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Abstract 

Background: Somatic cells differentiated from patient-specific human induced pluripotent stem cells (iPSCs) could 
be a useful tool in human cell-based disease research. Hermansky–Pudlak syndrome (HPS) is an autosomal recessive 
genetic disorder characterized by oculocutaneous albinism and a platelet dysfunction. HPS patients often suffer from 
lethal HPS associated interstitial pneumonia (HPSIP). Lung transplantation has been the only treatment for HPSIP. Lyso-
some-related organelles are impaired in HPS, thereby disrupting alveolar type 2 (AT2) cells with lamellar bodies. HPSIP 
lungs are characterized by enlarged lamellar bodies. Despite species differences between human and mouse in HPSIP, 
most studies have been conducted in mice since culturing human AT2 cells is difficult.

Methods: We generated patient-specific iPSCs from patient-derived fibroblasts with the most common bi-allelic vari-
ant, c.1472_1487dup16, in HPS1 for modeling severe phenotypes of HPSIP. We then corrected the variant of patient-
specific iPSCs using CRISPR-based microhomology-mediated end joining to obtain isogenic controls. The iPSCs were 
then differentiated into lung epithelial cells using two different lung organoid models, lung bud organoids (LBOs) and 
alveolar organoids (AOs), and explored the phenotypes contributing to the pathogenesis of HPSIP using transcrip-
tomic and proteomic analyses.

Results: The LBOs derived from patient-specific iPSCs successfully recapitulated the abnormalities in morphology 
and size. Proteomic analysis of AOs involving iPSC-derived AT2 cells and primary lung fibroblasts revealed mitochon-
drial dysfunction in HPS1 patient-specific alveolar epithelial cells. Further, giant lamellar bodies were recapitulated in 
patient-specific AT2 cells.

Conclusions: The HPS1 patient-specific iPSCs and their gene-corrected counterparts generated in this study could 
be a new research tool for understanding the pathogenesis of HPSIP caused by HPS1 deficiency in humans.
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Background
Advancements in stem cell biology have made it possi-
ble to induce differentiation of pluripotent stem cells to 
obtain various human somatic cells, including those that 
are difficult to obtain from human tissues [1]. Human 
induced pluripotent stem cells (iPSCs) are not extracted 
from human blastocysts, and thus, are considered 
more ethical than human embryonic stem cells (ESCs). 
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Easily accessible somatic cells, such as skin fibroblasts 
or peripheral blood cells, can be reprogramed to estab-
lish iPSCs with patient-specific genetic backgrounds [2, 
3]. iPSCs can be stocked and are expected to be useful 
resources for studies on diseases, wherein somatic cells 
differentiated from iPSCs can be used to recapitulate dis-
ease phenotypes. Although the scope for applications of 
human iPSCs is still limited, evidence suggests that iPSC-
based disease models are suitable for understanding the 
disease mechanisms and drug discovery in humans [4].

Hermansky–Pudlak syndrome (HPS) is an autosomal 
recessive disorder characterized by oculocutaneous albi-
nism and a platelet dysfunction [5]. Mutations in HPS 
causative genes induce abnormal biogenesis of lysosome-
related organelles (LROs) by impairing membrane traf-
ficking [6]. Out of the 11 HPS causative genes, mutations 
in HPS1, AP3B1, and HPS4 can induce lethal HPS-asso-
ciated interstitial pneumonia (HPSIP), for which lung 
transplantation is the only treatment available [5, 7, 8]. 
Mutations in HPS1 are the most common in HPS, world-
wide. HPS has high prevalence in Puerto Rico, with the 
c.1472_1487dup16 variant of HPS1 accounting for 45% of 
the cases [9]. Patients with loss-of-function HPS1 muta-
tions, including c.1472_1487dup16, show severe symp-
toms, with full penetrance of HPSIP in the middle age 
[7]. HPSIP is irreversible progressive interstitial fibrosis 
similar to idiopathic pulmonary fibrosis (IPF); however 
its HPSIP onset occurs earlier than IPF [10]. One of the 
salient histopathologic features of HPSIP is the abnor-
mal enlargement of lamellar bodies, which are LROs 
that store pulmonary surfactant in alveolar type 2 (AT2) 
cells [11]. Abnormalities in a variety of cell types were 
observed in HPSIP [12–14]; however, HPS mouse models 
have shown that vulnerability of AT2 cells could be pri-
marily responsible for HPSIP development [15, 16]. Most 
HPSIP studies have used mice because obtaining and 
culturing primary AT2 cells derived from HPS patients’ 
lungs is difficult. However, there are species-specific dif-
ferences between HPSIP in humans and mice [7]. There-
fore, human pluripotent stem cells could be a cell source. 
Recently, HPSIP models using ESC-derived lung bud 
organoids (LBOs) were reported; however, they did not 
represent the alveolar epithelial cell lineage with lamel-
lar bodies, the key organelle in HPSIP [17]. Previously, 
we have developed efficient methods to induce differen-
tiation of human iPSCs into alveolar or airway epithelial 
cells by enriching NKX2-1+ lung epithelial progenitor 
cells [18, 19]. Further, by maintaining and maturing iPSC-
derived AT2 cells using SPC-GFP reporter or NaPi2B, an 
AT2 cell surface antigen, we established human iPSC-
based disease models related to abnormalities in lamellar 
bodies caused by amiodarone, an antiarrhythmic agent 
notorious for inducing pulmonary fibrosis, and AP3B1 

