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Summary:  
The bud tip epithelium of the branching mouse and human lung contains 
multipotent progenitors that are able to self-renew and give rise to all mature lung 
epithelial cell types. The current study aimed to understand the developmental 
signaling cues that regulate bud tip progenitor cells in the human fetal lung, 
which are present during branching morphogenesis, and to use this information 
to induce a bud tip progenitor-like population from human pluripotent stem cells 
(hPSCs) in vitro.  We identified that FGF7, CHIR-99021 and RA maintained 
isolated human fetal lung epithelial bud tip progenitor cells in an undifferentiated 
state in vitro, and led to the induction of a 3-dimensional lung-like epithelium from 
hPSCs. 3-dimensional hPSC-derived lung tissue was initially patterned, with 
airway-like interior domains and bud tip-like progenitor domains at the periphery. 
Epithelial bud tip-like domains could be isolated, expanded and maintained as a 
nearly homogeneous population by serial passaging. Comparisons between 
human fetal lung epithelial bud tip cells and hPSC-derived bud tip-like cells were 
carried out using immunostaining, in situ hybridization and transcriptome-wide 
analysis, and revealed that in vitro derived tissue was highly similar to native 
lung. hPSC-derived epithelial bud tip-like structures survived in vitro for over 16 
weeks, could be easily frozen and thawed and maintained multi-lineage potential. 
Furthermore, hPSC-derived epithelial bud tip progenitors successfully engrafted 
in the proximal airways of injured immunocompromised NSG mouse lungs, 
where they persisted for up to 6 weeks and gave rise to several lung epithelial 
lineages.  
 
 
Introduction:  
During development, the lung undergoes branching morphogenesis, where a 
series of stereotyped epithelial bifurcations give rise to the branched, tree-like 
architecture of the adult lung (Metzger et al., 2008). A population of rapidly 
proliferating progenitor cells resides at the tips of the epithelium throughout the 
branching process (‘bud tip progenitors’) (Branchfield et al., 2015; Rawlins et al., 
2009). This population, which expresses Id2 and Sox9 in mice, has the capability 
to differentiate into both mature airway and alveolar cell types. At early stages of 
branching morphogenesis, this population of progenitors gives rise to proximal 
airway cells, while at later time points these progenitors give rise to alveolar cells 
(Branchfield et al., 2015; Rawlins et al., 2009).  
 
Studies utilizing genetic mouse models have shown that lung branching 
morphogenesis and proximal-distal patterning are regulated by a series of 
complex mesenchymal-epithelial interactions that involve multiple signaling 
events, transcription factors, and dynamic regulation of the physical environment 
(Domyan and Sun, 2010; Hines and Sun, 2014; Kim and Nelson, 2012; Morrisey 
et al., 2013; Morrisey and Hogan, 2010; Rawlins, 2010; Rock and Hogan, 2011; 
Varner and Nelson, 2014). These studies have identified major roles for several 
signaling pathways in these processes, including Wnt, Fibroblast Growth Factor 
(Fgf), Bone Morphogenic Protein (Bmp), Sonic Hedgehog (Shh), Retinoic Acid 
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(RA) and Hippo signaling, among others (Abler et al., 2009; Bellusci et al., 
1997a; 1997b; 1996; Cornett et al., 2013; Desai et al., 2006; 2004; Domyan et 
al., 2011; Goss et al., 2009; Harris-Johnson et al., 2009; Herriges et al., 2015; 
Lange et al., 2015; Lu et al., 2009; Mahoney et al., 2014; Motoyama et al., 1998; 
Sekine et al., 1999; Shu et al., 2005; Weaver et al., 2000; White et al., 2006; Yin 
et al., 2011; 2008; Zhang et al., 2016; Zhao et al., 2014). However, due to the 
complex and intertwined nature of these signaling networks, perturbations in one 
pathway often affect signaling activity of others (Hines and Sun, 2014; Morrisey 
et al., 2013; Ornitz and Yin, 2012).  
 
These developmental principles, learned from studying model organism 
development, have been used as a guide to successfully direct differentiation of 
human pluripotent stem cells into differentiated lung lineages and 3-dimensional 
lung organoids (Chen et al., 2017; Dye et al., 2016a; 2015; Firth et al., 2014; 
Ghaedi et al., 2013; Gilpin et al., 2014; Gotoh et al., 2014; Huang et al., 2013; 
Konishi et al., 2015; Longmire et al., 2012; McCauley et al., 2017). However, 
specifically inducing and maintaining the epithelial bud tip progenitor cell 
population from hPSCs has remained elusive. For example, our own studies 
have shown that hPSCs can be differentiated into human lung organoids (HLOs) 
that possess airway-like epithelial structures and alveolar cell types; however, it 
was not clear if HLOs passed through a bud tip progenitor-like stage, mimicking 
all stages of normal development in vivo (Dye et al. 2015). More recent evidence 
from others has demonstrated that putative bud tip progenitor cells may be 
induced from hPSCs; however, these cells were rare and were not assessed in 
detail (Chen et al., 2017). Thus, generation of a robust population of bud tip 
progenitor cells from hPSCs would shed additional mechanistic light on how 
these cells are regulated, would provide a platform for further investigation into 
mechanisms of lung lineage cell fate specification, and would add a layer of 
control to existing directed differentiation protocols allowing them to pass through 
this developmentally important progenitor transition.  
 
In the current study, we conducted a low-throughput screen using isolated mouse 
epithelial bud tip cultures to identify factors that maintained epithelial bud tip 
progenitors in vitro. These conditions were also tested using isolated human fetal 
epithelial bud tip progenitors cultured in vitro and for the ability to induce a bud tip 
like population from hPSCs.  We determined that FGF7 promoted an initial 
expansion of human epithelial bud tip progenitors, and that the addition of CHIR-
99021 (a GSK3β inhibitor that acts to stabilize β-catenin) and All-trans Retinoic 
Acid (RA) (3-Factor conditions, herein referred to as ‘3F’) were required for 
growth/expansion of human fetal bud tips as epithelial progenitor organoids that 
maintained their identity in vitro.  
 
When applied to hPSC-derived foregut spheroid cultures, we observed that 3F 
conditions promoted growth into larger organoid structures with a patterned 
epithelium that had airway-like and bud tip-like domains. Bud tip-like domains 
could be preferentially expanded into ‘bud tip organoids’ using serial passaging. 
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hPSC-derived bud tip organoids had a protein expression and transcriptional 
profile similar to human fetal progenitor organoids. Finally, we demonstrated that 
hPSC-derived epithelial bud tip organoids can engraft into an injured mouse 
airway and undergo multilineage differentiation. Taken together, these studies 
provide an improved mechanistic understanding of human lung bud tip progenitor 
cell regulation and establish a platform for studying the maintenance and 
differentiation of lung bud tip progenitor cells.  
 
Results:  
 
Characterizing human fetal lung bud tip progenitors  
 
In mice, epithelial bud tip progenitor cells express several transcription factors, 
including Sox9, Nmyc and Id2 (Chang et al., 2013; Moens et al., 1992; Okubo et 
al., 2005; Perl et al., 2005; Rawlins et al., 2009; Rockich et al., 2013).  However, 
recent studies have suggested that significant differences  between murine and 
human fetal bud tip progenitor cells (Danopoulos et al., 2017; Nikolić et al., 
2017). To confirm and extend these recent findings, we carried out an 
immunohistochemical analysis using well-established protein markers that are 
present during mouse lung development (Figure 1A-C, Figure S1) on human 
lungs between 10-20 weeks of gestation. We also conducted RNAsequncing on 
freshly isolated epithelial lung bud tips, which were dissected to remove 
mesenchymal cells, to identify genes that were enriched in epithelial progenitors 
(Figure 1D-E). We note that our approach using manual and enzymatic 
dissection techniques were unlikely to yield pure epithelial cells, and likely 
possessed a small population of associated mesenchyme. Consistent with the 
developing mouse lung (Perl et al., 2005; Rockich et al., 2013), we observed that 
SOX9 is expressed in bud tip domains of the branching epithelium (Figure 1A, 
Figure S1A). In contrast to the developing murine lung, we observed SOX2 
expression in these bud tip progenitor domains until 16 weeks of gestation, at 
which time SOX2 expression was lost from this population (Figure 1A, Figure 
S1A). We also observed expression of ID2 by in situ hybridization (Figure 1B, 
Figure S1F), with expression becoming increasingly intense in the bud tips as 
branching progressed, up through 20 weeks gestation (Figure S1F). Bud tips 
expressed nearly undetectable levels of Pro-SFTPC at 10 and 12 weeks, with 
low levels of expression detected by 14 weeks (Figure S1D). Pro-SFTPC 
expression became more robust by 15 and 16 weeks and continued to increase 
in the bud tips until 20 weeks (Figure 1C; Figure S1D). SOX9+ bud tip cells were 
negative for several other lung epithelial markers including SFTPB, PDPN, 
RAGE and HOPX (Figure 1C, Figure S1C-E). We also examined expression of 
several proximal airway markers, including P63, acetylated-Tubulin (AC-TUB), 
FOXJ1, SCGB1A1 and MUC5AC and noted that expression was absent from the 
epithelial bud tip progenitors (negative staining data not shown).  We did observe 
that PDPN and HOPX were expressed in the transition zone/small airways 
directly adjacent to the SOX9+ bud tip domain at all time points examined (10-20 
weeks of gestation) but that this region did not begin to express the AECI maker 
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RAGE until 16 weeks of gestation (Figure 1C; Figure S1 B,C,E). RNA-
sequencing (RNAseq) of isolated, uncultured human fetal epithelial lung bud tips 
(n=2; 59 days, 89 days gestation) supported protein staining analysis of human 
fetal buds. Differential expression analysis to identify genes enriched in the 
human fetal bud tips (isolated human fetal epithelial bud tips vs. whole adult lung) 
identified 7,166 genes that were differentially expressed (adjusted P-value < 
0.01; Figure 1D). A curated heatmap highlights genes corresponding to Figure 
1A-C and previously established markers of lung epithelial cells (Figure 1E).  
Human fetal bud tips have recently been shown to have enrichment for 37 
transcription factors (Nikolić et al., 2017). In total, 20 of these 37 transcription 
factors were also enriched in our analysis (Figure 1F), and gene set enrichment 
analysis (GSEA) confirmed that this enrichment was highly significant (NES = -
1.8, adjusted P-value=9.1e-5). Combined, this data provided a profile of the 
protein and gene expression in human fetal lung buds prior to 15 weeks 
gestation (summarized in Figure 1G). 
 
