

INTRODUCTION

Pulmonary alveolar epithelial type 2 cell (AEC2) dysfunction has

been implicated as a primary cause of pathogenesis in many

poorly understood lung diseases. In particular, studies have

shown that mutations affecting genes highly expressed in
472 Cell Stem Cell 21, 472–488, October 5, 2017 ª 2017 Elsevier Inc
AEC2s, such as SFTPC, SFTPB, and ABCA3, result in neonatal

respiratory distress or early-onset interstitial lung disease (Whit-

sett et al., 2015). Studying AEC2s from patients with these muta-

tions might provide insight into the mechanisms by which early

AEC2 dysfunction can lead to a wide variety of lung diseases.

Despite the broadly acknowledged need for human AEC2s in

primary cell culture, a pure source of expandable AEC2s has not

been previously achieved. AEC2s proliferate poorly ex vivo and

transdifferentiate into type I AECs (AEC1s) when isolated from

human lungs (Foster et al., 2007; Borok et al., 1998). Methods

that do show maintenance of the AEC2 phenotype in culture

require addition of mesenchymal feeders (Barkauskas et al.,

2013). Because AEC2s are also relatively inaccessible for study

in the developing human embryo, it is difficult to correlate find-

ings in mice with human lung development. These obstacles

have limited research of alveolar development and disease and

have prevented the engineering of approaches to correct the

genetic lesions that cause AEC2-initiated lung diseases.

Using induced pluripotent stem cells (iPSCs) and directed

differentiation to generate AEC2s de novo would provide oppor-

tunities to study normal human AEC2 development and to under-

stand the pathogenesis of alveolar diseases. Several groups

have reported differentiation protocols that result in lung progen-

itors expressing the transcriptional regulator NKX2-1 as well as

more differentiated populations containing cells expressing alve-

olar marker genes such as SFTPC (Huang et al., 2014; Gotoh

et al., 2014; Dye et al., 2015; Hawkins et al., 2017). Next logical

steps for the field include comparison of iPSC-derived putative

AEC2s (iAEC2s) to primary controls, assessment of their matura-

tion relative to the developing human lung, and evaluation of their

ability to model human alveolar disease in vitro.

AEC2s have several critical roles in the distal lung. First, they

are the facultative progenitors of the alveolus (Williams and

Mason, 1977; Barkauskas et al., 2013; Desai et al., 2014), re-

sponding to lung parenchymal injury in mice by self-renewing
.
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Figure 1. NKX2-1GFP and SFTPCtdTomato Reporters Allow Visualization of Distal Lung Differentiation and Isolation of Putative iAEC2s

(A) Transcription activator-like effector nucleases (TALEN) targeting strategy and edited NKX2-1GFP and SFTPCtdTomato loci post Cre-mediated antibiotic cassette

excision.

(B) Differentiation protocol from PSC to putative iAEC2s used hereafter.

(C) Representative images of ‘‘alveolospheres’’ late in differentiation showing expression of endogenous NKX2-1GFP and SFTPCtdTomato (C17 and RUES2 show

3D whole-mount confocal fluorescence microscopy reconstructions; BU3 shows live imaging on an inverted microscope). Scale bars, 100 mm.

(D) Representative flow cytometry of SFTPCtdTomato expression in day 30 RUES2. qRT-PCR of pre-sorted, sorted tdTomato+ (Tom+), and tdTomato� (Tom�)

samples compared with primary week 21 human fetal distal lung control. Bars represent mean fold change (2�DDCt) ± SD in 3 biological replicates separated on

day 0; *p % 0.05, **p % 0.01 by unpaired, one-tailed Student’s t test.

(legend continued on next page)
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or differentiating into AEC1s. AEC2s also synthesize surfactant,

modulating alveolar surface tension (Kikkawa et al., 1975),

and are able to respond to innate immune stimuli, protecting

against infection (Williams and Mason, 1977). Several surfactant

proteins are expressed in AEC2s, but only one, surfactant pro-

tein C (SFTPC), is reported to be highly specific to AEC2s (Kalina

et al., 1992). Even then, although SFTPC may be specific to the

AEC2s in adults, it is expressed as early as weeks 12–15 in

human development (Khoor et al., 1994) and embryonic day

10.5 (E10.5) in mouse development in the distal lung bud (Wert

et al., 1993). Mature AEC2s are characterized not only by expres-

sion of SFTPC but also by the ability to assemble functional

lamellar bodies (LBs; Williams and Mason, 1977), the organelle

in which surfactant is processed, a benchmark that has not yet

been evaluated in iPSC-derived lung epithelial cells.

In this study, we employ human PSC lines with fluorescent

reporters (GFP and/or tdTomato) targeted to the endogenous

NKX2-1 and SFTPC loci, respectively, to isolate putative

SFTPC+ alveolar cells for transcriptomic analysis compared

with primary controls. We find that differentiating NKX2-1+

lung epithelial progenitor cells without mesenchymal co-culture

can generate alveolospheres containing SFTPC+ cells. These al-

veolospheres display canonical AEC2 functional capacities,

including innate immune responsiveness and the production of

lamellar bodies able to package surfactant. Guided by time

series global transcriptomic profiling of PSC derivatives, we

find that AEC2 maturation involves modulation of Wnt signaling

activity and that the highest differentially expressed transcripts

in iPSC-derived AEC2s encode genes associated with surfac-

tant biogenesis. Finally, we correct the mutation in an iPSC line

from an infant homozygous for an SFTPB mutation known to

cause lethal neonatal respiratory distress syndrome, thus

restoring surfactant processing. This human model system is

likely to facilitate disease modeling, developmental studies,

drug screening, and future regenerative gene or cell therapies

for a variety of diseases affecting lung alveoli.

RESULTS

SFTPC Reporter PSC Lines Allow Visualization of Distal
Lung Differentiation and Isolation of Putative iAEC2s
During mouse development, AEC2s derive from SFTPC+ distal

lung bud progenitors, which, in turn, arise from less differentiated

NKX2-1+ SFTPC� foregut endoderm-derived lung epithelial

precursors. To observe this putative sequence of AEC2 develop-

ment in human cells in real time, we first used gene editing to

target fluorochrome reporter constructs (GFP and tdTomato)

to the endogenous NKX2-1 and SFTPC loci, respectively, of

human PSCs representing multiple individual genetic back-

grounds (BU3 NKX2-1GFP;SFTPCtdTomato, C17 NKX2-1GFP;

SFTPCtdTomato, and RUES2 SFTPCtdTomato; Figure 1A; Figures

S1A and S1B). Using a published lung-directed differentiation

protocol (Figure S1C) established by Huang et al. (2014), we
(E) Representative immunofluorescence microscopy with antibodies against td

RUES2 alveolospheres. Nuclei were stained with Hoechst (gray). Scale bars, 10

(F) Day 21 representative flow cytometry analysis of C17 day 15 unsorted, sorted

3 biological replicates separated on day 0; ***p % 0.001 by unpaired, two-tailed

See also Figures S1 and S2.
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observed sequential in vitro differentiation of dual-targeted

iPSC lines (C17 and BU3) into uncolored foregut endoderm fol-

lowed by NKX2-1GFP+/SFTPCtdTomato� putative primordial lung

progenitors and then NKX2-1GFP+/SFTPCtdTomato+ cells (Fig-

ure S1C; Movie S1). In keeping with in vivo observations (Minoo

et al., 1999; Boggaram, 2009), all PSC-derived SFTPCtdTomato+

cells co-expressed the NKX2-1GFP reporter (Figure S1D). Flow

cytometry sorting of NKX2-1GFP+/SFTPCtdTomato+ cells enriched

for expression of both NKX2-1 and SFTPC transcripts (Fig-

ure S1D); however, both the efficiency of differentiation and

SFTPC expression levels within the SFTPCtdTomato+ population,

compared with primary fetal alveolar epithelial control cells,

were initially low (Figures S1D and S2).

To optimize SFTPC differentiation efficiency, we sequentially

withdrew one factor at a time from each stage of differentiation

(NKX2-1+ progenitor induction stage versus SFTPC+ induction

stage), observing that only three factors (CHIR99021 [CHIR],

BMP4, and retinoic acid [RA]; hereafter called CBRa) were suf-

ficient for the specification of NKX2-1+ progenitors, as pub-

lished previously (Gotoh et al., 2014; Rankin et al., 2016). For

subsequent SFTPC induction within this NKX2-1+ population,

only two exogenous factors (CHIR and keratinocyte growth fac-

tor [KGF]; hereafter called CK) were sufficient in the presence of

known lung maturation additives (dexamethasone, cyclic AMP,

and 3-isobutyl-1-methyxanthine [IBMX]; hereafter called DCI;

Gonzales et al., 2002; Figures S2A and S2B). We found no

further SFTPC induction efficiency with the addition of other

reported distalizing factors, such as BMP4, epidermal growth

factor (EGF), and fibroblast growth factor 10 (FGF10), or with

additional inhibitors of bone morphogenetic protein (BMP),

transforming growth factor b (TGF-b), or Notch signaling

(Figure S2B and data not shown). Testing our optimized differ-

entiation protocol (Figure 1B) in the RUES2, BU3, and C17

lines, we observed efficient induction of endodermal NKX2-1

with CBRa by day 15 (Figures S2C and S2E). After subse-

quent exposure to CK+DCI, we noted rapid emergence of

SFTPCtdTomato+ cells within 3 to 7 days (Figures 1B and 1C).

For all three PSC lines, tdTomato+ cells could be visualized

scattered throughout epithelial spheres in 3D cultures (Fig-

ure 1C), and the yield by day 30 ranged from 0.2–4.4

SFTPCtdTomato+ cells per day 15 input NKX2-1+ progenitor

cell (Figure S2E). By day 30 of differentiation, these tdTomato+

cells were highly enriched in transcripts encoding surfactant

proteins as well as transcripts associated with lamellar body

biogenesis, SFTPC, SFTPB, ABCA3, LAMP3, and LPCAT1

(Figure 1D). Notably SFTPC, SFTPB, and ABCA3 were

expressed in sorted tdTomato+ cells at levels higher than pri-

mary fetal lung controls (week 21 gestation fetal alveolar

epithelial cells, �85%–90% SFPTC+). At the protein level,

epithelial spheres that included tdTomato+ cells also ex-

pressed NKX2-1 nuclear protein, membranous epithelial cell

adhesion molecule (EPCAM), punctate cytoplasmic proSFTPC,

and intracellular as well as secreted SFTPB protein (Figure 1E).
Tomato (red), EPCAM, NKX2-1, proSFTPB, and proSFTPC (green) in day 30

mm.

NKX2-1GFP+, or sorted NKX2-1GFP� outgrowth. Bars represent mean ± SD in

Student’s t test.
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Figure 2. Putative iAEC2s Proliferate and Differentiate in Long-Term Culture

(A) Day 21 representative flow cytometry analysis of C17 day 15 NKX2-1GFP+ outgrowth cultured from days 15–21 with or without addition of CHIR to K+DCI base

medium. Bars represent mean ± SD, n = 6 biological replicates separated on day 0; ****p % 0.0001 by unpaired, two-tailed Student’s t test.

(B) Day 30 representative flow cytometry analysis of BU3 iPSCs sorted on day 15 based on NKX2-1GFP+ expression, replated for outgrowth from days 15–30, and

then sorted for analysis from each gate: NKX2-1GFP� SFTPCtdTomato� (NG�ST�), NKX2-1GFP+ SFTPCtdTomato� (NG+ST�), and NKX2-1GFP+ SFTPCtdTomato+

(NG+ST+). Shown is qRT-PCR of these populations in addition to unsorted (Pre-Sort) day 30 cells, week 21 primary human fetal distal lung controls, and BU3

(legend continued on next page)
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Human Putative Alveolar Cells Derive from an NKX2-1+
Primordial Progenitor
Next we asked whether the early NKX2-1+ population repre-

sented the entire pool of progenitors from which SFTPC+

alveolar cells might arise. We differentiated day 15 unsorted

cells and sorted NKX2-1GFP+ versus NKX2-1GFP� cells in par-

allel (Figure 1F). For both the C17 and BU3 lines, we found

that NKX2-1GFP+ sorted cells gave rise to SFTPC+ cells,

whereas GFP� sorted cells did not. The mixed (unsorted)

population resulted in a lower efficiency of alveolar differenti-

ation, suggesting that the NKX2-1GFP� population does not

contain a lineage that promotes alveolar differentiation, such

as lung-specific mesenchyme (Figure 1F; Figure S2D). To

extend this approach to PSCs that do not contain an

NKX2-1 knockin reporter, we next developed a strategy to

identify AEC2-competent NKX2-1+ progenitors in the RUES2

cell line, which has a single SFTPCtdTomato reporter. We

have previously shown that CD47hi/CD26lo day 15 cells are

highly enriched in NKX2-1+ lung progenitors (Hawkins et al.,

2017). In keeping with these findings, we observed that sort-

ing for RUES2 CD47hi/CD26lo cells on day 15 identified the

entirety of the SFTPC-competent population, enriching the

SFTPC+ yield in the day 21 population approximately 4-fold

over unsorted cells (Figure S2C).

Having demonstrated that SFTPC+ cells derive via an

NKX2-1+ progenitor intermediate, we next sought to test

whether Wnt activation was necessary and acting directly on

these progenitors. Hence, we purified NKX2-1GFP+ cells on day

15 and repeated our differentiation protocol in the presence or

absence of CHIR (Figure 2A; Figure S2A). By day 21, induction

of the SFTPCtdTomato reporter was evident in 7.17% ± 0.89% of

cells in the presence of CHIR, whereas only rare cells (0.64% ±

0.34%) expressed the tdTomato reporter in the absence of

CHIR, even when the cultures were maintained up to day 35.

Similar findings were observed in C17, BU3, and RUES2 cell

lines (Figure 2A; Figure S2A; data not shown), and these results

are consistent with our prior observation (McCauley et al., 2017)

that CHIR distalizes NKX2-1+ human lung progenitors while sup-

pressing proximal airway fates. Although KGF was dispensable

for initial induction of the tdTomato reporter (Figures S2A and

S2B), we found that cells proliferated poorly in the absence of

KGF or FGF10 (data not shown). In addition, KGF, when com-

bined with CHIR, was more consistent in promoting the

outgrowth of tdTomato+ cells by day 21 compared with
iPSC-derived proximal spheres generated as described in McCauley et al. (201

biological replicates separated on day 15.