deficiency, which is observed in HPS2 patients [3, 20, 
21]. In this study, we generated iPSCs from HPS1 patient-
derived fibroblasts with bi-allelic c.1472_1487dup16 vari-
ant in HPS1 gene and their gene-corrected counterparts 
and differentiated them into lung epithelial cells in orga-
noids to model HPSIP.

Methods
For details on generation of HPS1 patient-specific iPSCs, 
teratoma formation assay, karyotyping, immunofluo-
rescence, flow cytometry, western blotting, qRT-PCR, 
RNA-seq, proteomic analysis and transmission electron 
microscopy, please refer to Additional file  1: materials 
and methods.

Cell culture
All cells were cultured at 37  °C under 5%  CO2. The cul-
ture method for each cell line is described in the respec-
tive section.

Gene correction of HPS1 patient‑specific iPSCs
A guide RNA (gRNA), predicted to cause double-strand 
breaks (DSBs) in the 16-bp duplication in HPS1 patient-
specific genomic DNA sequence and have the most fre-
quent genotype generated by the DSBs accounting for 
more than 80% of all possible genotypes, was selected 
using the inDelphi software program [22]. HPS1 patient-
specific iPSCs were electroporated to introduce spCas9 
and the gRNA expression vector [23]. After single-cell 
cloning, polymerase chain reaction (PCR) of exon 15 of 
HPS1 was performed for screening. Clones with a single 
240-bp amplicon were selected and sequenced to con-
firm the genomic correction of HPS1 gene. Details on the 
gene correction method are provided in the supplemen-
tal methods.

Differentiation of iPSCs into NKX2‑1+ lung epithelial 
progenitor cells
iPSCs were differentiated into NKX2-1+ lung epithe-
lial progenitor cells through the 21-day differentiation 
method and the progenitor cells were enriched using 
Carboxypeptidase M (CPM) as their cell surface marker, 
as detailed in the supplemental methods. Magnetic-acti-
vated cell sorting (MACS) or fluorescence-activated cell 
sorting (FACS) was conducted as described previously 
[19].

Generation of CPM‑isolated lung bud organoids
CPM-isolated lung bud organoids (C-LBOs) were cul-
tured in the LBO medium containing 3 μM CHIR99021, 
10  ng/mL BMP4, 10  ng/mL FGF10, and 50  nM all-
trans retinoic acid. Approximately 5 ×  103 NKX2-1+ 
lung epithelial progenitor cells were cultured for 7  days 
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in 96 U-bottom plate with low attachment surface to 
form a spheroid. Next, 2–3 spheroids were embedded 
in Matrigel in a 24-well cell culture insert and cultured 
for another 28  days. The culture method of C-LBOs is 
detailed in the supplemental methods.

Formation and passage of alveolar organoids
Alveolar organoids (AOs) were cultured in the DCIK 
medium [20] containing 50 nM dexamethasone, 100 μM 
8-Br-cAMP, 100 μM 3-isobutyl-1-methylxanthine, 10 ng/
mL KGF. Approximately 1 ×  104 NKX2-1+ lung epithe-
lial progenitor cells and 5 ×  105 precultured human fetal 
lung fibroblasts (HFLFs) (17.5  weeks of gestation; DV 
Biologics #PP002-F-1349, lot 121109VA) were embedded 
in half-diluted Matrigel in a 12-well cell culture insert. 
 NaPi2B+ cells were isolated every 14 days and repeatedly 
cultured in AOs to maintain and mature AT2 cells. AO 
culture is detailed in the supplemental methods.

Data availability
All new sequencing data in the present study were depos-
ited in the Gene Expression Omnibus (GEO) under the 
accession codes GSE179898 and GSE179899.