Murine bud tip growth in vitro 
 
In order to establish an experimental framework that would allow us to efficiently 
work with rare/precious human tissue samples, we first conducted a low-
throughput screen using mouse epithelial bud tips to identify factors that 
promoted tissue expansion and maintenance of SOX9 expression.  Epithelial bud 
tips were isolated from lungs of embryonic day (E) 13.5 Sox9-eGFP mice and 
cultured in a Matrigel droplet (Figure  S2A). Isolated Sox9-eGFP lung bud tips 
were shown to express GFP and to have the same level of Sox9 mRNA as their 
wild type (WT) counterparts by QRT-PCR analysis (Figure S2B,C). Treating 
isolated E13.5 mouse bud tips with no growth factors (basal medium control) or 
individual factors identified from the literature as important for lung development 
showed that FGF7 robustly promoted growth, expansion and survival of isolated 
buds for up to two weeks (Figure S1D). Interestingly, the same concentration of 
FGF7 and FGF10 had different effects on lung bud outgrowth, an observation 
that could not be overcome even when buds were exposed to a 50-fold excess of 
FGF10 (Figure S2E).  
 
FGF7, CHIR-99021 and RA are sufficient to maintain the expression of 
SOX9 in vitro 
  
A lineage trace utilizing isolated epithelial bud tips from Sox9-CreER;Rosa26Tomato 
mice showed that FGF7 promoted outgrowth of Sox9+ distal progenitors cells 
(Figure S2F). However, Sox9 mRNA and protein expression were significantly 
reduced over time (Figure S2G, M). 
 
We therefore sought to identify additional growth factors that could maintain 
expression of SOX9 in vitro. To do this, we grew bud tips in media with all 5 
factors included in our initial screen (‘5F’ media), removed one growth factor at a 
time, and examined the effect on expression of Sox9 and Sox2 (Figure S2H-J). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 10, 2017. ; https://doi.org/10.1101/108845doi: bioRxiv preprint 

https://doi.org/10.1101/108845


Bud tips were grown in 5F minus one factor for two weeks in culture. Removing 
any individual factor, with the exception of FGF7, did not affect the ability of 
isolated buds to expand (Figure S2H). QRT-PCR analysis showed that removing 
BMP4 led to a statistically significant increase in Sox9 mRNA expression levels 
when compared to other culture conditions (Figure S2I). Removing any other 
single factor did not lead to statically significant changes in Sox9 expression 
(Figure S2I). Sox2 gene expression was generally low in all culture conditions 
(Figure S2J).  
 
Our data demonstrated that FGF7 is critical for in vitro expansion of isolated 
murine bud tips and removing BMP4 enhanced Sox9 expression. We therefore 
screened combinations of the remaining factors to determine a minimal set of 
factors that could maintain high SOX9 expression (Figure S2K-N). Cultured buds 
treated with 4-factor ‘4F’(‘4F’; FGF7, FGF10, CHIR-99021, RA) or 3-Factor 
conditions (‘3F’; FGF7, CHIR-99021, RA) supported the most robust SOX9 
protein and mRNA expression  (Figure  S2L-N)., with no significant differences 
between SOX9 expression between these two groups. Therefore, a minimum set 
of 3 factors (FGF7, CHIR-99021, RA) are sufficient to allow growth of mouse 
epithelial bud tip progenitor cells and to maintain SOX9 expression in vitro. 
 
 In vitro growth and maintenance of human fetal distal epithelial lung 
progenitors  
 
We asked if conditions supporting mouse bud tip progenitors also supported 
growth and expansion of human bud tip progenitors in vitro. Distal epithelial lung 
buds were enzymatically and mechanically isolated from the lungs of 3 different 
biological specimens at 12 weeks of gestation (84-87 days; n=3) and cultured in 
a Matrigel droplet (Figure 2A-B). When human bud tips were cultured in vitro, we 
observed that FGF7 promoted an initial expansion of tissue in vitro after 2 and 4 
weeks, but structures began to collapse by 6 weeks in culture (Figure S3A). All 
other groups tested permitted expansion and survival of buds as “fetal progenitor 
organoids” for 6 weeks or longer (Figure 2C; Figure S3A). A description of the 
nomenclature for different tissues/samples/organoids used in this manuscript can 
be found in Table 1 of the Methods.  Human fetal progenitor organoids exposed 
to 3F or 4F media supported robust expression of the distal progenitor markers 
SOX9, SOX2, ID2 and NMYC (Figure S3B-C). In contrast, culture in only 2 
factors (FGF7+CHIR-99021 or FGF7+RA) did not support robust bud tip 
progenitor marker expression (Figure S3B-C). QRT-PCR also showed that fetal 
progenitor organoids cultured in 3F or 4F media expressed low levels of the 
proximal airway markers P63, FOXJ1 and SCGB1A1 when compared to FGF7-
only conditions (Figure S3D-E).  
 
Collectively, our experiments suggested that FGF7, CHIR99021 and RA 
represent a minimal set of additives required to maintain SOX9+/SOX2+ fetal 
progenitor organoids in vitro. Supporting mRNA expression data, we observed 
robust SOX9 and SOX2 protein expression as demonstrated by 
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immunofluorescence in sections or by whole mount staining after 4 weeks in 
culture (Figure 2D-E). Consistent with expression data in lung sections prior to 16 
weeks gestation, we observed very weak pro-SFTPC protein expression in 
human bud tip progenitor organoids. Low levels of ID2 mRNA were also detected 
using in situ hybridization (Figure 2F-G). Protein staining for several markers was 
not detected in fetal progenitor organoids treated for 4 weeks in 3F medium, 
including P63, FOXJ1, SCGB1A1, MUC5AC, HOPX, RAGE, and SFTPB (n=8; 
negative data not shown), consistent with human fetal epithelial bud tips prior to 
16 weeks gestation (Figure S1A-E).  
 
We also performed RNA-sequencing on tissue from the distal portion of fetal 
lungs (epithelium plus mesenchyme) (n=3, 8, 12 and 18 weeks), on freshly 
isolated human epithelial bud tips (n=3, 8, 12 and 12 weeks) and on human fetal 
bud tip progenitor organoids grown in 3F media for 4 weeks in culture (n=2 12 
week biological samples, run with statistical triplicates). Analysis revealed a high 
degree of similarity across samples when comparing epithelial gene expression 
(Figure 2H). Additionally, we identified genes highly enriched in isolated fetal 
epithelial bud tips by conducting differential expression analysis on RNAseq data. 
For this analysis, we compared whole human adult lung versus uncultured 
isolated lung buds (12 weeks gestation) and versus cultured fetal progenitor 
organoids (12 weeks gestation, cultured for 2 weeks). In these analyses, whole 
human lung was used as a ‘baseline’, with the assumption that average 
expression of any given gene would be low due to the heterogeneous mixture of 
cells pooled together in the sample, providing a good comparator to identify 
genes that were enriched in fetal tissue and organoid samples. The top 1000 
upregulated genes in bud tips and in fetal progenitor organoids were identified 
(log2FoldChange < 0; adjusted p-value < 0.05). When comparing upregulated 
genes, we observed that 431 (27.5%) of the genes were commonly upregulated 
in both fetal bud tips and cultured fetal organoids, which was highly statistically 
significant (p-value = 1.4e-278 determined by a hypergeometric test)(Figure 2I). 
 
FGF7, CHIR-99021, RA induce a bud tip progenitor-like population of cells 
from hPSC-derived foregut spheroids  
 
Given the robustness by which 3F medium (FGF7, CHIR-99021, RA) supported 
mouse and human epithelial lung bud tip growth and maintenance in vitro, we 
sought to determine whether these culture conditions could promote an epithelial 
lung tip progenitor-like population from hPSCs. NKX2.1+ ventral foregut 
spheroids were generated as previously described (Dye et al., 2016a; 2015), and 
were cultured in a droplet of Matrigel and overlaid with 3F medium. Spheroids 
were considered to be “day 0” on the day they were placed in Matrigel (Figure 
3A-B). Foregut spheroids cultured in 3F medium generated patterned organoids 
(hereafter referred to as 'hPSC-derived patterned lung organoids'; PLOs) that 
grew robustly, demonstrating predictable growth patterns and gene expression 
reproducible across several different embryonic and induced pluripotent stem cell 
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lines (n=4) (Figure 3B; Figure S4). PLOs survived for over 16 weeks in culture, 
and could be frozen, thawed and re-cultured (Figure S4).  
 
At 2 and 6 weeks, PLOs co-expressed NKX2.1 and SOX2 in >99% of all cells 
(99.41 +/- 0.82% and 99.06 +/- 0.83%, respectively), while 16 week old PLOs 
possessed 93.7 +/- 4.6% NKX2.1+/SOX2+ cells (Figure 3C-D). However, PLOs 
at this later time point appeared less healthy (Figure 3B). Interestingly, no 
mesenchymal cell types were detected in patterned lung organoid cultures at 2, 6 
or 16 weeks by immunofluorescence (VIM, α-SMA, PDGFRα; negative 
immunostaining data not shown), and QRT-PCR analysis confirms very low 
expression of mesenchymal markers in PLOs generated from n=3 hPSC lines 
(Figure S4H).  
 
PLOs also exhibited regionalized proximal-like and bud tip-like domains (Figure 
3E-F). In 100% of analyzed PLOs (n=8) Peripheral budded regions contained 
cells that co-stained for SOX9 and SOX2, whereas interior regions of the PLOs 
contained cells that were positive only for SOX2 (Figure 3E-F). PLOs expressed 
similar levels of SOX2 and SOX9 when compared to fetal progenitor lung 
organoids (Figure 3G). Budded regions of PLOs also contained SOX9+ cells that 
weakly co-expressed pro-SFTPC, and ID2 based on in situ hybridization and 
QRT-PCR (Figure 3H-J).  
 
Interior regions of PLOs contained a small number of cells that showed positive 
immunostaining for the club cell marker SCGB1A1 (9%) and the goblet cell 
marker MUC5AC (1%), with similar morphology to adult human proximal airway 
secretory cells (Figure 3K-N). No multiciliated cells were present, as Acetylated-
Tubulin was not localized to cilia and FOXJ1 staining was absent (Figure 2K). 
Additionally, the basal cell marker P63 was absent from PLOs (Figure 2K), as 
was staining for markers of lung epithelial cell types including HOPX, RAGE, 
PDPN, ABCA3, SFTPB, and CHGA (negative data not shown). 
 