(C) Schematic showing SFTPCtdTomato+ cells from day 22 alveolospheres sorted

plastic) in 10% fetal bovine serum (FBS) medium. Shown is representative phase

2D plastic, 3D Matrigel, or after 2D ALI culture conditions. Scale bars, 50 mm;

representative immunofluorescence microscopy for tdTomato (red), ZO-1 or pro

ALI. Scale bars, 25 mm.We also show qRT-PCR of day 22 sorted SFTPCtdTomato+

mean fold change (2�DDCt) ± SD, n = 3 biological replicates; *p % 0.05, ***p % 0

(D) Representative confocal immunofluorescencemicroscopy of EdU (green), anti

(EdU) incubation. Scale bar, 25 mm. Representative flow cytometry analysis of d

tdTomato proteins.

(E) Graph showing yield in cell number per input RUES2 or BU3 SFTPCtdTomato+ so

imaging on passage 3 of SFTPCtdTomato+ sorted RUES2 alveolospheres. Scale ba

RUES2-derived alveolospheres from the outgrowth of SFTPCtdTomato+ cells with SF

See also Figure S3.
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FGF10+CHIR (Figure S2B), as predicted by prior mouse lung

explant culture experiments (Liu and Hogan 2002).

We next sought to determine whether other lung lineages were

co-developing in these cultures, focusing in particular on the

frequent NKX2-1+/SFTPC� cells in our differentiations. Hence,

wesortedeachpopulation forprofilingonday30usingeachcom-

bination of the NKX2-1GFP and SFTPCtdTomato dual reporters pre-

sent in our BU3 iPSC line (Figure 2B). In the presence of CHIR and

KGF, we observed significant enrichment of SFTPC in the NKX2-

1GFP+/SFTPCtdTomato+ population (NG+ST+; Figure 2B), whereas

NKX2-1 was expressed equally in NKX2-1GFP+/SFTPCtdTomato+

cells compared with NKX2-1GFP+/SFTPCtdTomato� (NG+ST�)

cells, as expected. In marked contrast, we observed no expres-

sion of the airway club cell marker SCGB1A1 in any population

and enriched expression of the basal cell marker P63 in only the

GFP� non-lung population (Figure 2B), findings in keeping with

our observation that there is inefficient proximal airwaypatterning

of iPSC-derived NKX2-1+ progenitors in the presence of high

levels of CHIR-stimulated canonical Wnt signaling (McCauley

et al., 2017).

In our distalizing medium (CK+DCI; Figures 1B and 2B), we

found little evidence of AEC1 differentiation in any population

on day 30, as evidenced by low to undetectable levels of podo-

planin (PDPN), advanced glycosylation end-product specific

receptor (AGER), and AQP5 (Figure 2B; Figure S3A), suggesting

that, as has been published for primary adult human AEC2s

maintained in 3D sphere cultures (Barkauskas et al., 2013),

PSC-derived SFTPC+ cells do not detectably transdifferentiate

into AEC1 in 3D cultures. Although NKX2-1+/SFTPC� cells in

the day 30 population were not proximal lung cells or AEC1s,

we found that they did express ABCA3 and LPCAT1 at high

levels, similar to primary fetal AECs (Figures S3A), raising the

possibility that the NKX2-1+/SFTPC� population may represent

a less mature distal lung population compared with tdTomato+

cells, which express significantly higher levels of SFTPC.

Putative iAEC2s Display Self-Renewal and
Differentiation Capacities
Given the absence of AEC1 differentiation under distal 3D

culture conditions, we tested the capacity of PSC-derived

SFTPCtdTomato sorted cells to differentiate when transferred to

conditions that have been published as generating AEC1s from

primary AEC2s, such as 2D culture in serum-containing medium

without CK+DCI (Dobbs et al., 1988; Borok et al., 1998). In
7) (Bronchospheres). Bars represent mean fold change (2�DDCt) ± SD, n = 3

either into 3D culture in CK+DCI medium or 2D culture (tissue culture-treated

/bright-field and tdTomato fluorescence microscopy of live cells after 7 days in

the arrow indicates tdTomato expression in 2D cultured cells. Also shown is

SFTPC (green), and DNA (Hoechst, blue) in RUES2 alveolospheres cultured in

cells cultured under 3D versus 2D conditions for 5 days, with bars representing

.001 by unpaired, two-tailed Student’s t test.

-tdTomato (red), and DNA (Hoechst, blue) after 24-hr 5-ethynyl-20-deoxyuridine
ay 38 BU3 iPSC-derived alveolospheres shows co-expression of EPCAM and

rted cell plated on day 22 or 30, respectively. Shown is representative live-cell

r, 100 mm. Also shown is representative flow cytometry of passage 3, 7, and 8

TPCtdTomato+ cell yields indicated (mean ± SD) per input sorted tdTomato+ cell.



contrast to SFTPCtdTomato+ cells maintained under 3D distal con-

ditions, we observed that sorted PSC-derived SFTPCtdTomato+

cells replated under these AEC1 culture conditions for

5–7 days rapidly flattened into senescent squamous-like cells,

significantly downregulated SFTPC, lost visible tdTomato

reporter gene expression, and significantly upregulated 3

AEC1marker genes—PDPN,AGER, andCAV1 (Figure 2C). Cells

plated in 2D air-liquid interface (ALI) cultures in the presence

of sustained CK+DCI slowly reached confluence andmaintained

SFTPCtdTomato+ expression inmost cells while forming an epithe-

lial barrier with ZO-1-positive tight junctions (Figure 2C).

Proliferation is a well-characterized property of both fetal and

adult AEC2s (Barkauskas et al., 2013; Desai et al., 2014),

although long-term in vitro AEC2 proliferation has been shown

to require mesenchymal feeders. We found that, in the absence

of mesenchymal cells, iPSC-derived SFTPCtdTomato+ cells

within alveolospheres could be labeled with EdU (Figure 2D),

indicating their ability to proliferate. In addition, tdTomato+ cells

sorted to purity on day 22 or day 30 continued to increase in

number during subsequent serial passaging and to re-form

alveolospheres after each passage (Figure 2E). After passaging,

the resulting alveolospheres were initially composed of both

tdTomato+ and tdTomato� cells, providing direct evidence of

a lineage relationship between the two populations. With further

passaging, however, the descendants of tdTomato+ sorted

cells maintained stable expression in the vast majority (>90%;

Figure 2E) of outgrowth cells, resulting in alveolospheres that

could be serially passaged at least 8 times, yielding 1.7 ±

0.4 3 106 RUES2-derived tdTomato+ cells on passage 8 per

input day 22-derived SFTPCtdTomato+ cell (Figure 2E). Similar re-

sults were obtained for BU3 sorted tdTomato+ cells, and, in

each case, SFTPCtdTomato reporter gene expression as well

as mRNA expression of alveolar transcripts at or above

control levels were maintained following multiple passages

and freeze-thaw cycles (Figure 2E; Figure S3B; data not

shown). When we analyzed colony-forming efficiency in primary

adult AEC2s, we found that, in either proprietary small airway

growth medium (SAGM) or CK+DCI medium, they did not

establish colonies or spheres without the addition of mesen-

chymal (MRC5) feeders. In contrast, in CK+DCI medium, the

addition of mesenchymal feeders did not significantly change

PSC-derived alveolosphere colony-forming efficiency (Fig-

ure S3C). Taken together, these results indicate a significant

self-renewal potential of PSC-derived SFTPC+ cells indepen-

dent of feeder cells.

Putative iAEC2s Express Lamellar Bodies that
Synthesize and Secrete Surfactant
The in vivo ultrastructural and biochemical characteristics of

developing fetal and adult alveolar epithelia provide an exten-

sive roadmap with which to compare putative iAEC2s (Williams

and Mason 1977). Although alveolar progenitors express

SFTPC or other surfactant markers in vivo as early as weeks

12–15 of human gestation (Khoor et al., 1994), they do not ex-

press functional lamellar bodies, the classic marker of AEC2

maturity, until after week 24 (Figure 3A). Hence, we assessed

whether putative iAEC2s express these highly specialized or-

ganelles. Semi-thin plastic sections of PSC-derived alveolo-

spheres revealed small inclusions clustering in the apical
(luminal) side of the alveolosphere monolayer in a subset of cells

(Figure 3B), and ultrastructural analysis by transmission electron

microscopy (TEM) showed these to be lamellar body-like inclu-

sions (LBLs; Figure 3C; Figure S4). As has been reported for

adult AEC2 in vivo, LBLs in alveolospheres were approximately

1 mm in diameter, with some LBLs expressing central dense

cores. Even after multiple passages, day 70 alveolospheres

contained LBLs (Figure S4A), further supporting the self-renew-

ing capacity of putative iAEC2s. Within the cytoplasm of most

cells, regardless of the presence of LBLs, we observed large

areas reminiscent of glycogen-rich regions (Figures 3B and

3C; Figure S4) known to be expressed in fetal AEC2s just prior

to birth (Ridsdale and Post, 2004). Mature SFTPB and SFTPC

protein forms, detected by immunogold labeling, appeared to

localize to LBLs and their precursor organelles, multivesicular

bodies (MVBs) (Figure 3E), findings consistent with those re-

ported for mature AEC2s in vivo (Korimilli et al., 2000; Brasch

et al., 2004).

To further test the functionality of putative iAEC2s, we asked

whether the cells were able to process proSFTPB protein to its

fully mature 8-kD form (Figure 4A; Guttentag et al., 1998)

because the last cleavage step in proSFTPB processing occurs

in the functional MVBs and lamellar bodies of post-week 24

gestation human AEC2s (Brasch et al., 2004). We analyzed a

time series of protein extracts prepared from RUES2 cells dur-

ing distal lung differentiation. Western blots immunostained

with antibodies able to discern fully processed mature 8-kD

SFTPB (PT3 antibody) versus proSFTPB precursor forms

(NFLANK antibody; Figures 4A and 4B) revealed increasing

production of both the precursor and mature forms of SFTPB

beginning on day 22 of differentiation and increasing over

time through day 36 (Figure 4B). Compared with primary fetal

human AEC2 controls, PSC-derived cells similarly expressed

42-kD, 25-kD, and 10-kD precursor forms as well as mature

8-kD SFTPB protein. Moreover, as with primary controls,

SFTPB appeared to be efficiently processed in alveolospheres

because the predominant SFTPB form detected was the

mature form (Figure 4B). The larger precursor SFTPB forms

were only visible when the NFLANK-specific antibody was

used to detect the proSFTPB region that is present prior to final

cleavage into the mature form.

To determine whether putative iAEC2s synthesize and secrete

surfactant-specific 32:0 dipalmitoyl phosphatidylcholine (DPPC),

we performed lipidomic analysis on both the intracellular and

extracellularmaterial from iPSC-derivedalveolospheres.Because

these spheres appear to be polarized with the apical surface

pointing inward, we first dissociated them to free the secreted

products and then performed the analysis on the supernatant

fractions and the cells separately (Figure 4C). Both the relative

and absolute amounts of DPPC were significantly higher in

the intracellular and extracellular material from the alveolo-

spheres generated from PSCs via NKX2-1+ progenitors (isolated

by CD47hi/CD26lo sorting) compared with control spheres gener-

ated from endodermal progenitors depleted of NKX2-1+ cells.

Taken together, these results show that PSC-derived alveolo-

spheres contain cells with functional lamellar bodies that

synthesize and secrete surfactant, suggesting that they contain

phenotypically mature AEC2-like cells, hereafter referred to as

iAEC2s.
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Figure 3. Putative iAEC2s Express Lamellar Bodies that Contain Surfactant

(A) Temporal expression of NKX2-1 and SFTPC during human fetal lung development.

(B) Representative image of live day 30 RUES2-derived alveolospheres (scale bar, 100 mm) and plastic section stained with toluidine blue. Arrows indicate cells

with putative lamellar body-like inclusions. gl, glycogen lake.

(C) TEM of day 30 RUES2-derived alveolospheres. LBL, lamellar body-like inclusion; tight jxn, tight junction; desm, desmosome.

(D) Immunogold labeling of mature SFTPB and SFTPC in day 30 RUES2 alveolospheres. Scale bars, 0.2 mm. The significance of the relative labeling index in each

cellular compartment (c2 statistics and contingency table analyses) is indicated. *p < 0.0001.

See also Figure S4.
Global Transcriptomic Profiling of PSC-Derived Lung
Progenitors and Their Differentiated iAEC2 Progeny
We next sought to define the global transcriptomes of PSC-

derived lung progenitors and their SFTPC+ and SFTPC� prog-

eny by performing a time series analysis using RNA sequencing

(RNA-seq). We analyzed 3 different time points in RUES2 differ-

entiation: day 0 undifferentiated cells, day 15 lung progenitors

highly enriched in NKX2-1+ cells by CD47hi/CD26lo sorting

(hereafter called CD47+), and the outgrowth of these purified

progenitors in 3D culture sorted again on day 35 based on

SFTPCtdTomato+ (Tom+) and SFTPCtdTomato� (Tom–) gating (Fig-

ure 5A). For comparison with primary cells, we simultaneously

sequenced RNA from purified primary fetal (21 week gestation)
478 Cell Stem Cell 21, 472–488, October 5, 2017
distal alveolar epithelial progenitors and sorted adult human

AEC2s. To evaluate the effect of cell culture on primary fetal alve-

olar cells, parallel samples of the fetal cells were also exposed to

4 days of culture in DCI medium.

By principal-component analysis (PCA) of 30,000 transcripts

in each sample, we found that PSC-derived cells after 35 days

of differentiation clustered closer to primary cells on the PC1

axis (Figure 5B). Fetal primary cells clustered closer to PSC-

derived cells after cell culture in DCI medium, whereas sorted

adult AEC2s clustered separately from all other samples. In

keeping with this finding, profiling of both the canonical marker

SFTPC (Figure 5C) as well as a selected set of 22 markers of

AEC2s, AEC1s, and early lung endoderm (Figure 5D) showed
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Figure 4. Putative iAEC2 Lamellar Bodies Function to Synthesize and Secrete Surfactant
(A) Cellular compartments in which proSFTPB processing into mature SFTPB occurs. MVB, multivesicular body.