Statistical analysis
Data are presented as mean ± SEM. The number of rep-
licates and the statistical tests used are described in each 
figure legend. Prism7 software program (GraphPad) was 
used for Student’s t test, Mann–Whitney U test, one-way 
ANOVA with Tukey’s multiple comparisons test, and 
two-way ANOVA with Sidak’s multiple comparisons test.

Results
Correction of 16‑bp microduplication in HPS1 
patient‑specific iPSCs by genome editing
HPS1 patient-derived fibroblasts with homozygous 
16  bp duplication within exon 15 of the HPS1 gene 
(c.1472_1487dup16) were obtained from Coriell Institute 
for Medical Research (GM14609) and reprogrammed to 
establish patient-specific iPSCs (Fig.  1A) as described 
previously [3]. The donor was a 26-year-old woman diag-
nosed with a possible early stage of pulmonary fibrosis. 
To confirm the pluripotency of the established iPSCs, a 
teratoma formation assay was performed, and it revealed 
that iPSCs differentiated into three germ layers (Addi-
tional file  1: Fig. S1A). We decided to use the clone 
GM14-18 as patient-specific iPSCs for subsequent stud-
ies. Next, we generated gene-corrected iPSCs. There are 
three major mechanisms of gene repair after introducing 
DNA DSBs: non-homologous end joining (NHEJ), micro-
homology-mediated end joining (MMEJ), and homolo-
gous recombination (HR) [24]. Machine learning models 
could predict genome editing products from sequences 

near DSBs in template-free genome editing [22]. In 
particular, DSBs in pathogenic microduplications effi-
ciently yield a single repair product with a precise mono-
sequence through a process mediated by MMEJ. Since 
the DNA sequence of somatic cells from the same donor 
could be corrected by template-free genome editing, we 
used the same approach for gene correction in patient-
specific iPSCs [22, 25]. We used the gRNA that could cre-
ate a DSB in the 16 bp duplication region (Fig. 1B) and 
transfected it into patient-specific iPSCs with the Cas9 
expression vector, as described previously [3]. The PCR 
product amplified in the genomic sequence near the DSB 
included a band of approximately the same size as that 
of control iPSCs (Fig.  1C). After single-cell cloning, 3 
out of 92 clones had a single amplicon of approximately 
the same size as the control iPSCs. All three clones were 
confirmed to have the homozygotic corrected sequence, 
which was the same as the one in the healthy donor 
(Fig. 1D). We decided to use the clone IR9-3 as gene-cor-
rected iPSCs for subsequent studies. Both patient-spe-
cific iPSCs (clone GM14-18) and gene-corrected iPSCs 
(clone IR9-3) expressed undifferentiated markers, and 
their normal karyotypes were verified (Additional file 1: 
Fig. S1B–D). The full-length of HPS1 protein is predicted 
to be 700 amino acids, but c.1472_1487dup16 caused a 
frameshift with translational termination at codon 586 
[26]. When functioning normally, HPS1 protein forms a 
BLOC-3 complex with HPS4 and stabilizes it [27]. Immu-
noblotting showed that full-length HPS1 protein was 
expressed and HPS4 was stabilized in the gene-corrected 
iPSCs (Fig. 1E).

Abnormal morphology of HPS1 patient‑specific lung bud 
organoids via TGFβ‑IL11 axis
HPS1−/− ESC-derived LBOs have been reported to 
exhibit abnormal branching structures and fibrotic phe-
notypes, such as deposition of extracellular matrix (ECM) 
and increase in mesenchymal cells in three-dimensional 
culture in Matrigel [17]. Strikoudis et al. speculated that 
epithelial cell-derived IL11 is a key factor responsible for 
HPS-related fibrotic phenotypes [28], however, the ori-
gin of HPS-related pathogenic mesenchymal cells was 
unclear due to their differentiation method, in which cells 
from epithelial and mesenchymal lineages co-differenti-
ated. In our previous study, we proposed an efficient dif-
ferentiation method for lung epithelial cells by enriching 
of NKX2-1+ progenitor cells using CPM as the surface 
marker [18]. Here, we developed a new lung organoid 
model, named C-LBOs, derived only from  CPM+ epi-
thelial cells to assess whether a lung epithelial cell-only 
model could recapitulate their HPS-related phenotypes 
(Fig.  2A). We differentiated and enriched NKX2-1+ 
progenitor cells by isolating the cells expressing CPM 
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on their surface, as described previously [20]. Although 
 EpCAM−THY1+ or NKX2-1− cells were present before 
CPM-based isolation (Additional file  1: Fig. S2A, B), 
 EPCAM+NKX2-1+ epithelial cells were highly enriched 
after MACS (Additional file  1: Fig. S2C). Consistently, 
qRT-PCR analysis revealed higher levels of EPCAM and 
NKX2-1 and lower levels of VIM transcripts in the cells 
after MACS than in the human adult lung tissue (Addi-
tional file  1: Fig. S2D), confirming the enrichment of 
lung epithelial progenitor cells using CPM as the surface 
antigen. HPS1 expression in lung progenitor cells from 
patient-specific iPSCs was remarkably lower than that in 
gene-corrected iPSC-derived progenitor cells, suggest-
ing the induction of nonsense-mediated mRNA decay 
(NMD) [29].