Expansion of epithelial tip progenitor-like cells from patterned lung 
organoids 
 
PLOs gave rise to epithelial cysts after being passaged by mechanical shearing 
through a 27-gauge needle, followed by embedding in fresh Matrigel and growth 
in 3F medium (Figure 4A-B). PLOs were successfully needle passaged as early 
as 2 weeks and as late as 10 weeks with similar results. Needle passaged cysts 
can be generated from hPSCs in as little as 24 days (9 days to generate foregut 
spheroids, 14 days to expand patterned lung organoids, 1 day to establish cysts 
from needle passaged organoids)(Figure 4A). Needle passaged epithelium re-
established small cysts within 24 hours and could be serially passaged every 7-
10 days (Figure 4C). The cysts that formed after needle passaging were 
NKX2.1+ (Figure S5A) and cells co-expressed SOX2 and SOX9 (Figure 4D-E). 
Based on these protein staining patterns, we refer to these cysts as ‘bud tip 
organoids’. When compared to PLOs, bud tip organoids possessed a much 
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higher proportion of SOX9+ cells (42.5% +/- 6.5%, n=5; vs. 88.3% +/- 2.3%, n=9; 
Figure 4E) and proliferating cells assed by KI67 immunostaining (38.24% +/- 
4.7%, n=9 for bud tip organoids vs. 4.9% +/- 0.6%, n=5 for PLOs; Figure 4F-I). In 
PLOs, we noted that proliferation was largely restricted to SOX9+ budded 
regions, but only a small proportion of SOX9+ cells were proliferating  (8.1% +/- 
0.9%, n=5), whereas bud tip organoids had a much higher proportion of 
proliferative SOX9+ cells (40.2% +/- 4.3%, n=9) (Figure 4I). Together, this data 
suggests that needle passaging enriches the highly proliferative bud tip regions 
of PLOs. 
 
Bud tip organoids were further characterized using in situ hybridization and 
immunofluorescence (Figure S5). Bud tip organoids exhibited protein staining 
patterns consistent with 12-14 week fetal lungs, including the absence of HOPX, 
RAGE, PDPN, and ABCA3, while we did observe low expression of ID2 (Figure 
S5B-D). Furthermore, no positive protein staining was detected for the proximal 
airway markers P63, FOXJ1, AC-TUB, MUC5AC, SCGB1A1 or CHGA (negative 
data not shown).  
 
We then conducted unbiased analysis of bud tip organoids using RNA-
sequencing to compare: i) hPSC-derived bud tip organoids; ii) whole peripheral 
(distal) human fetal lung tissue; iii) freshly isolated fetal bud tips; human fetal lung 
progenitor organoids; iv) undifferentiated hPSCs; v) hPSC-derived lung 
spheroids. Principal component analysis (PCA) and Spearman’s correlation 
clustering revealed the highest degree of similarity between hPSC-derived bud 
tip organoids, patterned lung organoids and human fetal organoids (Figure 4J; 
Figure S5F). Interestingly, freshly isolated bud tips and whole distal human fetal 
lungs clustered together, while all cultured tissues (bud tip organoids, PLOs, fetal 
progenitor organoids) clustered together, likely reflecting gene expression 
similarities driven by the tissue culture environment. This analysis highlights a 
high degree of molecular similarity between human fetal and hPSC-derived 
organoids grown in vitro  (Figure 4J).  
 
Differential expression of RNAseq data was also used to interrogate the 
relationship between tissues. We obtained upregulated genes from the following 
comparisons: i) uncultured, freshly isolated lung buds (8 and 12 weeks gestation) 
versus whole adult lung tissue; ii) cultured fetal progenitor organoids (12 weeks 
gestation, cultured for 2 weeks) versus whole adult lung tissue; iii) hPSC-derived 
bud tip organoids versus whole adult lung tissue. The top 1000 upregulated 
genes in each of the three groups were identified (log2FoldChange < 0; adjusted 
p-value < 0.05), and overlapping genes were identified (Figure 4L-M). A 
hypergeometric means test found that overlap of enriched genes from isolated 
human bud tips and hPSC-derived bud tip organoids were highly significant, with 
377 (23.2%) overlapping genes (p-value=9.3e-901; Figure 4L). Overlap between 
cultured fetal progenitor organoids and hPSC-derived bud tip organoids was also 
highly significant, with 477 (31.3%) overlapping genes (p-value=1.2e-1021) 
(Figure 4M). Of note, when all three groups were compared, a core group of 285 
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common upregulated genes were identified representing 14.3% of genes. Of 
these 285, several have been associated with human or mouse fetal bud tips 
(Nikolić et al., 2017; Rockich et al., 2013) (Figure 4N; COL2A1, ETV4, E2F8, 
FGF20, HMGA2, MYBL2, RFX6, SALL4, SOX9, SOX11). 
 
hPSC-derived bud tip organoids maintain multilineage potential in vitro and 
in vivo. 
 
In order to demonstrate that hPSC-derived organoids have bona fide progenitor 
potential, we took approaches to differentiate them in vitro (Figure 5) and by 
transplanting them into injured mouse lungs in vivo (Figure 6 and Figure S6).  For 
these experiments, we used induced pluripotent stem cells (iPSC) derived 
foregut spheroids to generate bud tip organoids (iPSC line 20-1 (iPSC20-1); 
(Spence et al., 2011)). 
 
In vitro differentiation:  
Since we were interested in investigating the potential of bud tip progenitor 
organoids to give rise to any lung epithelial lineage, we reasoned that 
withdrawing CHIR-99021 and RA may allow the cells to stochastically 
differentiate. Therefore, bud tip organoids were split into two treatment groups: 
3F medium or FGF7-only for 23 days (Figure 5A). At the end of the experiment, 
control bud tip organoids maintained a clear, thin epithelium with a visible lumen, 
whereas FGF7-differentiated organoids appeared as denser cysts with mucous-
like material inside of some organoids (Figure 5B). FGF7-differentiated organoids 
remained NKX2.1+/ECAD+ and SOX2+, signifying that they retained a lung 
epithelial identity, but showed decreased SOX9 protein expression (Figure 
5C,D). Gene expression analysis using qRT-PCR to compare 3F 
(undifferentiated) vs. FGF7-differentiated organoids showed significant increases 
of genes expressed in differentiated airway and alveolar epithelium (Figure 5E). 
When further compared to the whole distal portion of human fetal lung (positive 
control) and cultured human fetal duodenum (negative control), differentiated bud 
tip organoids showed a significant increase relative to 3F in many genes 
associated with differentiated epithelial cells, with many genes trending towards 
levels seen in the whole fetal lung (Figure 5F).   
 
Protein staining for airway and alveolar markers was carried out on human lung 
tissue samples as a reference and in FGF7-differentiated organoids (Figure 
5G,I). We observed that cells within FGF7-differentiated organoids expressed 
proximal airway markers, including the goblet cell markers MUC5AC and 
MUC5B, the club cell markers SCGB1A1, and the neuroendocrine cell markers 
SNY and CHGA (Figure 5F). Of note, we observed that SCGB1A1 and PLUNC 
were co-expressed in only a small subset of club cells in the adult lung, whereas 
many club cells were marked only with SCGB1A1 (Figure 5G). We did not 
observe P63, FOXJ1 or cilia with Acetylated-Tubulin staining in FGF7-
differentiated organoids (negative data not shown). Transmission electron 
microscopy (TEM) also revealed cells with mucous containing vesicles 
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characteristic of goblet cells within FGF7-differentiated organoids (Figure 5G).  
Immunostaining for alveolar markers revealed cells positive for AECI markers 
PDPN and HOPX, as well as cells double positive for AECII markers Pro-SFTPC 
and SFTPB and Pro-SFTPC and ABCA3 (Figure 5I). Of note, TEM also revealed 
putative lamellar bodies that were similar to those seen in 13 week human fetal 
lungs (Figure 5J). In both tissues, putative lamellar bodies were characteristically 
surrounded by what appears to be monoparticulate glycogen	 (Stahlman et al., 
2000). Both iPSC-derived and human fetal tissue lamellar bodies appear to be 
immature, and did not possess the typical concentric lamellae of mature 
structures	(Vanhecke et al., 2010) (Figure 5J). Based on both IF and TEM data, it 
is most likely that the alveolar cell types observed in FGF7-differentiated 
organoids are reminiscent of an immature cell, and may require more specific 
conditions to further mature the primitive AECI and AECII cells.  
 
Cells expressing cell type-specific lung epithelial markers were quantitated within 
FGF7-differentiated organoids, showing that organoids possessed cells 
expressing the alveolar markers: PDPN  - 8.6% of total cells; HOPX - 5.9% of 
total cells; SFTPB ~45% of total cells;  pro-SFTPC - ~ 45% of total cells; ABCA3 
– 6.3% of total cells (Figure 5J-K).  Many cells expressed airway markers: 43.2% 
of cells stained positive for nuclear SOX2, but not SOX9 (Figure 5J-K), 26.8% of 
cells stained positive for MUC5AC, while 7% of cells were positive for the club 
cell marker SCGB1A1, while FOXJ1 and P63 were absent (Figure 5K-L ). 
Additionally, 2.0% of cells expressed very clear co-staining for Chromagranin A 
(CHGA) and Synaptophysin, markers for neuroendocrine cells (Figure 5G, K-L).  
 
In vivo engraftment: 
We next sought to explore the differentiation potential of hPSC-derived bud tip 
progenitor organoids by engrafting them into the airways of injured mouse lungs 
(Figure S6 and Figure 6). Recent studies have shown that damaging the lung 
epithelium promotes engraftment of adult human lung epithelial cells (Ghosh et 
al., 2017).  
 