(B) Western blot of a time course of alveolosphere differentiation (days 0, 16, 22, 29, and 36) and 6-day DCI-cultured primary week 21 human fetal distal lung

(HFL DCI-D6) as a positive control. Top: use of an anti-NFLANK antibody that binds to the N-pro region of pro-SFTPB intermediates. Bottom: use of an anti-

mature SFTPB antibody (PT3) that binds all SFTPB forms, including the 8-kD mature form.

(C) Dissociation protocol for isolation of intracellular and extracellular components of alveolospheres. Both absolute (nanomoles of lipid/micrograms of DNA in

cell samples) and relative (nanomoles of lipid/nanomoles of total diacyl phosphatidylcholine) are shown for both surfactant-specific 32:0 dipalmitoyl phos-

phatidylcholine (DPPC) and nonspecific 34:1 phosphatidylcholine (PC). The surfactant index was calculated as the sum of the surfactant-specific 30 and 32 PCs

divided by the sum of non-surfactant-specific 36 PCs. Bars represent mean ± SD for each analysis, n = 3 biological replicates separated on day 15; *p % 0.05,

**p % 0.01, ***p % 0.001, ****p % 0.0001 by unpaired, two-tailed Student’s t test.
that expression patterns most closely resembled primary AECs

in the sorted PSC-derived cells on day 35. To identify genes

differentially expressed in Tom+ cells with differentiation, we

compared the sorted day 35 Tom+ cells with their day 15 precur-

sors (Figures 5E–5G; Figure S5C). Notably, we found that the set

of the 50 most differentially expressed transcripts in day 35

Tom+ cells was highly enriched in AEC2-specific marker genes

(Figure 5F). Strikingly, 7 of the top 10 most differentially upregu-
lated genes in Tom+ cells encoded proteins related to surfac-

tants or lamellar body biogenesis, and these genes were

expressed in PSC-derived Tom+ cells at levels similar to adult

AEC2s (Figure 5E). Indeed, hierarchical clustering analysis of

all samples based on the top 300 differentially expressed genes

in the Tom+ population indicated that these cells clustered

closest to adult AEC2s (Figure 5G). Consistent with our culture

data suggesting a lineage relationship between Tom+ and
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Tom– cells, we found that these two NKX2-1+ progenitor derived

populations displayed similar gene expression profiles by both

PCA of 30,000 transcripts and hierarchical clustering analyses

of the top 300 genes upregulated from day 15 to 35 in Tom+ cells

(Figures 5B and 5G; Figures S5B and S5D). Although both day 35

populations expressed multiple AEC2 marker genes, the level of

SFTPC expression was significantly upregulated in the Tom+

versus the Tom� population (Figure 5C; Figure S5D). Upregula-

tion of SFTPC and other markers of AEC2 maturation (SFTPA1,

SFTPA2, and napsin A [NAPSA]) in the Tom+ versus Tom�
population was validated by qRT-PCR at this same day 30

time point in iPSC-derived cells from an independent genetic

background (BU3; Figures S5D and S5F), further suggesting

that the Tom+ population represented more mature iAEC2s. In

addition to this increase in maturity, we found that, over the

course of 3 passages, Tom+ cells gave rise to a significantly

higher number of Tom+ cells per input cell than NKX2-1GFP+

Tom� cells (Figure S5G).

We next focused on potential gene expression differences be-

tween the various other samples. First, we looked at the tran-

scriptomic differences between PSC-derived Tom+ cells and

primary cells, expecting to see major differences in global gene

expression between iAEC2s and primary adult AEC2s because

of the effects of accelerated development of iAEC2s outside of

the alveolar niche in submerged sterile cultures versus the

effects of life-long maturation of adult AEC2s in an air-breathing,

multilineage, non-sterile environment. Not surprisingly, gene set

enrichment analysis (GSEA) of Tom+ cells versus adult AEC2s

revealed that the gene sets differentially expressed in adult

AEC2s involved upregulation of immune pathways and oxidant

stress (Figures S5A and S5C).

Focusing next on the gene expression differences between

day 15 and day 35 Tom+ cells, GSEA revealed the Janus kinase

(JAK)/STAT3/interleukin-6 (IL-6) and tumor necrosis factor

alpha (TNF-a)/nuclear factor kB (NF-kB) signaling pathways

comprised the top 2 upregulated signaling pathways in the day

35 Tom+ population (Figure S5C). To determine whether PSC-

derived day 35 cells are capable of functional signaling through

these pathways, we stimulated PSC-derived alveolospheres

with cytokines known to activate each pathway in pulmonary

epithelial cells (Quinton et al., 2007, 2008): oncostatin M (OSM)

for the JAK/STAT3 pathway and TNF-a/IL-1b for the TNF-a/
Figure 5. Global Transcriptomic Profiling of PSC-Derived Lung Progen

(A) Time points in alveolosphere differentiation from which samples were taken f

(B) Principal-component analysis (PCA) of gene expression variance across all s

(C) Top: qRT-PCR of each sample, with mean fold change (2�DDCt) ± SD, n = 3 bio

cells cultured for 4 days separately (Wk 21 DCI), and cells from separate lungs

Bottom: Log2 expression of SFTPC across all samples, with the dotted line repres

by qRT-PCR.

(D) Heatmap of row-normalized expression of selected lineage markers across P

(E) Heatmap of the top 10 genes upregulated in day 35 Tom+ cells versus day 15 p

in bold.

(F) Heatmap of the top 50 genes differentially expressed in day 35 Tom+ cells ver

in bold.

(G) Heatmap of supervised hierarchical clustering based on the top 300 genes diffe

change, FDR % 0.01).

(H) Left: experimental design. Center: western blot for IkB-alpha, phospho-Stat3 (T

(2�DDCt) ± SD, n = 3 biological replicates separated on day 35; *p % 0.05, **p %

See also Figure S5.
NF-kB pathway. Exposure to OSM ligand resulted in significant

and rapid activation of STAT3 signaling, indicated by increased

phosphorylated STAT3 protein and downstream SOCS3

mRNA expression, whereas exposure to TNF-a and IL-1b acti-

vated NF-kB signaling, as evidenced by a rapid decrease in

IkB protein and an increase in the expression of NF-kB-depen-

dent cytokines, IL-8, and granulocyte-macrophage colony-stim-

ulating factor (GM-CSF) (Figure 5H). Taken together, these

results indicate that PSC-derived alveolospheres are capable

of performing another important function of AEC2s: immune

signaling in response to canonical ligands.

Last, we re-examined the few and subtle gene expression dif-

ferences between PSC-derived day 35 Tom+ and Tom� cells

(Figure 6A). Only 203 genes were differentially expressed be-

tween Tom+ and Tom� cells, and of these, only 30 were upregu-

lated in the Tom+ population, including SFTPC (false discovery

rate [FDR] < 0.05; Figure 6A). The 173 genes downregulated in

Tom+ comparedwith Tom� cells included non-lung endodermal

transcripts, implying that Tom+ sorting depleted the iAEC popu-

lation of these alternative endodermal lineages. Because the

global transcriptomic profiles of iPSC-derived Tom+ and

Tom� cells were so similar when each population originated

from sorted day 15 lung progenitors, we further considered the

possibility that each population was largely composed of closely

related distal alveolar epithelia.

Temporal Regulation of Wnt Activity Promotes iAEC2
Maturation
Based on the significantly higher SFTPC, SFTPA1, SFTPA2, and

NAPSA expression in the otherwise similar Tom+ versus Tom�
cells on day 35 (Figure S5F), we further explored the possibility

that Tom+ cells might represent a more mature state of iAEC2s

compared with Tom� cells. GSEA analysis to screen for devel-

opmental pathways that might distinguish the two populations

revealed that Wnt signaling was the top differentially expressed

developmental pathway (Figure S5B). Although both cell popula-

tions were cultured in the presence of CHIR, Wnt signaling was

unexpectedly downregulated in Tom+ cells compared with

Tom� cells, with decreased expression of LEF1 and NKD1 (vali-

dated in the RUES2 and BU3 cell lines by qRT-PCR; Figure 6B;

Figure S6A), two Wnt targets most associated with canonical

Wnt signaling levels in our PSC lung model system (McCauley
itors and Their Differentiated iAEC2 Progeny

or RNA-seq.

amples based on 30,000 transcripts.

logical replicates (RUES2 samples), cells isolated for RNA separately (Wk 21),

(Adult AEC2). *p % 0.05, **p % 0.01 by unpaired, two-tailed Student’s t test.

enting ‘‘noise’’ because these levels of expression are not consistently detected

SC-derived and primary samples.

rogenitors (ranked by fold change, FDR% 0.05). Known AEC2 genes are shown

sus day 15 cells (ranked by FDR, FDR% 0.01). Known AEC2 genes are shown

rentially expressed in day 35 Tom+ versus day 15 cells (ranked by absolute fold

yr705), and pan-actin. Right: qRT-PCR of each sample, with mean fold change

0.01 by unpaired, two-tailed Student’s t test.
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et al., 2017). Hence, to test the hypothesis that decreased Wnt

signaling regulates maturation of PSC-derived distal cells, we

sorted the distalized NKX2-1GFP+/SFTPCtdTomato� population

on day 38 for further 3D culture in the presence or absence of

continued Wnt stimulation with CHIR (Figure 6C). We found

that withdrawal of CHIR for 10 days (days 40–50) resulted in

markedly increased efficiency of differentiation into SFTPC+

progeny (68.7% ± 2.8), with significant upregulation of SFTPC

mRNA as well as other markers of AEC2 maturation—LAMP3

and SLC34A2 (Figures 6C and 6D).

Notably, following this period of CHIR withdrawal, we

observed decreased proliferation and size of alveolospheres

(data not shown), findings that may reflect the low-Wnt pre-al-

veologenesis stage of alveolar development evident in mice

(Frank et al., 2016). In the same study, an increase in Wnt

signaling was shown to correspond to the increase in alveolar

epithelial proliferation at the onset of alveologenesis (Frank

et al., 2016). Consistent with these findings, when we repeated

these experiments, adding back CHIR following a 1-week period

of withdrawal (Figure 6E), we found that the population re-

exposed to CHIR maintained expression of the SFTPCtdTomato

reporter and increased proliferation, evident as increased result-

ing SFTPCtdTomato+ cell number (Figure 6E). Thus, alveolo-

spheres (derived from sorted CD47hi/CD26lo on day 15;

week 2) exposed to CK+DCI medium from weeks 2–6 with

CHIR withdrawn from weeks 4–5 and added back from weeks

5–6 displayed at least 40% SFTPCtdTomato+ cells and expressed

high levels of alveolar transcripts, SFTPC, SFTPB, and ABCA3,

and additional AEC2 maturation transcripts, SFTPA1, SFTPA2,

NAPSA, pepsinogen C (PGC), SLC34A2, and LAMP3, with only

LAMP3 being expressed at a lower level than primary

(week 21) human fetal lung alveolar cell controls (Figure 6E; Fig-

ure S6). The maturation protocol (CHIR withdrawal followed by

addback; Figure 6E) was reproduced in the BU3 line and resulted

in a total yield of 77.7 ± 30.8 SFTPCtdTomato+ cells on day 66 per

input day 15 sorted NKX2-1+ progenitors, representing a 2-fold

increase in the resulting numbers of tdTomato+ cells compared

with parallel controls maintained in sustained CHIR. The result-

ing tdTomato+ cells could be purified and serially passaged as

alveolospheres that retained tdTomato expression even after

freeze-thaw cycles (Figures S6E and S6F). Taken together, these

results suggest that, although Wnt stimulation is required for

distal lung epithelial differentiation from primordial NKX2-1+
Figure 6. Temporal Regulation of Wnt Signaling Promotes iAEC2 Matu

(A) Heatmap of the top 10 upregulated and downregulated genes in day 35 Tom

(B) Heatmap of selected differentially expressed genes downregulated in Tom

Wnt/b-Catenin Signaling database. Shown is qRT-PCR of day 15 and day 35 Tom

replicates.

(C) Schematic showing the late CHIR withdrawal experiment. Shown is a represen

BU3 NKX2-1GFP+/SFTPCtdTomato� population cultured with or without CHIR from

day 38.

(D) qRT-PCR of day 50 ±CHIR populations andweek 21 human fetal distal lung, w

from differentiations separated on day 38.

(E) Schematic of CHIR addback experiment and representative images of live RUE

39), ± CHIR addback weeks 5–6 (days 39–48). Scale bar, 100 mm. Bar graphs sh

populations ± CHIR withdrawal and ± CHIR addback, with 30,000 cells plated on

(F) Schematic of putative effects ofWnt stimulation on lung epithelial differentiation

all panels.

See also Figure S6.
progenitor cells, long-term sustained Wnt stimulation may pre-

vent these distal cells from committing to a fully mature AEC2

phenotype. Thus, temporal modulation of Wnt signaling pro-

motes iAEC2 maturation and self-renewal.

iPSC-AEC2s Enable In Vitro Modeling of Genetic
Alveolar Disease
Finally, we sought to derive alveolospheres from disease-spe-

cific iPSCsmade from an infant homozygous for the 121ins2mu-

tation in SFTPB, a monogenic cause of neonatal respiratory

distress that requires lung transplantation for survival (Figure 7A).