Interestingly, we observed that 7 days post injection of the cells, 79% of human 
cells in the mouse airway were still co-labeled by nuclear SOX2 and nuclear 
SOX9 and remained highly proliferative (Figure S6F-J). Immunofluorescent 
staining showed that of the small proportion of cells positive for only SOX2, 
42.8% of engrafted human cells expressed the club cell marker SCGB1A1, and 
25% expressed the goblet cell marker MUC5AC (Figure S6K-N). Multiciliated 
cells were not observed (negative FOXJ1 staining in Figure S6K) nor were basal 
cells nor alveolar cell markers (basal cells: P63, KRT5; AECI: HOPX, PDPN, 
RAGE; AECII: Pro-SFTPC, SFTPB, ABCA3; negative staining not shown).  
Collectively, our data suggested that hPSC-derived lung bud tip progenitor-like 
cells can engraft into the injured airway; however, the majority of engrafted cells 
(79%, Figure S6) retained expression of SOX9 after 7 days.  
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To determine whether engrafted cells could differentiate into multiple lung cell 
lineages, we carried out a long-term engraftment experiment where lungs were 
harvested 6 weeks after injection of cells (Figure 6). Mice received Naphthalene 
injury 24 hours prior to intratracheal injection of 600,000 dissociated bud tip 
organoid cells derived from iPSCs (iPSC20.1 tet-O GFP) (Figure 6A). 
Doxycycline was given on the final week of the experiment to induce expression 
from the tet-O-GFP transgene in the iPSC-derived cells. Experimental cohorts 
included: injury plus no cell injection (n=8 surviving animals); injury plus 
undifferentiated hPSC injection (n=4 surviving animals); injury plus bud tip 
organoid cell injection (n=15 surviving animals) (Figure 6B). Lungs from animals 
in all experimental groups successfully recovered from the injury (Figure 6E). 
Engrafted human cells were not observed in the “no cell injection” nor the 
“undifferentiated hPSC injection” cohorts (Figure 6B) as determined by 
NUMA+/GFP+ staining (Figure 6F-G). Of the 15 surviving mice that received bud 
tip organoid injections, 8 of them showed patches of NUMA+/GFP+ cells that 
engrafted into the airway (Figure 6C-D, 6F-G). The number of engrafted cell 
patches (Figure 6C) and the number of cells per patch (Figure 6D) varied across 
individual mice. While 2 mice exhibited a total of 4 small patches of engrafted 
cells in the bronchioles, the overwhelming majority of engrafted cells were found 
in the trachea and primary/secondary bronchi of mice. The rare engrafted cells 
within the bronchioles stained positive for proximal cell markers SOX2, MUC5AC 
or FOXJ1/AcTUB (data not shown).  
 
We conducted immunostaining for several lung epithelial markers to determine if 
engrafted tissue had differentiated, and we compared staining patterns to adult 
human lung tissue (Figure 6H). Immunostaining of the injury group that did not 
receive cells was also examined (Figure S6Q). We noted that engrafted human 
cells expressed low levels of NKX2.1, consistent with the human airway where 
the majority of cells expressed nearly undetectable levels of NKX2.1 (Figure 
S6S-T). Engrafted human cells (as determined by GFP or NuMA expression) 
also expressed SOX2, but not SOX9, suggesting these cells had differentiated 
into an airway fate (Figure 6H). Consistent with this observation, we observed 
engrafted human cells that possessed multiple cilia and co-expressed NuMA and 
multiciliated cell markers, AcTub and FOXJ1 (Figure 6H) and as determined in 
histological sections (Figure 6I). We also observed human cells expressing 
goblet cell markers MUC5AC and MUC5B. Finally, we observed human cells 
expressing the club cell marker SCGB1A1, but not PLUNC. Interestingly, we 
noted that PLUNC only marked a small subset of club cells in the human airway, 
suggesting that there is an underappreciated heterogeneity within this population 
in the human lung (Figure 6H).  We did not find evidence that engrafted human 
cells expressed the basal cell marker P63 nor alveolar cell specific markers 
(negative data not shown).   
 
Discussion: 
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The ability to study human lung development, homeostasis and disease is limited 
by our ability to carry out functional experiments in human tissues. This has led 
to the development of many different in vitro model systems using primary 
human tissue, and using cells and tissues derived from hPSCs (Dye et al., 
2016b; Miller and Spence, 2017). Current approaches to differentiate hPSCs 
have used many techniques, including the stochastic differentiation of lung-
specified cultures into many different lung cell lineages (Chen et al., 2017; Huang 
et al., 2013; Wong et al., 2012), FACS based sorting methods to purify lung 
progenitors from mixed cultures followed by subsequent differentiation (Gotoh et 
al., 2014; Konishi et al., 2015; Longmire et al., 2012; McCauley et al., 2017), and 
by expanding 3-dimensional ventral foregut spheroids into lung organoids (Dye et 
al., 2016a; 2015). Many or all, of these approaches rely on the differentiation of a 
primitive NKX2.1+ lung progenitor cell population, followed by subsequent 
differentiation into different cell lineages. However, during normal development, 
early NKX2.1-specified lung progenitors transition through a SOX9+ bud tip 
progenitor cell state on their way to terminal differentiation into both alveolar and 
airway cell fates (Branchfield et al., 2015; Rawlins et al., 2009). Despite the 
developmental importance of this bud tip progenitor, differentiation of a similar 
progenitor from hPSCs has remained elusive.  For example, several studies have 
identified robust methods to sort and purify lung epithelial progenitor cells from a 
mixed population (Gotoh et al., 2014; Konishi et al., 2015; McCauley et al., 
2017); however, whether or not these populations represent or transition through 
an epithelial bud tip-like state  is unknown.  
 
Inducing and maintaining the bud tip progenitor state in hPSC-derivatives in vitro 
has remained elusive, in part, because the complex signaling networks required 
controlling this population are not well understood. A recent study demonstrated 
the ability to culture human fetal bud tips in vitro, supporting the findings of the 
current study (Nikolić et al., 2017), however bona fide SOX9+/SOX2+ bud tip 
progenitor-like cells derived from hPSCs have not been described nor well 
characterized prior to this work. The ability to induce, de novo, robust populations 
of cells from hPSCs that do not rely on specialized sorting or purification 
protocols suggest that biologically robust experimental findings can be used in a 
manner that predicts how a naïve cell will behave in the tissue culture dish with a 
high degree of accuracy, and across multiple cell lines (D'Amour et al., 2005; 
Green et al., 2011; Spence et al., 2011).  
 
Our studies also identified significant species-specific differences between the 
human and fetal mouse lung. Differences included both gene/protein expression 
differences, as well as functional differences when comparing how cells 
responded to diverse signaling environments in vitro. These mouse-human 
differences highlight the importance of validating observations made in hPSC-
derived tissues by making direct comparisons with human tissues, as predictions 
or conclusions about human cell behavior based on results generated from the 
developing mouse lung may be misleading.  
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Our experimental findings, in combination with previously published work, have 
also raised new questions that may point to interesting avenues for future 
mechanistic studies to determine how specific cell types of the lung are 
generated. Previously, we have shown that lung organoids grown in high 
concentrations of FGF10 predominantly give rise to airway-like tissues, with a 
small number of alveolar cell types and a lack of alveolar structure, and these 
organoids also possess abundant mesenchymal cell populations (Dye et al., 
2016a; 2015).  Here, our results suggest that high concentrations of FGF10 
alone do not play a major role in supporting robust growth of epithelial bud tip 
progenitor cells. We also note that lung organoids grown in high FGF10 possess 
abundant P63+ basal-like cells (Dye et al., 2015), whereas bud tip organoids 
grown in 3F medium lack this population. These findings suggest that we still do 
not fully appreciate how various signaling pathways interact to control cell fate 
decisions or expansion of mesenchymal populations, and lay the groundwork for 
many future studies.  
 
Taken together, our current work has identified a signaling network required for 
the induction, expansion and maintenance of hPSC-derived lung epithelial bud 
tip progenitors. Simple needle passaging allowed us to expand a nearly 
homogenous population of proliferative bud tip-like progenitor cells for over 16 
weeks in culture, which remained multipotent in vitro and which were able to 
engraft into injured mouse lungs, terminally differentiate, and respond to systemic 
factors. The current thus study offers a robust and reproducible method to 
generate and maintain epithelial bud tip progenitors, which will facilitate future 
studies aimed at elucidating fundamental developmental mechanisms regulating 
human lung progenitor cells, and which may have applicability to regenerative 
medicine in the future. 
 
Methods: 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS  
 
Mouse models: 
All animal research was approved by the University of Michigan Committee on 
Use and Care of Animals. Lungs from Sox9-eGFP (MGI ID:3844824), 
Sox9CreER;RosaTomato/Tomato   (MGI ID:5009223 and 3809523)(Kopp et al., 2011), 
or wild type lungs from CD1 embryos (Charles River) were dissected at 
embryonic day (E) 13.5, and buds were isolated as described below and as 
previously described (del Moral and Warburton, 2010). 8-10 week old 
Immunocompromised NSG mice (Jackson laboratories strain #0005557) were 
used for engraftment studies. Pilot studies identified that females were more 
sensitive to Naphthalene and died at a higher rate, therefore male mice were 
used for engraftment experiments.   
 
Human lung tissue: 
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All research utilizing human fetal tissue was approved by the University of 
Michigan institutional review board. Normal human fetal lungs were obtained 
from the University of Washington Laboratory of Developmental Biology, and 
epithelial bud tips were dissected as described below. All tissues were shipped 
overnight in Belzer’s solution at 4 degrees Celsius and were processed and  
cultured within 4 hours of obtaining the specimen. Experiments to evaluate the 
effect on progenitor maintenance in culture by media conditions were repeated 
using tissues from 3 individual lung specimens; (1) 84 day post fertilization of 
unknown gender, (2), 87 day post fertilization male, and (3), 87 day post 
fertilization of unknown gender. RNAseq experiments of whole lung homogenate 
utilized tissue from 3 additional individual lungs; (4) 59 day male (5) 87 day of 
unknown gender and (6) 125 day of unknown gender. Use of normal adult 
human lung tissue was approved by University of Michigan institutional review 
board, and was obtained from warm autopsy organ donors arranged by the Gift 
of Life, Michigan. Adult human RNA-sequencing samples representing bulk 
sequencing of whole lung homogenates were obtained from the EMBL-EBI 
ArrayExpress repository (https://www.ebi.ac.uk/arrayexpress/experiments/E-
MTAB-1733/)	(Fagerberg et al., 2014). 
 
Cell lines and culture conditions: 
Mouse and human primary cultures: 
Isolated mouse bud tips were cultured in 4-6 µl droplets of matrigel, covered with 
media, and kept at 37 degrees Celsius with 5% CO2. Isolated human fetal lung 
bud tips were cultured in 25-50 µl droplets of matrigel, covered with media, and 
kept at 37 degrees Celsius with 5% CO2. Cultures media was changed every 2-4 
days. 
 
Generation and culture of hPSC-derived lung organoids: 
The University of Michigan Human Pluripotent Stem Cell Research Oversight 
(hPSCRO) Committee approved all experiments using human embryonic and 
induced pluripotent stem cell (hESC, iPSC) lines. Patterned lung organoids were 
generated from 4 independent pluripotent cell lines in this study: hESC line 
UM63-1 (NIH registry #0277) was obtained from the University of Michigan and 
hESC lines H9 and H1 (NIH registry #0062 and #0043, respectively) were 
obtained from the WiCell Research Institute. iPSC20.1 was previously described 
(Spence et al., 2011).  ES cell lines were routinely karyotyped to ensure normal 
karyotype and ensure the sex of each line (H9 - XX, UM63-1 – XX, H1 - XY). All 
cell lines are routinely monitored for mycoplasma infection monthly using the 
MycoAlert Mycoplasma Detection Kit (Lonza). Stem cells were maintained on 
hESC-qualified Matrigel (Corning Cat# 354277) using mTesR1 medium (Stem 
Cell Technologies). hESCs were maintained and passaged as previously 
described (Spence et al., 2011) and ventral foregut spheroids were generated as 
previously described (Dye et al., 2016a; 2015). Following differentiation, free-
floating foregut spheroids were collected from differentiated stem cell cultures 
and plated in a matrigel droplet on a 24-well tissue culture grade plate.  
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A summary of different tissue/sample types, nomenclature and descriptions can 
be found in Table 1.  
 
METHOD DETAILS 
 
Isolation and culture of mouse lung epithelial buds 
Mouse buds were dissected from E13.5 embryos. For experiments using 
Sox9CreER;RosaTomato/Tomato  mice, 50 ug/g of tamoxifen was dissolved in corn oil 
and given by oral gavage on E12.5, 24 hours prior to dissection. Briefly, in a 
sterile environment, whole lungs were placed in 100% dispase (Corning Cat# 
354235) on ice for 30 minutes. Lungs were then transferred using a 25uL wiretrol 
tool (Drummond Scientific Cat# 5-000-2050) to 100% FBS (Corning Cat#35-010-
CV) on ice for 15 minutes, and then transferred to a solution of Dulbecco's 
Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F12, ThermoFisher SKU# 
12634-010) with 10% FBS and 1x Pennicillin-Streptomycin (ThermoFisher Cat# 
15140122) on ice. To dissect buds, a single lung or lung lobe was transferred by 
wiretrol within a droplet of media to a 100mm sterile petri dish. Under a 
dissecting microscope, the mesenchyme was carefully removed and epithelial 
bud tips were torn away from the bronchial tree using tungsten needles (Point 
Technologies, Inc.). Care was taken to remove the trachea and any connective 
tissue from dissected lungs. Isolated bud tips were picked up using a p20 pipette 
and added to an eppendorf tube with cold Matrigel (Corning Ref# 354248) on ice. 
The buds were picked up in a p20 pipette with 4-6 uL of Matrigel and plated on a 
24-well tissue culture well (ThermoFisher Cat# 142475). The plate was moved to 
a tissue culture incubator and incubated for 5 minutes at 37 degrees Celsius and 
5% CO2 to allow the Matrigel droplet to solidify. 500uL of media was then added 
to the dish in a laminar flow hood. Media was changed every 2-3 days. 
 
Isolation and culture of human fetal lung epithelial bud tips. 
Distal regions of 12 week fetal lungs were cut into ~2mm sections and incubated 
with dispase, 100% FBS and then 10% FBS as described above, and moved to a 
sterile petri dish. Mesenchyme was removed by repeated pipetting of distal lung 
pieces after dispase treatment. Buds were washed with DMEM until 
mesenchymal cells were no longer visible. Buds were then moved to a 1.5 mL 
eppendorf tube containing 200 µL of Matrigel, mixed using a p200 pipette, and 
plated in ~20 µL droplets in a 24 well tissue culture plate. Plates were placed at 
37 degrees Celsius with 5% CO2 for 20 minutes while droplets solidified. 500uL 
of media was added to each well containing a droplet. Media was changed every 
2-4 days. 
 
RNA-sequencing and Bioinformatic Analysis 
RNA was isolated using the mirVana RNA isolation kit, following the “Total RNA” 
isolation protocol (Thermo-Fisher Scientific, Waltham MA). RNA sequencing 
library preparation and sequencing was carried out by the University of Michigan 
DNA Sequencing Core and Genomic Analysis Services 
(https://seqcore.brcf.med.umich.edu/). 50bp single end cDNA libraries were 
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prepared using the Truseq RNA Sample Prep Kit v2 (Illumina), and samples 
were sequenced on an Illumina HiSeq 2500. Transcriptional quantitation analysis 
was conducted using 64-bit Debian Linux stable version 7.10 (“Wheezy”). 
Pseudoalignment of RNA-sequencing reads was computed using kallisto v0.43.0 
and a normalized data matrix of pseudoaligned sequences (Transcripts Per 
Million, TPM) and differential expression was calculated using the R package 
DEseq2 (Bray et al., 2016; Love et al., 2014). Data analysis was performed using 
the R statistical programming language (http://www.R-project.org/) and was 
carried out as previously described (Dye et al., 2015; Finkbeiner et al., 2015; Tsai 
et al., 2016). The complete sequence alignment, expression analysis and all 
corresponding scripts can be found at 
https://github.com/hilldr/Miller_Lung_Organoids_2017. All raw data files 
generated by RNA-sequencing have been deposited to the EMBL-EBI 
ArrayExpress database (accession ID: E-MTAB-6023).  
 
 
Naphthaline injury 
Naphthaline (Sigma #147141) was dissolved in corn oil at a concentration of 40 
mg/ml. Adult male NSG mice were chosen for these experiments because we 
observed improved recovery and survival following injury compared to female 
mice. Mice that were 8-10 weeks of age were given i.p. injections at a dose of 
300 mg/kg weight. 
 
Intratracheal injection of fetal progenitor organoids and hPSC-derived bud 
tip organoid cells into immunocompromised mouse lungs 
Generating single cells from organoid tissues 
2-3 matrigel droplets containing organoid tissues were removed from the culture 
plate and combined in a 1.5mL eppendorf tube with 1mL of room temperature 
Accutase (Sigma #A6964). The tube was laid on its side to prevent organoids 
from settling to the bottom. Tissue was pipetted up and down 15-20 times with a 
1mL tip every 5 minutes for a total of 20 minutes. Single cell status was 
determined by microscopic observation using a hemocytometer. Cells were 
diluted to a concentration of 500,000-600,000 cells per 0.03 mL in sterile PBS. 
  
Intratracheal injection of cells 
Injection of cells into the mouse trachea was performed as previously described 
(Badri et al., 2011; Cao et al., 2017). Briefly, animals were anesthetized and 
intubated. Animals were given 500,000-600,000 single cells in 30-35 µL of sterile 
PBS through the intubation cannula.  
 
Culture media, growth factors and small molecules 
Serum-free basal media  
All mouse bud, human fetal bud, and hPSC-derived human lung organoids were 
grown in serum-free basal media (basal media) with added growth factors. Basal 
media consisted of Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 
(DMEM/F12, ThermoFisher SKU# 12634-010) supplemented with 1X N2 
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supplement (ThermoFisher Catalog# 17502048) and 1X B27 supplement 
(ThermoFisher Catalog# 17504044), along with 2mM Glutamax (ThermoFisher 
Catalog# 35050061), 1x Pennicillin-Streptomycin (ThermoFisher Cat# 15140122) 
and 0.05% Bovine Serum Albumin (BSA; Sigma product# A9647). BSA was 
weighed and dissolved in DMEM F/12 media before being passed through a 
SteriFlip 0.22 uM filter (Millipore Item# EW-29969-24) and being added to basal 
media. Media was stored at 4 degrees Celsius for up to 1 month. On the day of 
use, basal media was aliquoted and 50ug/mL Ascorbic acid and 0.4 uM 
Monothioglycerol was added. Once ascorbic acid and monothioglycerol had been 
added, media was used within one week. 
 
Growth factors and small molecules 
Recombinant Human Fibroblast Growth Factor 7 (FGF7) was obtained from R&D 
systems (R&D #251-KG/CF) and used at a concentration of 10 ng/mL unless 
otherwise noted. Recombinant Human Fibroblast Growth Factor 10 (FGF10) was 
obtained either from R&D systems (R&D #345-FG) or generated in house (see 
below), and used at a concentration of 10 ng/mL (low) or 500 ng/mL (high) 
unless otherwise noted. Recombinant Human Bone Morphogenic Protein 4 
(BMP4) was purchased from R&D systems (R&D Catalog # 314-BP) and used at 
a concentration of 10 ng/mL. All-trans Retinoic Acid (RA) was obtained from 
Stemgent (Stemgent Catalog# 04-0021) and used at a concentration of 50 nM. 
CHIR-99021, a GSK3β inhibitor that stabilizes β-CATENIN, was obtained from 
STEM CELL technologies (STEM CELL Technologies Catalog# 72054) and used 
at a concentration of 3 uM. Y27632, a ROCK inhibitor (APExBIO Cat# A3008) 
was used at a concentration of 10uM.  
 
Generation and Isolation of human recombinant FGF10 
Recombinant human FGF10 was produced in-house. The recombinant human 
FGF10 (rhFGF10) expression plasmid pET21d-FGF10 in E. coli strain 
BL21trxB(DE3) was a gift from James A. Bassuk at the University of Washington 
School of Medicine (Bagai et al., 2002). E. coli was grown in standard LB media 
with peptone derived from meat, carbenicillin and glucose.  rhFGF10 expression 
was induced by addition of isopropyl-1-thio-β-D-galactopyranoside (IPTG).  
rhFGF10 was purified by using a HiTrap-Heparin HP column (GE Healthcare, 
17040601) with step gradients of 0.5M to 2M LiCl.  From a 200 ml culture, 3 mg 
of at least 98% pure rFGF-10 (evaluated by SDS-PAGE stained with Coomassie 
Blue R-250) was purified.  rFGF10 was compared to commercially purchased 
human FGF10 (R&D Systems) to test/validate activity based on the ability to 
phosphorylate ERK1/2 in an A549 alveolar epithelial cell line (ATCC Cat#CCL-
185) as assessed by western blot analysis.	
 