Based on prior work, SFTPBmutations do not perturb SFTPB lo-

cus transcription, but the unstable mutant mRNA in patients is

only detectable at 8% of normal levels and carries a premature

stop codon with consequent loss of detectable SFTPB protein,

inability to form lamellar bodies, misprocessing of SFTPC pro-

tein, and failure to synthesize surfactant (Nogee et al., 1994;

Beers et al., 2000). To develop an in vitro model of this disease

based on patient-specific cells, we reprogrammed dermal fibro-

blasts from a patient homozygous for the SFTPB121ins2 mutation

(Figure S7A). We gene-edited the resulting iPSC line (SP212) us-

ing CRISPR/Cas9 technology to correct both mutant SFTPB al-

leles in a footprint-free manner, resulting in a corrected line with

two normal SFTPB alleles (hereafter called SP212Corr; Fig-

ure 7B; Figures S7B–S7E). We differentiated both lines via

CD47hi/CD26lo sorted progenitors into alveolospheres express-

ing similar levels of SFTPC mRNA (Figure 7C) to perform head-

to-head comparisons of the pre- versus post-gene-corrected

cells (SP212 versus SP212Corr). SP212 alveolospheres

expressed lower levels of SFTPB transcript than SP212Corr al-

veolospheres (Figure 7C), no detectable SFTPB protein, and

no detectable lamellar bodies by TEM (Figures 7D–7F). Notably,

in two out of three differentiations, we observed the appearance

of an aberrant, misprocessed 6- to 10-kD proSFTPC protein

form in SP212 alveolospheres, a form resulting from the residual

N-terminal flanking dodecapeptide that cannot be cleaved from

proSFTPC in the absence of lamellar bodies (Figure 7F). In

SP212Corr alveolospheres, correction of the SFTPB mutation

resulted in increased SFTPB mRNA, the appearance of detect-

able lamellar bodies, reconstitution of the mature 8-kD form of

SFTPB protein, and disappearance of the aberrant proSFTPC

protein form, verifying that all deficiencies were the direct result

of the SFTPB121ins2 mutation (Figures 7C–7F).
ration and Proliferation

+ versus Tom� populations (ranked by fold change, FDR % 0.05).

+ versus Tom� populations (FDR % 0.05) from the MSigDB v5.1 Hallmark

� and Day 35 Tom+ samples, with fold change (2�DDCt) ± SD, n = 3 biological

tative flow cytometry analysis of day 38 sort gates and day 50 outgrowth of the

days 40–50. Bars show mean ± SD, n = 3 biological replicates separated on

ith bars representingmean fold change (2�DDCt) ± SD, n = 3 biological replicates

S2 alveolospheres (bright-field/tdTomato overlay;�CHIRweeks 4–5 (days 32–

ow percent Tom+, total cell number, and total number of Tom+ cells in day 48

day 32. Bars represent mean ± SD of 3 differentiations separated on day 32.

. *p% 0.05, **p% 0.01, ***p% 0.001 by unpaired, two-tailed Student’s t test for
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DISCUSSION

Our results demonstrate differentiation of phenotypically mature

AEC2-like cells, referred to as iAEC2s, from human PSCs of

multiple genetic backgrounds. Formed in 3D cultures via an

NKX2-1+ endodermal lung progenitor intermediate, the resulting

cells express distal lung alveolar epithelial mRNAs and proteins

as well as functional lamellar bodies that process surfactant.

Contrary to prior reports of the necessity of feeder cells for

culturing primary adult AEC2s, we derived and serially passaged

‘‘epithelial-only’’ alveolospheres without using mesenchymal

co-culture. We found that the emergence of SFTPC+ cells

from NKX2-1+ precursors in culture occurred rapidly in the pres-

ence of Wnt stimulation via CHIR within 2–7 days (17–22 total

differentiation days) and was augmented by the additional pres-

ence of stimulants of FGF signaling together with corticosteroids

and cyclic AMP (DCI medium), consistent with studies that have

previously shown that Wnt signaling rapidly promotes distal

airway patterning and alveologenesis in vivo (Mucenski et al.,

2005; Shu et al., 2005; Frank et al., 2016) or in vitro (McCauley

et al., 2017), KGF promotes distal epithelial outgrowth ex vivo

(Liu and Hogan, 2002), and hormones, such as corticosteroids,

promote AEC2 maturation (Gonzales et al., 2002; Ballard

et al., 2010).

Although we did observe lamellated inclusions in the cyto-

plasm of alveolospheres, lamellated inclusions mistakenly

referred to as lamellar bodies that are not enriched in surfactant

proteins or phospholipid have been known to occur in a variety of

cell types that neither display an AEC2 phenotype nor package

surfactant in culture, such as A549 cells (Mason and Williams,

1980). Based on their functional capacity to process SFTPB pro-

tein to its 8-kD isoform and produce DPPC surfactant phospho-

lipid, we conclude that alveolospheres express true lamellar

bodies and represent a maturity level comparable with primary

AEC2s post-week 24 of gestation. Despite the presence of a

subset of relatively mature cells, the unsorted alveolospheres

as well as their sorted SFTPC-high or -low components can be

sequentially passaged and maintain proliferative capacity over

months without evidence of senescence. Because this in vitro

model generates spheres of iAEC2s in close contact without
Figure 7. iPSC-Derived AEC2s Enable In Vitro Modeling of Genetic Alv

For a Figure360 author presentation of Figure 7, see the figure legend at http://d

(A) Radiograph and histopathologic samples of lung of a child from which iPSCs

carrying the homozygous 121ins2 SFTPB mutations in iPSCs derived from

(SP212Corr) iPSC lines.

(B) SFTPB exon4 genomic sequence, with the 121ins2 C > GAA mutation shown

adjacent motif (PAM) cutting site shown in blue, and the oligo-based donor desig

chromatograms with yellow boxes show the 121ins2 mutation site sequence.

(C) qRT-PCR of day 35 SP212 and SP212Corr alveolospheres, with bars represe

day 0, **p % 0.01 by unpaired, two-tailed Student’s t test.

(D) Top: western blot for mature SFTPB (immunoblotted with PT3 antibody) on

RUES2 alveolospheres, 6-day DCI-cultured week 21 human fetal distal lung, an

Bands showing mature 8-kD SFTPB are present only in normal week 21 controls

Bottom: western blots for mature SFTPB (PT3) and proSFTPC (NPRO-SFTPC) i

separated on day 0, with an �6- to 10-kD abnormal/misprocessed proSFTPC b

SFTPB (open arrowhead) present only in the cultured week 21 and SP212Corr s

(E) Representative immunofluorescencemicroscopy of proSFTPB (magenta), NKX

Scale bars, 50 mm.

(F) Representative TEM of SP212 and SP212Corr alveolospheres. Scale bars, 50

See also Figure S7.
intervening AEC1s, it does not represent all epithelial compo-

nents of the alveolar microenvironment, but it provides a conve-

nient tool for interrogating diseases postulated to affect only

AEC2s, such as the SFTPBmutations we have studied. Although

we do not detect AEC1 markers within 3D alveolospheres, when

SFTPCtdTomato+ iAEC2s are plated in 2D culture, they downregu-

late SFTPC and upregulate the AEC1markers PDPN,CAV1, and

AGER, as has been shown in primary human AEC2 culture.

These capacities of self-renewal and differentiation are key fea-

tures that have defined primary AEC2s in vivo as the progenitors

of the distal lung and are required for the survival of air-breathing

mammals. Further studies are needed, however, to understand

both the signaling pathways and the developmental time win-

dows involved in AEC2-to-AEC1 conversion in vivo and in vitro

during directed differentiation.

On a whole-transcriptome level, iAEC2s clustered closer to

cultured primary fetal AECs than to adult or fetal AEC2s. Not sur-

prisingly, however, there are many ways in which iAEC2s, differ-

entiated in submerged culture over only 30–35 days in vitro, are

not identical to primary AEC2s exposed to a lifetime of air breath-

ing in adults. Several of the gene sets enriched in primary adult

AEC2s compared with iAEC2s appeared to involve immune

responses and oxidant stress pathways, as would be expected.

However, we found that alveolospheres treated with immune

cytokines do respond by activating the IL-6/JAK/STAT3 and

TNF-a/NF-kB pathways. Because AEC2s are known to be

important immune modulators in vivo, it is important that iAEC2s

allow for studies of immune function.

Although we were surprised to find that SFTPCtdTomato+ and

SFTPCtdTomato� cells cluster so closely together by PCA as

well as by supervised hierarchical clustering analyses, it is likely

that these populations, both deriving from NKX2-1+ lung endo-

derm in distalizing conditions, represent very similar cells,

some of which have progressed to express high levels of AEC2

maturation markers, and others that may remain ‘‘stuck’’ as

less mature cell types expressing significantly lower, albeit easily

detected, levels of these markers.

Interestingly, GSEA showed that the Wnt/b-Catenin signaling

pathway was downregulated in SFTPCtdTomato+ cells, and late

CHIR withdrawal resulted in both a dramatic increase in percent
eolar Disease

x.doi.org/10.1016/j.stem.2017.08.014.
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SFTPCtdTomato+ cells in the previously SFTPCtdTomato� popula-

tion as well as an increase in expression of mature AEC2

transcripts within this population. This finding suggests that

overstimulation with CHIR may actually inhibit full alveolar differ-

entiation. We have previously shown that early CHIR withdrawal

(day 15) results in proximalization of NKX2-1+ lung progenitors

(McCauley et al., 2017), and we now see that late withdrawal

of CHIR, following distalization, promotes alveolar differentia-

tion, consistent with the low-Wnt pre-alveologenesis stage of

AEC2 development recently reported in mice by Frank et al.

(2016). Furthermore, as predicted by these mouse studies, add-

ing back Wnt stimulation following maturation stimulates prolif-

eration of the resulting human iAEC2s.

Finally, the ultimate test of iAEC2s as a clinically relevant

surrogate for primary AEC2s is whether they can recapitulate hu-

man alveolar disease in vitro. Indeed, in our studies, iAEC2s

generated from a child with severe lung disease because of ho-

mozygous 121ins2 SFTPB mutations recapitulated known as-

pects of this disease, which were rescued in gene-corrected

iAEC2s from the same patient. Thus, our work shows generation

of phenotypically mature iPSC-derived alveolar organoids that

represent a robust in vitro model of both human alveolar devel-

opment and disease, providing a platform by which new insights

can be obtained into the effects of genetic and environmental

insults on AEC2 biology.
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Mouse monoclonal to beta-Actin Sigma Cat#A1978

Rabbit monoclonal to pan-Actin Cell Signaling Cat#8456

Mouse monoclonal to CD26, PE conjugated
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Biolegend Cat#302705

Mouse monoclonal to CD47, PerCP-Cy5.5

conjugated (clone CC2C6)

Biolgend Cat#323110

Mouse monoclonal to EPCAM (clone AUA1) Abcam Cat#ab181853

Mouse monoclonal to GAPDH Chemicon Cat#MAB374

Mouse IgM monoclonal to HT2-280 Terrance Biotech Cat#TB-27AHT2-280

Rabbit polyclonal to IkB Santa Cruz Cat#sc-371

Rabbit monoclonal to NKX2-1 (clone EP15847) Abcam Cat#ab76013

Mouse monoclonal to NKX2-1 (clone 8G7G3/1) Abcam Cat#ab72876

Rabbit polyclonal to phosphoStat3 Cell Signaling Cat#9131

Mouse monoclonal to red fluorescent protein (RFP) Abcam Cat#65856

Rabbit monoclonal to red fluorescent protein (RFP) Rockland Cat#600-401-379

Rabbit polyclonal to Mature SFTPB Seven Hills Cat#r28031

Anti-mature SFTPB (PT3) Beers et al., 1992 N/A

Anti-NFLANK SFTPB Korimilli et al., 2000 N/A

Rabbit polyclonal to Pro-SFTPB Seven Hills Cat#WRAB-55522
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Rabbit polyclonal to ZO-1 Thermo Fisher Cat# 61-7300

AffiniPure Donkey Anti-Rabbit IgG (H+L), 488

conjugated
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AffiniPure Donkey Anti-Rabbit IgG (H+L), Cy3

conjugated

Jackson Immunoresearch Cat#711-165-152

AffiniPure Donkey Anti-Rabbit IgG (H+L), AlexaFluor

647 conjugated

Jackson Immunoresearch Cat#711-605-152

AffiniPure Donkey Anti-Mouse IgG (H+L), AlexaFluor

647 conjugated

Jackson Immunoresearch Cat#715-605-150

AffiniPure Donkey Anti-Mouse IgG (H+L), AlexaFluor

Cy3 conjugated

Jackson Immunoresearch Cat#715-165-150

AffiniPure Donkey Anti-Goat IgG (H+L), AlexaFluor

647 conjugated

Jackson Immunoresearch Cat#305-605-003

Biological Samples

Primary human lung samples This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Growth Factor Reduced Matrigel Corning Cat#356230

SB431542 Tocris Cat#1614

Dorsomorphin Stemgent Cat#04-0024

CHIR99021 Tocris Cat#4423

Recombinant human FGF10 R&D Systems Cat#345-FG-025

Recombinant human KGF R&D Systems Cat#251-KG-010

Recombinant human BMP4 R&D Systems Cat#314-BP

Retinoic acid Sigma Cat#R2625

(Continued on next page)
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Continued
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Y-27632 dihydrochloride Tocris Cat#1254

Recombinant human FGF2 R&D Systems Cat#233-FB

Recombinant human TGFb R&D Systems Cat#240-B

DAPT Sigma Cat#D5942

Dexamethasone Sigma Cat#D4902

8-bromoadenosine 30,50-cyclic monophosphate

sodium salt (cAMP)