RNA extraction and quantitative RT-PCR analysis 
RNA was extracted using the MagMAX-96 Total RNA Isolation System (Life 
Technologies). RNA quality and concentration was determined on a Nanodrop 
2000 spectrophotometer (Thermo Scientific). 100 ng of RNA was used to 
generate a cDNA library using the SuperScript VILO cDNA master mix kit 
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(Invitrogen) according to manufacturer’s instructions. qRT-PCR analysis was 
conducted using Quantitect SYBR Green Master Mix (Qiagen) on a Step One 
Plus Real-Time PCR system (Life Technologies). Expression was calculated as a 
change relative to GAPDH expression using arbitrary units, which were 
calculated by the following equation: [2^(GAPDH Ct - Gene Ct)] x 10,000. A Ct 
value of 40 or greater was considered not detectable. A list of primer sequences 
used can be found in Table 2. 
 
Tissue preparation, Immunohistochemistry, Electron Microscopy and 
imaging 
 
Paraffin sectioning and staining 
Mouse bud, human bud, and HLO tissue was fixed in 4% Paraformaldehyde 
(Sigma) for 2 hours and rinsed in PBS overnight. Tissue was dehydrated in an 
alcohol series, with 30 minutes each in 25%, 50%, 75% Methanol:PBS/0.05% 
Tween-20, followed by 100% Methanol, and then 100% Ethanol. Tissue was 
processed into paraffin using an automated tissue processor (Leica ASP300). 
Paraffin blocks were sectioned 5-7 uM thick, and immunohistochemical staining 
was performed as previously described (Spence et al., 2009). A list of antibodies, 
antibody information and concentrations used can be found in Table 3. PAS 
Alcian blue staining was performed using the Newcomer supply Alcian Blue/PAS 
Stain kit (Newcomer Supply, Inc.) according to manufacturer's instructions.   
 
Whole mount staining 
For whole mount staining tissue was placed in a 1.5mL eppendorf tube and fixed 
in 4% paraformaldehyde (Sigma) for 30 minutes. Tissue was then washed with 
PBS/0.05% Tween-20 (Sigma) for 5 hours, followed by a 2.5-hour incubation with 
blocking serum (PBS-Tween-20 plus 5% normal donkey serum). Primary 
antibodies were added to blocking serum and tissue was incubated for at least 
24 hours at 4 degrees Celcius. Tissue was then washed for 5 hours with several 
changes of fresh PBS-Tween-20. Secondary antibodies were added to fresh 
blocking solution and tissue was incubated for 12-24 hours, followed by 5 hours 
of PBS-Tween-20 washes. Tissue was then dehydrated to 100% methanol and 
carefully moved to the center of a single-well EISCO concave microscope slide 
(ThermoFisher Cat# S99368) using a glass transfer pipette. 5-7 drops of 
Murray's clear (2 parts Benzyl alcohol, 1 part Benzyl benzoate [Sigma]) were 
added to the center of the slide, and slides were coverslipped and sealed with 
clear nail polish.  
 
In situ hybridization 
In situ hybridization for ID2 was performed using the RNAscope 2.5 HD manual 
assay with brown chromogenic detection (Advanced Cell Diagnostics, Inc.) 
according to manufacturers instructions. The human 20 base pair ID2 probe was 
generated by Advanced Cell Diagnostics targeting 121-1301 of ID2 (gene 
accession NM_002166.4) and is commercially available. 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 10, 2017. ; https://doi.org/10.1101/108845doi: bioRxiv preprint 

https://doi.org/10.1101/108845


Imaging and image processing 
Images of fluorescently stained slides were taken on a Nikon A-1 confocal 
microscope. When comparing groups within a single experiment, exposure times 
and laser power were kept consistent across all images. All Z-stack imaging was 
done on a Nikon A-1 confocal microscope and Z-stacks were 3-D rendered using 
Imaris software. Brightness and contrast adjustments were carried out using 
Adobe Photoshop Creative Suite 6 and adjustments were made uniformly across 
images. Low magnification brightfield images of live cultures were taken using an 
Olympus S2X16 dissecting microscope. Image brightness and contrast was 
enhanced equally for all images within a single experiment using Adobe 
Photoshop. Images were cropped where noted in figure legends to remove blank 
space surrounding buds or cultures.  
 
Transmission Electron Microscopy 
Undifferentiated and differentiated iPSC-derived bud tip organoids and 13 week 
human fetal lung tissue was fixed overnight in 2.5% glutaraldehyde in Sorensen’s 
buffer (0.1M). The following day tissue was washed with Cacodylate buffer 
(0.05M) then post fixed for one hour in 1% osmium tetroxide. After fixation, the 
tissue was rinsed again in Cacodylate buffer (0.05M). The tissue was then 
dehydrated in an ethanol gradient, with tissue incubating for 15 minutes in 
solutions of 25%, 50%, 75% and 100% ethanol. Tissue was then cleared in 
propylene oxide. Epon resin was infiltrated into the tissue by mixing propylene 
oxide and Epon resin (3:1, 1:1, 1:3), tissues were incubated in each mixture for 
24 hours on a rocker. Tissues were then submerged into full strength Epon resin 
and rocked for two more days at room temperature, changing to fresh resin each 
day. Using fresh Epon resin, the tissues were arranged in molds and allowed to 
polymerize for 24 hours in a 60ºC oven.  Sections were cut using a Leica EM 
UC7 ultramicrotome and imaged using a JEOL 1400-Plus Transmission Electron 
Microscope. 
 
Quantification and Statistical Analysis  
 
All plots and statistical analysis were done using Prism 6 Software (GraphPad 
Software, Inc.). For statistical analysis of qRT-PCR results, at least 3 biological 
replicates for each experimental group were analyzed and plotted with the 
standard error of the mean. If only two groups were being compared, a two-sided 
student’s T-test was performed. In assessing the effect of length of culture with 
FGF7 on gene expression in mouse buds (Figure S2G), a one-way, unpaired 
Analysis of Variance (ANOVA) was performed for each individual gene over time. 
The mean of each time point was compared to the mean of the expression level 
for that gene at day 0 of culture. If more than two groups were being compared 
within a single experiment, an unpaired one-way analysis of variance was 
performed followed by Tukey's multiple comparison test to compare the mean of 
each group to the mean of every other group within the experiment. For all 
statistical tests, a significance value of 0.05 was used. For every analysis, the 
strength of p values is reported in the figures according the following: P > 0.05 
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ns, P ≤ 0.05 *, P ≤ 0.01 **, P ≤ 0.001 ***, P ≤ 0.0001 ****. Details of statistical 
tests can be found in the figure legends.  
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Table 1: Description of the nomenclature used in this manuscript.  
 
Sample nomenclature Description 
Peripheral fetal lung The distal/peripheral portion of the fetal 

lung (i.e. distal 0.5 cm) was excised 
from the rest of the lung using a 
scalpel. This includes all components 
of the lung (e.g. epithelial, 
mesenchymal, vascular).  

Isolated fetal bud tip The bud peripheral portion of the fetal 
lung was excised with a scalpel and 
subjected to enzymatic digestion and 
microdissection. The epithelium was 
dissected and separated from the 
mesenchyme, but a small amount of  
associated mesenchyme likely 
remained.  

Fetal progenitor organoid 3D organoid structures that arose from 
culturing isolated fetal epithelial bud 
tips. 

Foregut spheroid 3D foregut endoderm structure as 
described in Dye et al., 2015. Gives 
rise to PLO when grown in 3F media. 

Patterned lung organoid (PLO) Lung organoids that were generated by 
differentiating hPSCs, as described 
throughout the manuscript.  

Bud tip organoid Organoids derived from PLOs, 
enriched for SOX9/SOX9 co-
expressing cells, and grown/passaged 
in 3F medium.  
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TABLE 2: qRT-PCR primer sequences 
Species	 Gene	

Target	
Forward	Primer	Sequence	 Reverse	Primer	Sequence	

Mouse Aqp5 TAGAAGATGGCTCGGAGCAG CTGGGACCTGTGAGTGGTG 
Mouse Foxj1 TGTTCAAGGACAGGTTGTGG GATCACTCTGTCGGCCATCT 
Mouse Gapdh TGTCAGCAATGCATCCTGCA CCGTTCAGCTCTGGGATGAC 
Mouse Id2 AGAAAAGAAAAAGTCCCCAAATG GTCCTTGCAGGCATCTGAAT 
Mouse Nmyc AGCACCTCCGGAGAGGATA TCTCTACGGTGACCACATCG 
Mouse P63 AGCTTCTTCAGTTCGGTGGA CCTCCAACACAGATTACCCG 
Mouse Scgb1a1 ACTTGAAGAAATCCTGGGCA CAAAGCCTCCAACCTCTACC 
Mouse Sftpb ACAGCCAGCACACCCTTG TTCTCTGAGCAACAGCTCCC 
Mouse Sox2 AAAGCGTTAATTTGGATGGG ACAAGAGAATTGGGAGGGGT 
Mouse Sox9 TCCACGAAGGGTCTCTTCTC AGGAAGCTGGCAGACCAGTA 
Human FOXJ1 CAACTTCTGCTACTTCCGCC CGAGGCACTTTGATGAAGC 
Human GAPDH AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA 
Human HOPX GCCTTTCCGAGGAGGAGAC TCTGTGACGGATCTGCACTC 
Human ID2 GACAGCAAAGCACTGTGTGG TCAGCACTTAAAAGATTCCGTG 
Human MUC5AC* GCACCAACGACAGGAAGGATGAG CACGTTCCAGAGCCGGACAT 
Human NKX2.1 CTCATGTTCATGCCGCTC GACACCATGAGGAACAGCG 
Human NMYC CACAGTGACCACGTCGATTT CACAAGGCCCTCAGTACCTC 
Human P63 CCACAGTACACGAACCTGGG CCGTTCTGAATCTGCTGGTCC 
Human SCGB1A1 ATGAAACTCGCTGTCACCCT GTTTCGATGACACGCTGAAA 
Human SFTPB CAGCACTTTAAAGGACGGTGT GGGTGTGTGGGACCATGT 
Human SOX2 GCTTAGCCTCGTCGATGAAC AACCCCAAGATGCACAACTC 
Human SOX9 GTACCCGCACTTGCACAAC ATTCCACTTTGCGTTCAAGG 
Human SFTPC AGCAAAGAGGTCCTGATGGA CGATAAGAAGGCGTTTCAGG 
 
Note: All primer sequences were obtained from http://primerdepot.nci.nih.gov (human) or 
http://mouseprimerdepot.nci.nih.gov (mouse) unless otherwise noted. All annealing 
temperatures are near 60°C. 
 
*MUC5AC Huang, SX et al. Efficient generation of lung and airway epithelial cells from human 
pluripotent stem cells. Nature Biotechnol. 1–11 (2013). doi:10.1038/nbt.2754 
 
 
Table 3: Antibody information 

Primary Antibody Source Catalog # 
Used for Species  Dilution 

(Sections) 
Dilution  
(Whole 
mount) 

Clone 

Goat anti-CC10 (SCGB1A1) Santa Cruz 
Biotechnology sc-9770 Mouse, Human 1:200  C-20 

Goat anti-Chromogranin A 
(CHGA) 

Santa Cruz 
Biotechnology sc-1488 Human 1:100  C-20 

Goat anti-SOX2  Santa Cruz 
Biotechnology Sc-17320 Mouse, Human 1:200 1:100 polyclonal 

Mouse anti-ABCA3 Seven Hills 
Bioreagents 

WMAB-
17G524 

Human 1:500  17-H5-24 

Mouse anti-Acetylated 
Tubulin (ACTTUB) Sigma-Aldrich T7451 Mouse, Human 1:1000  6-11B-1 
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Mouse anti-E-Cadherin 
(ECAD) 

BD Transduction 
Laboratories  610181 

Mouse, Human 
1:500 

 
36/E-
Cadherin 

Mouse anti- human 
mitochondria Millipore MAB1273 Human 1:500  113-1 

Mouse anti-human nuclear 
matrix protein-22 (NuMA) Thermofisher PA5-22285 Human 1:500  polyclonal 

Mouse anti-Surfactant Protein 
B (SFTPB) 

Seven Hills 
Bioreagents Wmab-1B9 Mouse, Human 1:250  monoclonal 

Rabbit anti-Aquaporin 5 
(Aqp5) Abcam Ab78486 Mouse 1:500  polyclonal 

Rabbit anti-Clara Cell 
Secretory Protein (CCSP; 
SCGB1A1) 

Seven Hills 
Bioreagents Wrab-3950 

Mouse, Human 
1:250 

 
polyclonal 

Rabbit anti-HOPX Santa Cruz 
Biotechnology Sc-30216 Human 1:250  polyclonal 

Mouse anti-MUC5B Abcam AB77995 Human 1:250  monoclonal 

Rabbit anti-NKX2.1 Abcam ab76013 Human 1:200  EP1584Y 

Rabbit anti-PDPN Santa Cruz 
Biotechnology Sc-134482 Human 1:500  polyclonal 

Mouse anti-PLUNC R&D systems MAP1897 Mouse, Human 1:500  monoclonal 

Rabbit anti-Pro-Surfactant 
protein C (Pro-SFTPC) 

Seven Hills 
Bioreagents Wrab-9337 Human, Mouse 1:500  polyclonal 

Rabbit anti-P63 Santa Cruz 
Biotechnology sc-8344 Mouse, Human 1:200  H-129 

Rabbit anti-SOX9 Millipore AB5535 Mouse, Human 1:500 1:250 polyclonal 

Rabbit anti-Synaptophysin Abcam AB32127 Human 1:500  monoclonal 

Rat anti-KI67 Biolegend 652402 Mouse 1:100  16A8 

*Biotin-Mouse anti MUC5AC Abcam ab79082 Human 1:500  Monoclonal 

       

Secondary Antibody Source Catalog #  Dilution   

Donkey anti-goat 488 Jackson Immuno 705-545-147  1:500   

Donkey anti-goat 647 Jackson Immuno 705-605-147  1:500   

Donkey anti-goat Cy3 Jackson Immuno 705-165-147  1:500   

Donkey anti-mouse 488 Jackson Immuno 715-545-150  1:500   

Donkey anti-mouse 647 Jackson Immuno 415-605-350  1:500   

Donkey anti-mouse Cy3 Jackson Immuno 715-165-150  1:500   

Donkey anti-rabbit 488 Jackson Immuno 711-545-152  1:500   

Donkey anti-rabbit 647 Jackson Immuno 711-605-152  1:500   

Donkey anti-rabbit Cy3 Jackson Immuno 711-165-102  1:500   

Donkey anti-goat 488 Jackson Immuno 705-545-147  1:500   

Donkey anti-goat 647 Jackson Immuno 705-605-147  1:500   

Donkey anti-goat Cy3 Jackson Immuno 705-165-147  1:500   

Donkey anti-mouse 488 Jackson Immuno 715-545-150  1:500   

Donkey anti-mouse 647 Jackson Immuno 415-605-350  1:500   

Donkey anti-mouse Cy3 Jackson Immuno 715-165-150  1:500   

Donkey anti-rabbit 488 Jackson Immuno 711-545-152  1:500   

Donkey anti-rabbit 647 Jackson Immuno 711-605-152  1:500   

Donkey anti-rabbit Cy3 Jackson Immuno 711-165-102  1:500   

Streptavidin 488 Jackson Immuno 016-540-084  1:500   
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Figure legends:  
 
Figure 1. Characterization of bud tip progenitors from 14-16 weeks of 
human fetal lung development.  
(A) Expression of SOX2 and SOX9 in human fetal lungs at 14 and 16 weeks of 
gestation. Scale bar represents 50 µm. 
(B) Expression of ID2 in human fetal lungs at 15 weeks gestation as identified by 
in situ hybridization. Scale bar represents 50 µm. 
(C) Expression of SOX9 along with Pro-SFTPC, SFTPB, PDPN,HOPX, ABCA3 
or RAGE in human fetal lung at 15 weeks. Scale bars represent 50µm (low 
magnification images) and 25 µm (high magnification images). 
(D) Volcano plot of differentially expressed identified by comparing isolated, 
uncultured human fetal bud tips with whole adult human lung. A total of 7,166 
genes were differentially expressed (adjusted P-value < 0.01). 
(E) Heatmap showing expression of genes known to be expressed lung epithelial 
cells in isolated human fetal bud tips and whole adult human lung.  
(F) Heatmap showing expression of 37 human bud-tip enriched transcription 
factors (Nikolić et al., 2017) in isolated human fetal bud tips and whole adult 
human lung. 20 of the 37 transcription factors (marked with asterisk “*”) were 
statistically significantly enriched in isolated fetal bud tips.  
(G) Summary of markers expressed by bud tip cells in regions adjacent to the 
bud tips at 14-15 weeks gestation as identified by protein staining and in situ 
hybridization.  
 
Figure 2: FGF7, CHIR-99021 and RA are sufficient to maintain isolated 
human fetal bud tip progenitor cells in vitro. 
(A-B) Distal epithelial lung bud tips were isolated and cultured in Matrigel 
droplets. Scale bar in (B) represents 500µm.  
(C). Wholemount brightfield image of human fetal organoids grown in ‘3F’ 
medium (FGF7, CHIR-99021, RA) at 2, 4 and 6 weeks. Scalebar represents 500 
µm. 
(D) Protein staining of SOX2 and SOX9 in sections of fetal progenitor organoids 
grown in 3F medium. Scale bar represents 100µm. 
 (E) Wholemount staining, confocal Z-stack imaging and 3D rendering of SOX2 
and SOX9 in fetal progenitor organoids grown in 3F medium. Scale bar 
represents 100µm.  
(F) Pro-SFTPC after 4 weeks in culture in fetal progenitor organoids. Scale bars 
represent 50µm.  
(G) ID2 expression in fetal progenitor organoids after 4 weeks in culture as 
determined by in situ hybridization. Scale bar represents 50µm.  
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(I) Heatmap showing expression of genes known to be expressed lung epithelial 
cells in the whole adult human lung, in isolated human fetal bud tips and in fetal 
progenitor organoids. 
(J) Differential expression analysis (isolated fetal epithelial bud tips vs. whole 
adult lung; fetal progenitor organoids vs. whole adult lung) was used to identify 
the top 1000 most highly upregulated genes from each comparison 
(log2FoldChange < 0; adjusted p-value < 0.05). Gene overlap was identified 
using a Venn diagram. 27.5% of genes were common to both groups. A 
hypergeometric means test showed the number of overlapping genes was highly 
significant (overlapping p-value=1.4e-278).  
 
Figure 3: FGF7, CHIR-99021 and RA generate patterned epithelial lung 
organoids from hPSCs 
(A) Schematic of approach to derive patterned lung organoids (PLOs) from 
human pluripotent stem cells. 
(B) Brightfield images of hPSC-derived foregut spheroids cultured in 3F medium 
(FGF7, CHIR-99021 and RA) and grown in vitro. Images taken at 2, 3, 5, 6 and 
10 weeks. Scale bars represent 200µm.  
(C) Immunostaining for NKX2.1 and SOX2 in PLOs at 2, 6 and 16 weeks.  Scale 
bars represent 50µm.  
(D) Quantitative analysis of cells co-expressing NKX2.1 and SOX2 in PLOs at 2, 
6 and 16 weeks, as shown in (B). Each data point represents an independent 
biological replicate, and the mean +/- the standard error of the mean is shown for 
each group. 
(E) Brightfield image of a patterned lung organoid after 6 weeks (45 days) in 
culture, showing distal budded regions and interior regions (Scale bar represents 
200µm) and a schematic representing a patterned lung organoid, highlighting 
bud tip region and interior regions.  
(F) PLOs co-stained for SOX9 and SOX2 protein expression by 
immunofluorescence. Inset shows high magnification of boxed region. Scale bar 
represents 100 µm.   
(G) QRT-PCR analysis of SOX9 and SOX2 in undifferentiated hPSCs (H9 hESC 
line), in foregut spheroids (FG), fetal progenitor organoids and patterned lung 
organoids.  
 (H) Pro-SFTPC and SOX9 co-expression in bud tip region of a PLO. Scale bars 
represent 50 µm.  
(I) ID2 expression in PLOs after 40 days in vitro as determined by in situ 
hybridization. Scale bar represents 100µm.  
(J) QRT-PCR analysis of ID2 in undifferentiated hPSCs (H9 hESC line), in 
foregut spheroids (FG), fetal progenitor organoids and patterned lung organoids.  
(K) Interior regions of patterned lung organoids (top) and adult human airway 
(bottom) co-stained for SCGB1A1, Acetylated Tubulin (AC-TUB) and P63. Scale 
bars represent 100µm (left panels, low magnification) or 50µm (right panels, high 
magnification).  
(L) Interior regions of patterned lung organoids (top) and adult human airway 
(bottom) co-stained for MUC5AC and the epithelial marker β−catenin (βCAT). 
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Scale bars represent 100 µm (left panels, low magnification) or 50µm (right 
panels, high magnification). 
(M-N) Percent of cells expressing MUC5AC or SCGB1A1, plotted as aggregate 
data ((I); # cells positive in all organoids/total cells counted in all organoids) and 
for each individual patterned lung organoid counted ((J); # cells positive in 
individual organoid/all cells counted in individual organoid). 
 