Sigma Cat#B7880

3-Isobutyl-1-methylxanthine (IBMX) Sigma Cat#I5879

Recombinant mouse Noggin R&D Systems Cat#1967-NG

Recombinant mouse EGF R&D Systems Cat#2028-EG-200

Hoechst Thermo Fisher Cat#H3570

Puromycin Dihydrochloride Thermo Fisher Cat#A1113802

Geneticin Sulfate Life Technologies Cat#11811-023

0.05% trypsin-EDTA Invitrogen Cat#25300-120

Defined Fetal Bovine Serum Thermo Fisher Cat#NC0652331

Calcein blue Life Technologies Cat#C1429

Recombinant human TNFa R&D Systems Cat#210-TA-005

Recombinant human IL1b R&D Systems Cat#201-LB-005

Recombinant human OSM R&D Systems Cat#295-OM-010/CF

Dispase Thermo Fisher Cat#354235

Glutaraldehyde Ladd Research Cat#20100

Osmium Tetroxide Polysciences Cat#0223D

Uranyl Acetate Electron Microscopy Sciences Cat#22400

EMbed 812 Electron Microscopy Sciences Cat#14120

14:0 PC (DMPC) Avanti Polar Lipids Cat#850345

Paraformaldehyde Electron Microscopy Sciences Cat#19208

Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat#74104

QIAzol Lysis Reagent QIAGEN Cat#79306

TaqMan Fast Universal PCR Master Mix (2X), no

AmpErase UNG

Thermo Fisher Cat#4364103

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368814

Click-iT� EdU Alexa Fluor� 488 Imaging Kit Thermo Fisher Cat#C10337

EZ-TAL TALE Assembly Kit System Bioscience Cat#GE120A-1

Lipfectamine LTX Kit Thermo Fisher Cat#15338100

P3 Primary Cell 4D-Nucleofector� X Kit S Lonza Cat#V4XP-3032

PAS Kit Sigma Cat#395b

HeLa Monster transfection reagent Mirus Cat#MIR 2904

Deposited Data

RNA Sequencing Data: ‘‘Generation of mature lung

alveolar epithelial cells from human pluripotent stem

cells’’

This paper GEO: GSE96642

Experimental Models: Cell Lines

Human: Normal donor induced pluripotent stem cell

(iPSC) line (BU3)

Kotton Lab (Kurmann et al., 2015) http://www.bumc.bu.edu/stemcells

Human: Normal donor iPSC line targeted with

NKX2-1GFP (BU3GFP)

Kotton Lab (Hawkins et al., 2017) http://www.bumc.bu.edu/stemcells

Human: Cystic fibrosis donor iPSC line targeted with

NKX2-1GFP (C17)

Brian Davis Lab (Hawkins et al.,

2017)

http://www.bumc.bu.edu/stemcells

Human: SFTPB deficiency donor iPSC line (SP212) This paper http://www.bumc.bu.edu/stemcells

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human: Corrected SFTPB deficiency donor iPSC

line (SP212)

This paper http://www.bumc.bu.edu/stemcells

Human: RUES2 embryonic stem cell line Gift from Dr. Ali H. Brivanlou,

Rockefeller University

N/A

Human: MRC5 fibroblast cell line ATCC CCL-171

Recombinant DNA

EF1a-TALEN_HD; SFTPC recognition sequence of

right TALEN 50-TCA CCG GCG GGC TCT CCA TC-30.
This paper http://www.kottonlab.com

EF1a-TALEN_NN; SFTPC recognition sequence of

left TALEN: 50-TAG CAC CTG CAG CAA GAT GG-30
This paper http://www.kottonlab.com

p1303-DV-SFTPC-tdTomato This paper http://www.kottonlab.com

pHAGE2 EF1a-Cre-IRES-NeoR-W This paper http://www.kottonlab.com

pHAGE2-Cre-IRES-PuroR Kotton Lab (Somers et al., 2010) Addgene #30205

pD1321-AD- SFTPB121ins2 This paper

Sequence-Based Reagents

TaqMan Gene Expression Assay Primer/Probe Sets Thermo Fisher

ABCA3 Thermo Fisher Hs00975530_m1

AGER Thermo Fisher Hs00542584_g1

AQP5 Thermo Fisher Hs00387048_m1

CAV1 Thermo Fisher Hs00971716_m1

NKD1 Thermo Fisher Hs00263894_m1

LEF1 Thermo Fisher Hs01547250_m1

GMCSF Thermo Fisher Hs00531296_g1

IL-8 Thermo Fisher Hs00174103_m1

LAMP3 Thermo Fisher Hs00180880_m1

LPCAT1 Thermo Fisher Hs00227357_m1

NAPSA Thermo Fisher Hs00362192_m1

NKX2-1 Thermo Fisher Hs00968940_m1

P63 Thermo Fisher Hs00978340_m1

PDPN Thermo Fisher Hs00366766_m1

PGC Thermo Fisher Hs00160052_m1

SCGB1A1 Thermo Fisher Hs00171092_m1

SFTPA1 Thermo Fisher Hs00831305_s1

SFTPA2 Thermo Fisher Hs04195463_g1

SFTPC Thermo Fisher Hs00161628_m1

SFTPB Thermo Fisher Hs01090667_m1

SLC34A2 Thermo Fisher Hs00197519_m1

SOCS3 Thermo Fisher Hs02330328_s1

Oligonucleotide primers Integrated DNA Technologies

STEMCCA Excision Forward Somers et al., 2010 50 GGAACTCTTGT GCGTAAGTCGATAG 30

STEMCCA Excision Reverse Somers et al., 2010 50 GGAGGCGGCCC AAAGGGAGATCCG30

tdTomato Targeting Forward This paper 50 GGGTGAGTGAG CTGATTCGAG 30

tdTomato Targeting Reverse This paper 50 TGACCTCCTCG CCCTTGCTCACCATG 30

Intact SFTPC Locus Forward This paper 50 CTACGGACACA TATAAGACCCTGGTC 30

Intact SFTPC Locus Reverse This paper 50 GCTGTGCATCC CACACCT 30

SFTPCtdTomato Sequencing Primer This paper 50 GGGTGAGTGAG CTGATTCGAG 30

Puromycin Resistance Cassette Forward This paper 50 ATGACCGAGTA CAAGCCCACG 30

Puromycin Resistance Cassette Reverse This paper 50 TCAGGCACCGG GCCTGC 30

SFTPB 121ins2 CRISPR gRNA This paper 50 TTGACGACTACT TCGAACCCTGG 30

(Continued on next page)
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Continued
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SFTPB 121ins2 correction single-stranded

oligonucleotide

This paper 50 GAAGCTGCTCA TGCCCCAGTGC

AACCAAGTGCTTGACGACTACTTC

CCCCTGGTCATCGACTACTTCCA

GAACCAGATTGTGAGGCTG 30

SFTPB 121ins2 Correction Forward This paper 50 ACTCCTTGGCA CTCGTGAAC 30

SFTPB 121ins2 Correction Reverse This paper 50 GGGTGCTGTGT GTTTGTGTC 30

Software and Algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Other

StemDiff Definitive Endoderm Kit StemCell Technologies Cat#05110

mTeSR1 StemCell Technologies Cat#05850

Glutamax Life Technologies Cat#35050-061

Gentle Cell Dissociation Reagent StemCell Technologies Cat#07174

0.4mm Pore Polyester Membrane Transwell Insert Corning Cat#3470

Microscope Slides with Double Concavity Eisco Cat# BI0086B
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the Lead Contact, Darrell Kotton

(dkotton@bu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ESC/iPSC Line Generation and Maintenance
All experiments involving the differentiation of human iPSC lineswere performedwith the approval of the Institutional ReviewBoard of

Boston University (protocol H33122). BU3 and C17 iPSC lines carrying the NKX2-1GFP reporter were obtained from our prior studies

(Hawkins et al., 2017). These lines were derived from a normal donor (BU3) (Kurmann et al., 2015) and an individual with cystic fibrosis

(C17) carrying a published compound heterozygous CFTR genotype (Crane et al., 2015), respectively. The human embryonic stem

cell line RUES2 was a generous gift from Dr. Ali H. Brivanlou of The Rockefeller University. The iPSC line SP212 was derived by

reprogramming dermal fibroblasts (see below) of a patient with neonatal respiratory distress syndrome resulting from documented

homozygous 121ins2 mutations (c.397delinsGAA (p.P133Efs*95), hg19) in the surfactant protein B (SFTPB) locus. The Institutional

Review Board of Washington University, St. Louis, MO, approved procurement of fibroblasts with documented informed consent.

All PSC lines used in this study (BU3, C17, RUES2, SP212 and SP212Corr) displayed a normal karyotype (BU3 and C17, 46XY;

RUES2, SP212, and SP212Corr 46XX) when analyzed by G-banding both before and after gene-editing (Cell Line Genetics). Culture

conditions used for maintenance and editing of undifferentiated PSCs were as follows: for TALENs targeting, PSC lines were main-

tained onmitomycin C-inactivatedMEFs in human iPSCmedia (WiCell feeder dependent protocol). For CRISPR targeting and prior to

directed differentiation, all PSC lines weremaintained in feeder-free conditions, on growth factor reducedmatrigel (Corning) in 6-well

tissue culture dishes (Corning), in mTeSR1 medium (StemCell Technologies) using gentle cell dissociation reagent for passaging.

Further details of iPSC derivation, characterization, and culture are available for free download at http://www.bu.edu/dbin/

stemcells/protocols.php.

Generation of SP212 iPSCs
Reprogramming of patient-specific dermal fibroblasts (Figure 7 and Figure S7) was performed with a single-integrated excisable

copy of the floxed hSTEMCCA lentiviral reprogramming vector (Somers, et.al., 2010) followed by excision with transient Cre-recom-

binase exposure. Ten iPSC colonies weremechanically isolated 30 days after lentiviral transduction and expanded onMEF feeders in

human ‘‘iPSC media’’ (Somers et al., 2010), composed of DMEM/F12 (Sigma-Aldrich) with 20% KnockOut Serum Replacement

(Invitrogen), 1mM nonanimal L-glutamine (Sigma-Aldrich), 0.1mM B-mercaptoethanol, and 10 ng/ml FGF2 (R&D Systems) on

0.1% gelatin (Sigma-Aldrich) coated plates preseeded with mitomycin C-inactivated or irradiated mouse embryonic fibroblast

(MEF) feeder cells. Integrated hSTEMCCA copy number was assessed by Southern blot of BamHI-digested gDNA extracts probed

for the lentiviral WPRE cassette (Somers et al. 2010), and only iPSC clones with single copy hSTEMCCA integrations were selected

for vector excision and further study. The single copy hSTEMCCA lentiviral cassette was removed from two iPSC clones (SP212-1

and SP212-5) via transient transfection of pHAGE2-Cre-IRES-PuroR plasmid DNA (Somers et al., 2010; Addgene #30205) using

HeLa Monster transfection reagent (Mirus) according to the manufacturer’s instructions (Somers et al., 2010). Approximately

11-14 days later, colonies were picked and gDNA from each subclone was screened for vector excision by PCR using the following
e4 Cell Stem Cell 21, 472–488.e1–e10, October 5, 2017

mailto:dkotton@bu.edu
http://www.bu.edu/dbin/stemcells/protocols.php
http://www.bu.edu/dbin/stemcells/protocols.php
https://imagej.nih.gov/ij/


primers and conditions: 50-GGA ACT CTT GTG CGT AAG TCG ATA G-30; 50-GGA GGC GGC CCA AAG GGA GAT CCG-30; 95�C for

3 min; followed by 33 cycles of 94�C for 30 s, 60�C for 30 s, and 72�C for 1 min; followed by a single cycle of 72�C for 5 min. Vector

excision was then confirmed by Southern blot using BamHI digested gDNA probed for the WPRE element (Somers et al., 2010) to

identify two iPSC lines (each generated from the two separately picked clones, renamed SP212-1-Cr3 and SP212-5-Cr3 to reflect

successful vector excision; Figure S7).

SFTPCtdTomato Reporter PSC Line Generation
To generate SFTPCtdTomato knock-in reporter PSCs, TALENs were designed to target the sequences close to the translation initiation

(ATG) site of the human SFTPC gene. All TALENs and donor template plasmid maps and sequences are available at http://www.

kottonlab.com. The SFTPC TALEN recognition sequences are: left TALEN 50-TAG CAC CTG CAG CAA GAT GG-30 and right TALEN

50-TCA CCG GCG GGC TCT CCA TC-30. Between the two binding sites is a 22 bp spacer (ATG TGG GCA GCA AAG AGG TCC T).

TALENs were constructed using EZ-TAL TALE Assembly Kit (System Bioscience), according to manufacturer’s instructions, and the

resulting SFTPC TALENS encoding plasmids were named EF1a-TALEN_NN (SPC left) and EF1a-TALEN_HD (SPC right),

respectively.

To deliver the donor template to the SFTPC locus, we generated a donor vector (p1303 DV-SFTPC-tdTomato) containing the

tdTomato coding sequence and a floxed PGK promoter-driven puromycin resistance cassette, flanked by left and right arms of ho-

mology to the human endogenous SFTPC locus, as follows: we first modified the CReM’s targeting vector, TVGIP-eGFP-puro

(generous gift of Gustavo Mostoslavsky and Cesar Sommer, CReM of Boston University and Boston Medical Center; http://www.

bumc.bu.edu/stemcells). The GIP-eGFP sequence was replaced with the tdTomato coding sequence. 50 and 30 arms of homology

to the SFTPC locus were generated by PCR cloning using gDNA extracts of human ES cells (RUES2) as templates. The 50 arm of

homology extends 750 base pairs upstream of the SFTPC ATG start site, and the 30 arm of homology extends 750 base pairs down-

stream of the ATG start site.

The TALENs and donor vector plasmids were co-transfected into the following PSC lines: RUES2, C17 NKX2-1GFP, and BU3

NKX2-1GFP (Hawkins et al., 2017) using a lipofectamine based transfection protocol. Each line was plated onto a mitomycin C-inac-

tivated DR4mouse embryonic fibroblast (MEF) feeder layer and cultured in human iPSCmedia (WiCell) in a 6 well plate. After the cells

reached 50% confluence, they were transfected with the two TALENs and tdTomato donor vector as follows: 3 mg of donor vector

and 1.2 mg of each TALEN were added to 275 mL of IMDM and 4 mL of Plus reagent from the Lipofectamine LTX kit (Thermo Fisher),

and this mixture was incubated at room temperature for 5 min. 16 mL of lipofectmine LTX from the same kit was added to another

275 mL of IMDM. 275 mL of the DNA mixture was added to 275 mL of the LTX mixture and incubated at room temperature for

30 min. 550 mL of the total mixture was added drop by drop to 1 well of a 6 well plate. 5 hr later, the media was changed, and

48 hr later, 0.7 mg/ml puromycin (Fisher Scientific) was added to the media for 4 days to select antibiotic resistant colonies. After

10 days, individual colonies from each line were picked and screened for targeting using the following primer pairs (Figure S1):

50 GGG TGA GTG AGC TGA TTC GAG 30, 50 TGA CCT CCT CGC CCT TGC TCA CCA TG 30. To confirm heterozygous targeting, col-

onies were screened for a remaining intact SFTPC gene using the following primers: 50 CTACGGACACAT ATAAGACCCTGGTC 30,
50 GCT GTG CAT CCC ACA CCT 30. DNA sequencing using a primer binding in the genome outside any regions included in targeting

plasmids confirmed targeting into the endogenous SFTPC locus (50 GGG TGA GTG AGC TGA TTC GAG 30).
Cre-mediated excision of the floxed puromycin resistance cassette was performed using a plasmid containing Cre-recombinase

and neomycin resistance (PHAGE2 EF1a-Cre-IRES-NeoR-W; http://www.kottonlab.com) using the same lipofectamine-based pro-

tocol described above, with 4 days of 200ng/ml geneticin-based (Life Tech) selection for clones that were transfected with Cre-con-

taining plasmid. Excision of the puromycin cassette was confirmed by PCR using the following primers: 50 ATG ACC GAG TAC AAG

CCC ACG 30, 50 TCA GGC ACC GGG CCT GC 30.