Figure 4: Proliferative SOX9+/SOX2+ progenitors can be expanded from 
patterned lung organoids 
(A) Schematic of approach passage PLOs and expand bud tip organoids. 
(B) Needle sheared epithelial fragments were replated in a fresh Matrigel droplet 
that subsequently formed cystic structures, called ‘bud tip organoids’. Scale bar 
represents 1mm.  
(C) Quantitative assessment of organoid passaging and expansion. One single 
patterned lung organoid was needle passaged into 6 wells (passage 1), 
generating 75 new bud tip organoids in total (average 12.5 per well). A single 
well of the resulting bud tip organoids were then passaged into 6 new wells after 
2 weeks in culture (1:6 split ratio), generating 200 new organoids in total 
(average 33 per well). This 1:6 passaging was carried out two additional times, 
every 1-2 weeks for up to 4 passages before growth plateaued. 3 biological 
replicates were performed for expansion experiments; graph plots the mean +/- 
the SEM.  
(D) Immunostaining for SOX9 and SOX2 in bud tip organoids. Scale bar 
represents 50 µm. 
(E) Quantitation of the percent of SOX9+ cells in PLOs and bud tip organoids (# 
SOX9+ cells/total cells). Each data point represents an independent biological 
replicate and graphs indicate the mean +/- the standard error of the mean for 
each experimental group. A two-way unpaired Student’s T test was performed to 
compare the means of each group. A significance level of 0.05 was used. 
Significance is shown on the graph according to the following: P > 0.05 ns, P ≤ 
0.05 *, P ≤ 0.01 **, P ≤ 0.001 ***, P ≤ 0.0001 ****. 
(F-G) Immunostaining for KI67 and SOX9 in patterned lung organoids (F) and 
bud tip organoids (G). Scale bar represents 100um. 
(H-I) (H) Quantitation of the percent of all cells that were KI67+ in patterned and 
bud tip organoids (# KI67+ cells /total cells). (I) Quantitation of the percent of 
proliferating SOX9+ cells in patterned and bud tip organoids (# KI67+/SOX9+ 
cells/total cells). Each data point represents an independent biological replicate 
and graphs indicate the mean +/- the standard error of the mean for each 
experimental group. Significance was determined by an unpaired Student's T 
test. A significance value of 0.05 was used. P > 0.05 ns, P ≤ 0.05 *, P ≤ 0.01 **, P 
≤ 0.001 ***, P ≤ 0.0001 ****. 
(J) Principal component analysis of RNA-sequencing data to compare the global 
transcriptome of hPSCs, foregut spheroids, hPSC-derived patterned lung 
organoids, hPSC-derived bud tip organoids, whole peripheral (distal) fetal lung, 
freshly isolated (uncultured) fetal lung buds and fetal progenitor organoids.  
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(K) Heatmap showing expression of genes known to be expressed in lung 
epithelial cells in freshly isolated (uncultured) fetal lung buds and fetal progenitor 
organoids cultured for 2 weeks. 
(L-N) Differential expression analysis of: 1. isolated fetal bud tips vs. whole adult 
lung; 2. fetal progenitor organoids vs whole adult lung; 3. bud tip organoids vs. 
whole adult lung was used to identify the top 1000 most highly upregulated 
genes from each comparison (log2FoldChange < 0; adjusted p-value < 0.05). A 
Venn diagram illustrates common upregulated genes in (L) isolated bud tips and 
bud tip organoids; (M) fetal progenitor organoids and bud tip organoids (N) 
isolated bud tips, fetal progenitor organoids, bud tip organoids. (L)  
hypergeometric means test found that the shared gene overlap was highly 
significant (overlapping p-value=9.3e-901); (M) hypergeometric means test found 
that the shared gene overlap was highly significant (overlapping p-value=1.2e-
1021). (N) 285 overlapping genes were shared between the three groups. These 
genes represented 14.3% of all genes included in the comparison. A small 
subset of genes previously associated with human or mouse bud-tip progenitor 
cells are highlighted as “Selected overlapping genes” (L-N).    
 
Figure 5: Bud tip organoids retain multilineage potential in vitro  
(A) Schematic of experimental setup. iPSC20-1 bud tip organoids were initially 
cultured in 3F medium and subsequently grown in 3F medium or media 
containing FGF7 alone (‘differentiation media’) for 24 days.  
(B) Brightfield images of bud tip organoids growing in 3F media (left) or FGF7-
differentiation media (right). Scale bar represents 500 µm.   
(C) NKX2.1 immunofluorescence of bud tip organoids grown in FGF7-
differentiation media for 24 days. Scale bar represents 50 µm. 
(D) SOX9 and SOX2 immunofluorescence of bud tip organoids grown in FGF7-
differentiation media for 24 days. Scale bar represents 50 µm. 
(E) QRT-PCR analysis of bud tip organoids grown in 3F or FGF7-differentiation 
media showing expression of several genes expressed in the lung epithelium. 
Data is shown as Fold Change relative to 3F-grown undifferentiated bud tip 
organoids.  
(F) QRT-PCR analysis of bud tip organoids grown in 3F or FGF7-differentiation 
media, along with whole distal fetal lung and cultured whole fetal intestine as 
reference tissues, showing expression of several genes expressed in the lung 
epithelium. Data is shown as Arbitrary Units. Values lower than 10-3 were 
considered undetected. 
(F) Immunostaining for airway markers in the adult human lung, and in bud tip 
organoids grown in FGF7-differentiation media. Markers are shown for goblet 
cells (MUC5AC, MUC5B), club cells (SCGB1A1, PLUNC) and neuroendocrine 
cells (SYN, CHGA).  Scale bars represents 50 µm. 
(G) Transmission Electron Microscopy through a bud tip organoid grown in 
FGF7-differentiation media showing mucus filled vacuoles characteristic of goblet 
cells. Scale bar represents 100 nm. 
(H) Immunostaining for alveolar markers in the adult human lung, and in bud tip 
organoids grown in FGF7-differentiation media. Markers are shown for AECI 
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cells (PDPN, HOPX) and AECII cells (Pro-SFTPC, SFTPB, ABCA3).  Scale bars 
represent 50 µm. 
(I) Transmission Electron Microscopy of a human fetal lung at 13 weeks of 
gestation, and of a bud tip organoid grown in FGF7-differentiation media showing 
immature lamellar bodies surrounded by monoparticulate glycogen, characteristic 
of immature AT2 cells. Scale bars represent 100 nm. 
 (J-K) Quantitation of cell type markers in bud tip organoids grow in differentiation 
media plotted as aggregate data ((H) numbers at top of bars represent positive 
cells/total cells counted across 5 individual organoids), and as individual data per 
organoid ((I) number of positive cells per organoid).  Each data point in (I) 
represents an independent biological replicate and graphs indicate the mean +/- 
the standard error of the mean.   
(L) Summary of putative differentiated lung epithelial cell types generated in vitro. 
 
Figure 6: Engraftment of hPSC-derived bud tip progenitor organoid cells 
into the injured mouse airway 
(A) Schematic of experimental design. Immunocompromised NSG male mice 
were injected with 300mg/kg of Naphthalene. 24 hours post-injury, mice were 
randomly assigned to receive an intratracheal injection of 600,000 single cells 
isolated from bud tip organoids generated from the iPSC 20-1 tet-O GFP line, 
undifferentiated H9 hPSCs, or no injection of cells. Doxycycline (1mg/ml) was 
added to the drinking water for the final week to induce expression of the tet-O 
GFP construct. Lungs were analyzed 6 weeks after cell injection.  
(B) Percent of lungs from surviving animals in each group exhibiting engraftment 
of human cells after 6 weeks, as determined by NuMA and GFP protein staining.  
 (C-D) Engraftment was assessed based on human specific expression on NuMA 
and GFP in 3 independent histological sections from each surviving mouse. (C) 
The number of engraftment cell patches observed in 15 surviving animals in the 
group receiving bud tip organoid cells. (D) Quantitation of the number of human 
cells in each engrafted cell patch, in each mouse. Every data point represents 
the number of cells in a single patch of cells. 
(E) Hematoxylin & Eosin staining documenting the lung epithelial airway injury in 
control mice (injury, no cell injection), and in mice that received bud tip 
organoids, or undifferentiated iPSC injections. Engrafted patches of human cells 
were obvious (arrow), and were confirmed in serial sections using human specific 
antibodies. Scale bar for all images represents 50 µm. 
(F) Immunostaining for NuMA and GFP in human fetal lungs and in bud tip 
organoid transplanted lungs. Scale bar represents 50 µm.  
(G) Bud tip organoid transplanted lung showing several images stiched together 
to generate a large panel demonstrating multiple sites of engraftment, marked by 
NuMA and/or GFP, in the upper airway. High magnification insets are shown. 
Scale bar represents 100µm.  
(H) Immunostaining of adult human lung tissue and bud tip organoid transplanted 
lung tissue showing immunostaining for several lung epithelial markers, including 
SOX9 and SOX2, multiciliated cell markers Ac-TUB and FOXJ1, goblet cell 
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markers MUC5AC and MUC5B, club cell markers SCGB1A1 and PLUNC. Scale 
bar represents 50 µm.   
(I) Bright field microscopic image showing immunohistochemistry for NuMA in a 
patch of engrafted cells, counterstained using eosin to visualize tufts of multiple 
cilia. Scale bar represents 50 µm. 
(J) Quantification of cell type markers in bud tip organoid transplanted lungs after 
6 weeks. Data is plotted as aggregate data (numbers at top of bars represent 
positive cells/total cells counted across 3 engrafted lungs). Aggregated data from 
3 non-serial sections for each mouse is plotted.   
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