CRISPR-based gene correction of SFTPB121ins2

We used CRISPR/Cas9 technology to target the region adjacent to the 121ins2 mutation (also known as c.397delinsGAA

(p.P133Efs*95), hg19) in the human SFTPB gene locus (Figure 7) with a guide RNA (specifically recognizing the 121ins2 mutation

but not wild-type) that had the following sequence: 50 TTG ACGACT ACT TCGAACCCTGG 30. gRNA sequences were commercially

cloned into the pD1321-AD plasmid backbone (DNA 2.0 ATUM) that contains a M-dasher-GFP sequence fused to Cas9. Delivery of

this plasmid to iPSCs enabled co-expression of Cas9, gRNA, and a GFP reporter. To accomplish footprint-free correction of the

SFTPB mutation, a short single stranded DNA oligo (sequence 50 GAA GCT GCT CAT GCC CCA GTG CAA CCA AGT GCT TGA

CGACTACTT CCCCCTGGTCAT CGACTACTT CCAGAACCAGAT TGTGAGGCTG 30) was used as a donor template containing

thewild-type SFTPB sequence. SP212 cells maintained in feeder-free conditions inmTeSR1media were treated with 10 mmY-27632

(Tocris) for 3 hr, dissociated in Gentle Cell Dissociation Reagent (GCDR, StemCell Technologies) for 10 min at 37�C and counted

using a Luna-II Automated Cell counter (Logos Biosystems). Approximately 5x106 cells were centrifuged at 200 g x 5 min, resus-

pended in a mixture containing P3 solution and supplement (P3 Primary Cell 4D-Nucleofector X Kit L, Lonza) as well as 5 mg

CRISPR/Cas9 plasmid and 5 mg oligo donor, and nucleofected using program code CB-150 in the 4D nucleofector system (Lonza).

Nucleofected cells were replated on 2 wells of a matrigel-coated 6 well plate in mTeSR1 media, and 10 mm Y-27632 was added for

24 hr. After 48 hr, cells were prepared for sorting. They were treated with 10 mmY-27632 for 3 hr, dissociated into single cell suspen-

sion with GCDR for 10-15 min at 37�C, centrifuged at 200 g x 5 min, resuspended in mTeSR1 media + 10 mm Y-27632, and filtered

through a 30 mm filter (Falcon). GFP+ cells were sorted into recovery media (1 part mTeSR1 and 1 part conditioned mTeSR1
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supplemented with 0.7ng/ml FGF2, plus 10 mm Y-27632) using a high-speed cell sorter (MoFlo Legacy, Beckman Coulter). 1x104

cells GFP+ sorted cells were plated into a 10cm tissue culture treated dish pre-coatedwith growth factor-reducedmatrigel. Recovery

media was changed every other day for the first 5 days, with 10 mmY-27632 added for the first 24 hr. After 5 days, mTeSR1 was used

to feed the cells, and after 10 days, colonies that emerged were of sufficient size for picking for clonal expansion and screening. In-

dividual colonies were picked and screened for correction using the following primers: 50 ACTCCT TGGCACTCGTGAAC30, 50 GGG

TGC TGT GTG TTT GTG TC 30. In pre-correction SP212, there is a BstB1 restriction site created by the 121ins2 mutation, and after

enzyme digestion, 2 bands at 230bp and 191bp appear. Post-correction, the BstB1 site disappears, and only the uncut 430bp band

is seen on a gel. After PCR screening, colonieswith the uncut bandwere further analyzed for correction, whichwas confirmed byDNA

sequencing, resulting in the SP212Corr line.

METHOD DETAILS

Directed Differentiation of PSCs into NKX2-1+ lung progenitors
PSC directed differentiation into NKX2-1 lung progenitors was performed as described previously (Hawkins et al., 2017; Rankin et al.,

2016). Briefly, cells maintained on mTESR1 media were differentiated into definitive endoderm using the STEMdiff Definitive Endo-

dermKit (StemCell Technologies), with 1 day addition of supplement A and B, and 2 days addition of supplements B only (Day 4 in the

STEMdiff kit protocol). After the endoderm-induction stage, cells were dissociated for 1-2 min at room temperature with GCDR and

passaged at a ratio between 1:2 to 1:6 into 6 well plates pre-coated with growth factor reduced matrigel in ‘‘DS/SB’’ anteriorization

media, consisting of complete serum-free differentiation medium (cSFDM) base, including IMDM (ThermoFisher) and Ham’s F12

(ThermoFisher) with B27 Supplement with retinoic acid (Invitrogen, Waltham, MA), N2 Supplement (Invitrogen), 0.1% bovine serum

albumin Fraction V (Invitrogen), monothioglycerol (Sigma), Glutamax (ThermoFisher), ascorbic acid (Sigma), and primocin with sup-

plements of 10 mm SB431542 (‘‘SB’’; Tocris) and 2 mm Dorsomorphin (‘‘DS’’; Stemgent). For the first 24 hr after passaging, 10 mm

Y-27632 was added to the media. After anteriorization in DS/SB media for 3 days (72 hr), cells were cultured in ‘‘CBRa’’ lung progen-

itor-induction media for 9-11 days. ‘‘CBRa’’ media consists of cSFDM containing 3 mm CHIR99021 (Tocris), 10 ng/mL recombinant

humanBMP4 (rhBMP4, R&DSystems), and 100 nM retinoic acid (RA, Sigma), as previously described (Rankin et al., 2016). OnDay 15

of differentiation, efficiency of specification of NKX2-1+ lung progenitors was evaluated either by flow cytometry for intracellular

NKX2-1 protein, NKX2-1GFP reporter expression, or by expression of surrogate cell surface markers CD47hi/CD26lo based on the

method of Hawkins and Kotton (Hawkins et al., 2017).

Cell sorting of NKX2-1+ Lung Progenitors
On day 15 of differentiation, cells were incubated at 37�C in 0.05% trypsin-EDTA (Invitrogen) for 7-15 min, until they reached

single cell suspension. Cells were then washed in media containing 10% fetal bovine serum (FBS, ThermoFisher), centrifuged at

300 g x 5 min, and resuspended in sort buffer containing Hank’s Balanced Salt Solution (ThermoFisher), 2% FBS, 10 mm

Y-27632, and 10 mm calcein blue AM (Life Technologies) for dead cell exclusion. Cells not containing the NKX2-1GFP reporter

were subsequently stained with CD47-PerCPCy5.5 and CD26-PE antibodies (mouse monoclonal; Biolegend 1:200; 1 3 106 cells

in 100 ml) for 30 min at 4�C, washed with PBS, and resuspended in sort buffer. Cells were passed through a 40 mm strainer prior

to sorting (Falcon). Various live cell populations indicated in the text (i.e., GFP+, GFP-, CD47hi/CD26-,CD47lo) were sorted on a

high-speed cell sorter (MoFlo Legacy).

NKX2-1+ Lung Progenitor Outgrowth into iAEC2s
Day 15 cells, either sorted (as described above) or unsorted (dissociated as described above without sorting), were resuspended in

undiluted growth factor-reduced matrigel (Corning) at a dilution of 25-100 cells/ml, with droplets ranging in size from 20 mL in 96 well

plates to 1ml in 10cm tissue culture-treated dishes (Corning). Cells in 3D matrigel suspension were incubated at 37�C for 20-30 min,

then warm media was added to the plates.

Where indicated in the text, outgrowth and distal/alveolar differentiation of cells after day 15 was performed in ‘‘CK+DCI’’ medium,

consisting of cSFDMbase, with 3 mmCHIR99021, 10 ng/mL rhKGF, and 50 nM dexamethasone (Sigma), 0.1 mM 8-Bromoadenosine

30,50-cyclic monophosphate sodium salt (Sigma) and 0.1 mM 3-Isobutyl-1-methylxanthine (IBMX; Sigma) (DCI). Immediately after re-

plating cells on Day 15 10 mm Y-27632 was added to the medium for 24 hr. Additional growth factors or cytokines were added or

withdrawn as indicated in the text, including FGF10, TGFb, EGF, OSM (20ng/ml), TNFa (10ng/ml), and IL-1b (10ng/ml) with other con-

centrations listed in figure legends (Figures S2A and S2B).

Long Term Culture of Alveolospheres
Alveolospheres developed in 3D matrigel culture outgrowth within 3-7 days after day 15 replating, and were maintained in CK+DCI

media for weeks to months, as indicated in the text. These spheres were analyzed as follows: Z stack images of live alveolospheres

were taken and processed on a Keyence BZ-X700 fluorescence microscope. For some analyses (RT-qPCR, western blot, lipidomic

analysis) alveolospheres were released from matrigel droplets, and for other techniques (flow cytometry, cell sorting), they were

dissociated into single cell suspension. To release alveolospheres frommatrigel, droplets were incubated in dispase (2mg/ml, Fisher)

at 37�C for 1 hr, centrifuged at 300 g x 1 min, washed in 1x PBS, then centrifuged again at 300 g x 1 min. To generate single cell

suspensions, cell pellets were incubated in 0.05% trypsin and continued through the trypsin-based dissociation protocol described
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above, after which they could be passaged into fresh matrigel, analyzed by flow cytometry, or sorted as described above. Sorted

cells from alveolospheres were replated into matrigel droplets for serial passaging where indicated in the text. For AEC1 differenti-

ation experiments approximately 20,000 sorted SFTPCtdTomato+ cells were plated in 96 well tissue culture plates in Dulbecco’s Modi-

fied Eagle Medium (DMEM), 10% FBS, glutamax, and primocin for 4-7 days, then harvested for analysis. For ALI experiments,

alveolospheres were dissociated into single cell suspension as described above and cells were transferred into matrigel pre-coated

TransWell inserts (Corning) at a confluency of 500,000 cells/cm2. Media was removed from the apical side of the TransWell after

1 week and cells were analyzed 2-3 weeks later. For EdU labeling, alveolospheres in 3D culture were incubated in CK+DCI media

with 5uM EdU for 24 hr, then dissociated as described above, fixed, and processed according to the manufacturer’s instructions

(Click-iT� EdU Alexa Fluor� 488 Imaging Kit, Thermo Fisher).

Electron Microscopy of Alveolospheres
Alveolospheres were fixed for 3 hr total in 2.5% glutaraldehyde (Ladd Research) in 0.1% cacodylate buffer pH 7.4 at room temper-

ature. An equal volume of 5%glutaraldehyde/.1M cacodylate was added to the Eppendorf tubewith alveolospheres in known volume

of media, fixed for 1.5 hr, and spun down gently (300 g x 1 min). Fresh 2.5% glutaraldehyde/ 0.1M cacodylate was added, and the

sample was fixed for an additional 1.5 hr at room temperature. The sample was then washed in 0.1M cacodylate three times, post-

fixed in 1%Tannic Acid in cacodylate buffer for 5min at room temperature, washed again 3 times in cacodylate buffer, and post fixed

overnight in 1.5% osmium tetroxide (Polysciences) in 0.1M cacodylate buffer in dark at 4�C. The sample was washed 3-4 times in

0.05M Na Maleate buffer pH 5.2 and block stained in 1.5% Uranyl acetate (Electron Microscopy Sciences, EMS) in 0.025M Na

Maleate buffer pH 6.0. Next, the sample was dehydrated quickly through acetone on ice, from 70% to 80% to 90%. Then, it was

incubated 2 times in 100% acetone at room temperature for 10 min each, and in propylene oxide at room temperature for 15 min

each. Finally, the sample was changed into EMbed 812 (EMS), left for 2 hr at RT, changed into fresh Embed 812 and left overnight

at room temperature, after which it was embedded in fresh EMbed 812 and polymerized overnight at 60�C. Plastic embedded sam-

ples were thin sectioned at 70nm and grids were stained in 4% aqueous Uranyl Acetate for 5 min at 60�C followed by Lead Citrate for

10 min at room temperature.

Sections on grids were imaged on a CM12 Transmission Electron Microscope (Philips), using a TEMCAM F216 camera (TVIPS) at

an original magnification of 7875x and and a Morgagni 268 (FEI), using a Veleta camera (Olympus SIS) at original magnifications of

7200x and 14000x.

Immunogold Staining of Alveolospheres
Alveolospheres were processed for immunogold labeling described previously (Ridsdale et al., 2011). Alveolospheres were first fixed

in situ with 4% paraformaldehyde (EMS), 0.1% glularaldehyde (EMS), 75 mM L-lysine (Sigma), 10 mM INaO4 (Sigma), and 0.1%

CaCl2 in 0.2M HEPES (Sigma), pH 7.2 at room temperature for 10 min, followed by postfixation with fresh fixative at 4�C overnight.

They were embedded with 10%gelatin, cryoprotected with 2.3MPolyvinylpyrrolidone (PVP; M.W. 10,000; Sigma)/sucrose (Sigma) in

0.2MHEPES, pH 7.2, and frozen in liquid nitrogen for cryoultramicrotomy. 70 to 80 nm frozen sections were picked up withmixture of

1.15M PVP/sucrose, 1% methyl cellulose (Sigma), 0.2% uranyl acetate (EMS), and 0.1% glutatraldehyde, transferred to 200 mesh

Butvar� coated nickel grids (EMS), and stored at�20�C until they were ready for immunogold labeling. To localize SFTPB or SFTPC

proteins, thawed frozen sections were stained with rabbit polyclonal Ab directed against mature SFTPB (Seven Hills; Lin et al., 1996)

or mature SFTPC (Seven Hills; Ross et al., 1999), and 10 nm protein A gold (CMC). Electron micrographs of labeled cells were ac-

quired using a Hitachi TEM7650 (Hitachi High Technologies America) with an AMTCCDcamera (AdvancedMicroscopy Techniques).

Other Alveolosphere Staining
Toluidine blue staining was performed as follows: 0.5 mm sections (from EMbed plastic blocks) were collected, dried for 30 min on a

hot plate, and stained 30-60 s in 0.5%Toluidine blue + 0.5%Borax in dH20, rinsed in dH20, dried and coverslipped. PAS staining was

performed according to manufacturer’s instructions using the Sigma PAS kit.

Western Blot Analysis
Cultured cells were treated with lysis buffer (RIPA buffer and 1x Roche Complete Protease Inhibitor cocktail). Buffer-treated cells

were removed from the well, incubated on ice for 30 min, and cleared by centrifugation at 15,000 g for 20min. Supernatants were

collected and stored at �80�C until analysis. Protein was measured using the Bio-Rad DC Protein Assay. A total of 35 mg of alveolo-

sphere lysate and 25 mg of lysate from AECs isolated from lung explants of 21 wk human lung cultured for 6 d in DCI were resolved on

pre-cast 10% NUPAGE gels (Thermo Fisher) and transferred to PVDF membrane (Bio-Rad). Blots were incubated with the following

primary antisera: surfactant protein B (PT3, a rabbit polyclonal antibody against bovine mature SP-B; Beers et al., 1992; 1:3000 dilu-

tion); NFLANK (rabbit polyclonal antibody against a synthetic peptide of Gln186-Gln200 of the human Pro-SPB amino acid sequence;

dilution 1:5000; Korimilli et al., 2000; 1:2000); GAPDH (1:5000, Chemicon), NPRO-SFTPC (dilution 1:3000, Beers et al., 1994), b-actin

(dilution 1:10000, Sigma). Species-specific secondary antisera were all conjugated to IR dyes of either 680 or 800 nm wavelengths

(Rockland) at a dilution of 1:10000. Visualization was accomplished using the Odyssey Imaging System (LiCOR Biosciences).
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Lipidomic Analysis
Alveolospheres were dissociated from matrigel as described above, and incubated in 1ml of trypsin for 5 min to break apart the

alveolospheres but leave cells intact. After centrifugation, the trypsin ‘‘extracellular sample’’ was separated from the cell pellet ‘‘intra-

cellular sample,’’ the cell pellet was washed in PBS, and both samples were stored at �80C until ready to process.

For lipid extraction, a modified Bligh & Dyer protocol was used with an internal standard of 14:0 PC (DMPC) from Avanti Polar

Lipids). For extracellular samples, we used 500ngPC (0.738nmol) per sample, and for intracellular samples, we used 2000ng PC

(2.95nmol) PC per sample. All reagents (water, methanol, chloroform) used were HPLC grade.

Internal standard was added to each disposable glass culture tube prior to addition of a sample. Each cell pellet and extracellular

supernatant was resuspended in 1ml water, transferred to a tube, and 3ml methanol:chloroform (2:1) was added, intracellular sam-

ples were sonicated for 30 s, and extracelullar samples were vortexed for 30 s. 1ml chloroform and 1ml water were added to each

sample, followed by 30 s of vortexing. Samples were centrifuged for 5-10 min at 1500 g and the bottom layer was collected with a

glass pasteur pipet and dried under nitrogen gas. Intracellular samples were resuspended in 300 mLmethanol, and extracellular sam-

ples were resuspended in 100 mL methanol.

Electrospray ionization (ESI)/tandem mass spectrometry and gas chromatography/mass spectrometry (GC/MS) were used,

respectively, to measure phosphatidylcholine (PC) composition in the samples. Results are described as ‘‘Absolute Quantification’’

based on alveolosphere DNA amount in ng or as ‘‘Relative Quantification’’ (Absolute Quant of each individual PC species, such as PC

32:0 divided by total acyl PC).

Isolation of Primary AECs
Week 21 human lung tissueswere obtained in theGuttentag laboratory under protocols originally reviewed by the Institutional Review

Board at the Children’s Hospital of Philadelphia and subsequently reviewed by Vanderbilt University and in the Beers laboratory

under a University of Pennsylvania Institutional Review Board exemption and isolated as previously published. The cell stocks

used in the present studies were donated to the Kotton laboratory for the purpose of providing reference data. ‘‘Week 21’’ samples

were isolated by the overnight culture of lung explants in Waymouth media, a technique that generally yields 86 ± 2% epithelial cells

with the remaining cells consisting of fibroblasts with < 1% endothelial cells. ‘‘Week 21 DCI’’ samples were prepared in a similar

manner except that the lung explants were also cultured for 4 days in Waymouth’s media supplemented with DCI (10 nM Dexameth-

asone, 0.1mM 8-Br cAMP, and 0.1mM 3-isobutyl-1-1methylxanthine), and ‘‘HFL DCI-D6’’ samples were cultured in this media for

6 days.Week 21 epithelial cells do not exhibit features of alveolar type 2 cells including lamellar bodies, whereasWeek 21 DCI epithe-

lial cells do exhibit lamellar bodies (Wade et al., 2006; Gonzales et al., 2002).

Isolation of Adult AEC2s
For human primary lung epithelial isolation, 1x1cm pieces of distal human lung obtained from healthy regions of the upper lobe of

non-utilized human lungs donated for transplantation were dissected and all airway tissue and pleura was removed. The tissue

was then digested using dispase, collagenase I, and DNase using the gentleMACS dissociator (Miltenyi) for 30 min at 37�C. The re-

sulting cell suspensionwas passed over 70 mmand 40 mmfilters to generate a single cell suspension. Purified human AEC2 cells were

obtained bymagnetic bead sorting usingMACS LS columns (Miltenyi) and the following antibodies: HT2-280 (anti-human AEC2 anti-

body, IgM, Terrace Biotechnologies) and anti-IgM magnetic beads (Miltenyi). MACS-sorted cells were collected into trizol.

Mesenchymal Co-culture Experiments
For 3D experiments with and without supportive fibroblasts, primary AEC2 cells were obtained via bead sorting for HT2-280 expres-

sion as described above. Cells were cultured in amix of 50%matrigel and 50%SAGMmedia (Lonza) CK+DCI media in 24 well trans-

well inserts, with additional media provided in the lower chamber and changed every 48h. For experiments including supportive

fibroblasts, low passage (< passage 10) human lung fibroblasts (MRC5 cells, ATCC, line CCL-171) were added at a 10 fibroblasts

to 1 epithelial cell ratio. Cultures were maintained for 2 weeks, and colony forming efficiency was calculated by counting colonies

of > 8 visible cells using a 60x objective, and dividing by the number of input epithelial cells. Statistical comparisons were done

by ANOVA with follow-up pairwise comparisons done using the method of Bonferroni to control for multiple comparison.

RNA Sequencing
The following samples were harvested from RUES2 PSCs in Qiazol (QIAGEN) for RNA Sequencing analysis. (1) Day 0 samples

representing undifferentiated PSCs cultured feeder-free in mTeSR1 media, as described above. (2) Day 15 samples representing

CD47hi/CD26lo sorted lung progenitor. Flow cytometry analysis confirmed that this population consisted of between 85%–90%

NKX2-1+ cells. (3) Day 35 SFTPCtdTomato+ (Tom+) and SFTPCtdTomato- (Tom-) samples resulting from the outgrowth of the day 15

sorted progenitors. Other samples were harvested from primary cells: (1) Week 21 human fetal distal lung cells (as described above),

(2) Week 21 human fetal distal lung cells, cultured in ‘‘DCI’’ media for 4 days (as described above), and (3) Adult AEC2s purified by

HT2-280-based sorting (as described above). Sequencing libraries were prepared from total RNA samples using Illumina TruSeq

RNA Sample Preparation Kit v2. The mRNA was isolated using magnetic beads-based poly(A) selection, fragmented, and randomly

primed for reverse transcription, followed by second-strand synthesis to create double-stranded cDNA fragments. These cDNA
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fragmentswere then end-repaired, addedwith a single ‘A’ base, and ligated to Illumina�Paired-End sequencing adapters. The prod-

ucts were purified and PCR-amplified to create the final cDNA library. The libraries from individual samples were pooled in groups of

four for cluster generation on the Illumina cBot using Illumina TruSeq Paired-End Cluster Kit. Each sample was sequenced four per

lane on the Illumina HiSeq 2500 to generate more than 30 million single end 100-bp reads.

Reverse Transcriptase Quantitative PCR
RT-qPCR was performed as previously described (Hawkins et al., 2017). Briefly, RNA was isolated according to manufacturer’s

instructions using the QIAGEN miRNeasy mini kit (QIAGEN). cDNA was generated by reverse transcription of up to 150ng RNA

from each sample using the Applied Biosystems High-Capacity cDNA Reverse Transcription Kit. For qPCR, technical triplicates

of either 20 mL reactions (for use in Applied Biosystems StepOne 96-well System) or 12 mL reactions (for use in Applied Biosystems

QuantStudio7 384-well System) were prepared with 2 mL of diluted or undiluted cDNA and run for 40 cycles. All primers were TaqMan

probes from Applied Biosystems (see all in Key Resources Table). Relative gene expression was calculated based on the average

cycle (Ct) value of the technical triplicates, normalized to 18S control, and reported as fold change (2(-DDCT)), with a fold change of

1 being assigned to undifferentiated (day 0) iPSCs or ESCs. Undetected probes were assigned a Ct value of 40 to allow for fold

change calculations.

Immunofluorescence Microscopy of Cultured Cells
Alveolospheres were dissociated as described above, washed in PBS, and fixed with 4% paraformaldehyde. Alveolospheres were

subsequently either processed for cryosectioning or whole-mount staining. For cryosectioning, fixed alveolospheres were first

embedded in low melting temperature agarose (SeaPrep). After incubation in 7.5% and 30% sucrose solution, they were further

embedded in OCT and flash frozen. 6 mm sections were cut on a cryotome. Both whole mount alveolospheres and frozen sections

were washed in PBS, blocked in 4% normal donkey serum (NDS) with 0.5% Triton X-100 (Sigma) for 30min, and incubated overnight

in primary antibody (see Key Resources Table) in 0.5% Triton X-100 and 4%NDS. Samples were then washed in 4% NDS and incu-

bated with secondary antibody from Jackson Immunoresearch (1:300 anti rabbit IgG (H+L) or anti mouse IgG (H+L)) for 2 hr at room

temperature. Nuclei were stained with Hoechst dye (Thermo Fisher, 1:500) and sections were mounted with Prolong Diamond Anti-

FadeMounting Reagent (ThermoFisher) and coverslipped, while whole mount alveolospheres were mounted on cavity slides (Eisco).

Both stained whole mount and cryosectioned alveolospheres were visualized with a Zeiss LSM 880 laser scanning confocal

microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Methods
In figures containing RT-qPCR, flow cytometry, or lipidomics data, data was presented as the mean with error bars representing the

standard deviation from the mean. Unpaired, two-tailed Student’s t tests were performed on 2 groups of nR 3 replicates each, and

the p value threshold to determine significance was set at p = 0.05. Replicates generally represent samples differentiated separately

from Day 0, though in some cases they represent separate sorted populations from the same differentiation.

Immunogold Quantification
To determine if immunogold stained mature SFTPB and mature SFTPC localized to specific cellular compartments in PSC-derived

cells, gold counts registered on biosynthetic and non-biosynthetic compartments were tabulated and analyzed by relative labeling

index (RLI) described byMayhew (Mayhew, 2011). Briefly, non-destructive counting grids generated by the grid plugin under FIJI was

randomly superimposed over the acquired electron micrograph at magnification of 15,000x. Gold counts and sampled grid points

registered on the compartments of interest, i.e., multivesicular bodies/lamellar bodies, were collected for estimation of the expected

gold counts for selected compartments after normalization to surface areas of selected compartment to total cell surface areas. To

determine if gold labeling was specific to the compartments of interests, observed counts (n = 1160 and 2510 total gold particles for

SFTPB and SFTPC, respectively) were compared with expected counts by c2 statistics and contingency table analyses. Any cellular

compartment that had RLI > 1 (p < 0.05) and significantly higher partial c2 value compared to other compartments was considered

labeled preferentially by SFTPB or SFTPC antibodies (25% of total c2 value was arbitrarily chosen for this study).

RNA Sequencing
Fastq files were assessed for quality control using the FastQC program. Fastq files were aligned against the human reference

genome (hg19/hGRC37) using the STAR aligner (Dobin et al., 2013). Duplicate reads were flagged using theMarkDuplicates program

from Picard tools. Gene counts represented as counts per million (CPM) were computed for Ensembl (v67) gene annotations using

the Rsubread R package with duplicate reads removed. Genes with 10% of samples having a CPM < 1 were removed and deemed

low expressed. The resultant data was transformed using the VOOM method implemented in limma R package (Law et al., 2014).

Voom transformed data was then tested for differential gene expression using standard linear models using the limma package. Mul-

tiple hypothesis test correction was performed using the Benjamini–Hochberg procedure (FDR). Heatmaps and PCA plots were
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generated in R. Gene Set Enrichment Analysis (GSEA) was performed using the camera method implemented on the limma package

using gene sets from the Molecular Signatures database (MSigDB).

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw fastq files and VOOM transformed gene expression files reported in this paper is GEO: GSE96642

and is available as well on the Kotton Lab’s Bioinformatics Portal at http://www.kottonlab.com.

ADDITIONAL RESOURCES

Further protocol information for reprogramming, iPSC/ESC cultures, directed differentiation and the production of lentiviral particles

can be found at http://www.bu.edu/dbin/stemcells/protocols.php.
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Supplemental Figures 
 
Figure S1 
 

 
 
Figure S1. Targeting and validation of NKX2-1GFP and SFTPCtdTomato reporter lines. 
Related to Figure 1. (a) C17 NKX2-1GFP; SFTPCtdTomato (NGST), RUES2 SFTPCtdTomato 



(ST), and BU3 NKX2-1GFP; SFTPCtdTomato (NGST) iPSC lines show normal karyotype in 
20 out of 20 cells by G-banding analysis. (b) Primer binding locations, gel showing PCR 
validation of tdTomato targeting (P3,P4; 906bp); intact endogenous SFTPC in the non-
targeted locus (P1,P2; 997bp); and excision of the puromycin resistance cassette 
(P5,P6; 600bp). Note: primers P1 and P3 bind in the endogenous genome outside of 
any targeting plasmids. First 4 lanes on each gel (1-4) are clones selected for 
screening, + indicates positive control for each expected PCR product, - indicates 
negative control, and W represents “water only” control. (c) Published differentiation 
protocol with representative GFP/tdTomato/phase overlay images of C17 reporter line 
at anterior foregut endoderm stage, day 15, day 33, and day 35 of differentiation. Black 
arrows indicate emergence of a loop of epithelium co-expressing NKX2-1GFP and 
SFTPCtdTomato (orange); scale bar, 1mm. Table showing growth factor abbreviations and 
concentrations. (d) Representative flow cytometry from C17 day 35 differentiation. RT-
qPCR of presort and sorted (NG-ST-, NG+ST-, or NG+ST+) populations; bars represent 
fold change (2-ΔΔCt) ± S.D., n=3 biological replicates separated at day 0. See also main 
figure 1 and supplemental video. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



Figure S2 
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Figure S2. Manipulation of signaling pathways and day 15 surface marker-based 
sorting in alveolosphere generation. Related to Figure 1. (a) Differentiation scheme 
and yield of SFTPC+ cells resulting from unsorted progenitors. Bars represent mean ± 
S.D. in day 30 RUES2 cultured from day 15-30 in CFK+DCI media with one component 
removed in n=3 differentiations separated at day 0. (b) C17 iPSCs differentiated in a 
similar screening approach to that shown in A, except NKX2-1+ progenitors are sorted 
on day 15 for outgrowth in various media and analyzed at day 21 by flow cytometry. 
Bars represent mean ± S.D. Left: media consist of CFK+DCI with one indicated 
component added (abbreviations listed in the above table) in n=3 differentiations. 
Middle: various components were removed from CFK+DCI media in n=3 differentiations 
(*p ≤ 0.05, **p ≤ 0.01 compared to the CFK+DCI condition by unpaired, two-tailed 
Student’s t-test). Right: CK+DCI media was supplemented with various components in 
n=2 differentiations. No conditions other than CK+DCI showed a significant increase in 
day 21 percent SFTPCtdTomato+ cells when compared to CFK+DCI media. (c) 
Representative flow cytometry of day 15 CD47hi/CD26lo and CD47lo populations. Top: 
intracellular NKX2-1 protein on day 15 in unsorted, CD47hi/CD26lo, and CD47lo sort 
gates. Bottom: SFTPCtdTomato expression in the 3D day 21 outgrowth of each sorted and 
replated population. Bars represent mean ± S.D. of n=3 differentiations separated at 
day 0 (***p ≤ 0.001, ****p ≤ 0.0001 by unpaired, two-tailed Student’s t-test). (d) BU3 
SFTPCtdTomato expression in the day 21 outgrowth of day 15 unsorted, sorted GFP+, or 
sorted GFP- populations. Bars represent mean ± S.D. of n=3 differentiations separated 
at day 0 (***p ≤ 0.001, ****p ≤ 0.0001 by unpaired, two-tailed Student’s t-test). (e) Table 
shows mean yield ± S.D. of day 15 progenitors per input day 0 PSC, day 30 
SFTPCtdTomato+ cell mean yield ± S.D. per input day 15 progenitor cell in RUES2, BU3, 
and C17 PSC lines, and Passage 3 (day 70 and 66 for BU3 and RUES2, respectively) 
SFTPCtdTomato+ cell mean yield ± S.D per input day 30 or 22 (for BU3 and RUES2, 
respectively) sorted SFTPCtdTomato+ cell. See also main figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S3 
 

 
 
 
Figure S3. Expression of alveolar transcripts pre- and post- alveolosphere 
passaging. Related to Figure 2. (a) Representative flow cytometry of day 30 BU3 
iPSCs, sorted based on GFP expression on day 15 for replating and outgrowth until day 
30. RT-qPCR of day 30 “presort” population vs cells sorted from each indicated 
quadrant (NG-ST-, NG+ST-, or NG+ST+); bars represent mean fold change (2-ΔΔCt) ± 
S.D., n=3 biological replicates from differentiations separated at the day 15 sort stage 
(**p≤ 0.01, ***p ≤ 0.001 by unpaired, two-tailed Student’s t-test). (b) RT-qPCR of day 
66, passage 3 alveolospheres (unsorted outgrowth from day 38 sorted SFTPCtdTomato+ 
cells); bars represent mean fold change (2-ΔΔCt) ± S.D., n=3 biological replicates from 
differentiations separated at the day 38 sort stage. (c) Graph shows mean colony 
forming efficiency ± S.D., n=4 biological replicates for RUES2 SFTPCtdTomato+ sorted 
alveolospheres (~95% SFTPCtdTomato+; PSC-AEC2) and primary adult human AEC2s 
(Adult AEC2) in either SAGM or CK+DCI media ± MRC5 mesenchymal feeder cells. 
(*p≤ 0.05, ANOVA). See also main figure 2. 
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Figure S4 
 

 
 
Figure S4. Ultrastructural analysis of alveolospheres. Related to Figure 3. (a) 
Representative TEM images of day 70 BU3 alveolospheres, outgrowth from cells sorted 
on day 30 for SFTPCtdTomato expression and passaged 3 times. Scale bar, 500nm. (b) 
Periodic acid-Schiff (PAS) stain of day 30 RUES2 alveolospheres, with pink staining 
indicating glycogen positive cytoplasmic regions. (c) Additional TEM images of day 30 
RUES2 alveolospheres. See also main figure 3. 
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Figure S5 
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Figure S5. Global transcriptomic profiling of iAEC2s compared to early timepoints 
in differentiation and primary AEC controls. Related to Figure 5. (a) List of all 
Hallmark Gene Set Enrichment Analysis (GSEA) pathways upregulated in adult AEC2s 
vs Tom+ cells (ranked by FDR, FDR≤0.05), with pathways related to immune signaling 
highlighted in yellow and pathways related to oxidant stress highlighted in orange. (b) 
Left panel shows a Venn diagram of genes upregulated in Adult AEC2s vs day 15 cells 
and genes upregulated in Tom+ cells vs day 15 cells (FDR ≤ 0.05), with selected AEC2 
genes shown in the overlap region. In each non-overlapping region, the top 10 
upregulated genes ranked by fold change are shown. Right panel shows a Venn 
diagram of genes upregulated in Tom+ vs day 15 cells and genes upregulated in Tom- 
cells vs day 15 cells (FDR ≤ 0.05). In each non-overlapping region, the top 10 
upregulated genes ranked by fold change are shown. Note: the Tom+ and Tom- cells 
largely upregulate the same genes from day 15-35, including many AEC2 genes. (c) 
List of all Hallmark GSEA pathways upregulated in Tom+ cells vs. day 15 cells (ranked 
by FDR, FDR ≤ 0.05), with the TNFα/NFκB and IL6/Jak/Stat3 pathways (the top 
signaling pathways differentially expressed) highlighted. (d) Heatmap of log2 expression 
of selected genes in day 0, day 15, day 35 Tom-, day 35 Tom+, week 21 AEC, and 
adult AEC2 populations. (e) List of all Hallmark GSEA pathways upregulated in Tom- 
cells vs. Tom+ cells (ranked by FDR, FDR≤0.05), with the Wnt/βCatenin signaling 
pathway (the top developmental signaling pathway differentially expressed) highlighted. 
(f) RT-qPCR of day 30 “presort” population vs NG-ST-, NG+ST-, or NG+ST+ cells, as 
indicated in Figure 2B and S3A; bars represent mean fold change (2-ΔΔCt) ± S.D., n=3 
biological replicates from differentiations separated at the day 15 sort stage (**p≤ 0.01, 
***p ≤ 0.001 by unpaired, two-tailed Student’s t-test). (g) Table shows mean total cell 
yield ± S.D. per input sorted BU3 tdTomato+ or tdTomato- GFP+ cell, mean percent 
SFTPCtdTomato+ in the outgrowth of each population, and mean yield of SFTPCtdTomato+ 
cells  ± S.D. per input sorted tdTomato+ or tdTomato- GFP+ cell for passage 1 and 3. 
Graph shows mean yield ± S.D. of total cell yield per input sorted BU3 tdTomato+ or 
tdTomato- GFP+ cell over 3 passages. See also main figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Figure S6 
 

 
 
 

Figure S6. Transcript expression in whole alveolospheres after CHIR addback. 
Related to Figure 6. (a) RT-qPCR of day 30 “presort” population vs NG-ST-, NG+ST-, 
or NG+ST+ cells, as indicated in Figure 2B and S3A; bars represent mean fold change 
(2-ΔΔCt) ± S.D., n=3 biological replicates from differentiations separated at day 15 sort 
stage (**p≤ 0.01, ***p ≤ 0.001 by unpaired, two-tailed Student’s t-test). (b) Bar graph 
representing day 66 percent SFTPCtdTomato+ cells in BU3 differentiation with sustained 
CHIR after sorting and replating NKX2-1GFP+ cells on day 34, or 6 days of withdrawal 
and 6 days of addback. n=3 biological replicates from differentiations separated at day 
34 sort stage (**p≤ 0.01 by unpaired, two-tailed Student’s t-test). (c) Schematic of CHIR 
addback protocol and representative RUES2 day 48 flow cytometry. (d) RT-qPCR of 
alveolar transcripts in day 48 alveolospheres differentiated using the protocol in Figure 
S6C compared to primary fetal alveolar epithelial control cells (week 21 gestation; “Wk 
21 lung”); bars represent mean fold change (2-ΔΔCt) ± S.D., n=3 biological replicates 
from differentiations separated at the day 15 sort stage. (e) Table shows mean total cell 
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yield ± S.D. per input sorted BU3 tdTomato+ cell generated using the sustained CHIR 
protocol or the CHIR addback protocol at passage 2. (f) Representative images of 
alveolospheres generated 2 passages post freeze/thaw from sorted BU3 tdTomato+ 
cells generated using the sustained CHIR protocol or the CHIR addback protocol. Scale 
bar, 50μm. Numbers represent mean total SFTPCtdTomato+ cell yield ± S.D. per input 
SFTPCtdTomato+ cell prior to the freeze/thaw cycle. See also main figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S7 
 

 
 
Figure S7. Reprogramming of dermal fibroblasts to generate patient-specific 
iPSCs carrying homozygous 121ins2 SFTPB mutations. Related to Figure 7. (a) 
Left: reprogramming approach to generate iPSCs free of any residual exogenous 
reprogramming factors. Schematic indicates approach for reprogramming the subject’s 
dermal fibroblasts using the hSTEMCCA-loxP lentiviral vector, encoding the 4 human 
factors, OCT4, KLF4, SOX2, and cMYC, with methods previously detailed (Somers et 
al., 2010). Right: table with patient clinical information. (b, c, and d) Southern blotting of 
BamH1-digested gDNA from each iPSC clone was used to quantify the number of 
copies of integrated reprogramming vector per clone, detected as a single integrated 
STEMMCA copy visualized with a probe against the WPRE lentiviral element. This 
single floxed-STEMCCA copy was then excised by transient exposure to Cre 
recombinase with validation by both PCR (b) and Southern blotting (d) of gDNA. 
Ethidium bromide stained Southern blot indicates similar loading and BamH1 digestion 
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of all clones. Red font indicates each subclone after transient Cre exposure. Normal 
karyotype (c) was confirmed by G-banding analysis, and this analysis was repeated, 
confirming normal karyotype after correction of the 121ins2 mutation (SP212Corr). (e) 
Immunostaining characterization of stem cell marker expression was performed for 
each clone with expected positive staining for SSEA4, TRA1/81, and TRA1/60. SSEA1 
staining (expected to be negative in human stem cells) was included as a negative 
control stain. See also main figure 7. 
 
 
Supplemental Information 
 
121ins2 SFTPB deficiency patient history.  
 
Female infant twin B was born at 35 weeks gestation (birth weight 2173g, 10-50th 
percentile) via cesarean section due to non-reassuring antenatal surveillance of male 
twin A.  Pregnancy was notable for diamniotic/dichorionic twin gestation and chronic 
hypertension for which mother received methyldopa.  Apgars were 8 at 9 and 1 and 5 
minutes of life, respectively.  The infant developed respiratory distress and cyanosis 
within minutes of birth and required intubation, mechanical ventilation, and surfactant 
replacement therapy.  Her respiratory status stabilized and she was extubated on day of 
life 4 to continuous positive airway pressure.  However, she developed progressive 
respiratory failure prompting reintubation, additional surfactant replacement therapy, 
high frequency oscillatory ventilation with FiO2 1.0 and nitric oxide to maintain adequate 
arterial saturations. She was also treated with glucocorticoids (methylprednisolone, 
hydrocortisone) and diuretics (aldactazide and furosemide).  Lung biopsy at 1 month of 
age demonstrated interstitial pneumonitis and type II pneumocyte hyperplasia.  Genetic 
testing revealed homozygous, loss of function mutations (c.397delinsGAA 
(p.P133Efs*95), hg19; also known as “121ins2”) in the surfactant protein B gene 
(SFTPB). The infant underwent bilateral lung transplantation at 4 months of age. Lung 
explant histology revealed abnormal small air space development, marked hypertrophy 
of smooth muscle with extension into the lung periphery, type II pneumocyte 
hyperplasia, evidence of alveolar proteinosis, and vascular changes consistent with 
pulmonary hypertension.  She is alive 8 years post lung transplant and doing well at the 
time of manuscript submission. 
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