The lung progenitor cells derived from each iPSC 
line were aggregated for 7  days to form spheroids and 
cultured in Matrigel for another 28  days. In agree-
ment with the previous reports [17, 28], spheroids 
from healthy donor-derived and HPS1 gene-corrected 
iPSCs grew to form a budding structure, while those 
from the patient-specific iPSCs were smaller and less 
sharply defined (Fig.  2B, C). Furthermore, the expres-
sion of profibrotic cytokines, TGFB1 and IL11, was 
upregulated in patient-specific C-LBOs on Day 35 
(Fig.  2D). The increase was not observed on Day 0, 
before Matrigel embedding, and was only observed in 
patient-specific C-LBO cells on Day 35. Although the 
expression of SNAI1 and SNAI2, transcription fac-
tors contributing to epithelial-mesenchymal transition 

Fig. 1 Gene correction of 16-bp microduplication in HPS1 patient-specific iPSCs by microhomology-mediated end joining (MMEJ)-based 
genome editing. A Overview of the generation of patient-specific iPSCs and their gene-corrected counterparts. B A presumed MMEJ-based repair 
mechanism of pathogenic 16-bp microduplication. C Genomic PCR of the mutated region in exon 15 of HPS1. Control (healthy donor), 240 bp; HPS1 
patient with 16-bp microduplication, 256 bp. Genomic DNA was extracted in bulk from iPSCs transfected with Cas9 and gRNA expression vectors 
by electroporation. D Sequence data of exon 15 in HPS1 of iPSCs and of those with corrected gene. Gene-corrected iPSCs were selected by a single 
amplicon of 240 bp after single cell cloning. E Verification of gene repair at the protein level by immunoblot. Immunoprecipitation was performed 
to detect the full-length of HPS1 protein. A549 cell lysate transfected with HA-HPS1 was used as positive control to detect HPS1
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Fig. 2 Abnormal morphology of HPS1 patient-specific CPM-isolated lung bud organoids (C-LBOs). A Overview of the generation of C-LBOs from 
iPSCs. B Chronological observation of C-LBOs. (Scale bars: 1000 μm) C Quantification of organoid size. Data are presented as mean ± SEM (on Day 
7, n = 4 organoids from 4 independent experiments; on Day 21 and Day 35, n = 12 organoids from 4 independent experiments). Two-way ANOVA 
with Sidak’s multiple comparisons test: **P < 0.01, ***P < 0.001. D Expression levels of cytokines (TGFB1 and IL11), pan-epithelial cell markers (EPCAM 
and CDH1), transcription factors (SNAI1 and SNAI2), and mesenchymal cell markers (cytoskeleton, ACTA2 and VIM; cell surface, PDGFRB and THY1; 
extra cellular matrix, COL1A1 and FN1) in C-LBOs evaluated by qRT-PCR, normalized to that of human adult lung. Data are presented as mean ± SEM 
(n = 6 from 5 independent experiments). Two-way ANOVA with Sidak’s multiple comparisons test: *P < 0.05, **P < 0.01. n.s.: not significance. E, 
F Morphologies of HPS1 patient-specific C-LBOs on Day 35, treated with 10 μM SB431542 from Day 0 to Day 35. (Scale bars: 1000 μm) Data are 
presented as mean ± SEM (n = 11 or 12 organoids from 1 independent experiment). One-way ANOVA with Tukey’s multiple comparisons test: 
***P < 0.001. n.s.: not significance
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(EMT) [30], increased, the expression of the repre-
sentative epithelial and mesenchymal cell markers did 
not differ between patient-derived and gene-corrected 
iPSCs besides that of THY1 and VIM.  HPS4−/− ESC-
derived LBOs were reported to show abnormal mor-
phology similar to that of  HPS1−/− ESC-derived ones, 
and the morphology was restored in  HPS4−/−  IL11−/− 
ESC-derived LBOs. Since TGFβ was reported to be able 
to function as an upstream regulator of IL11 [31], we 
evaluated whether TGFβ signaling could be involved 
in the epithelial abnormalities of HPS1 patient-specific 
C-LBOs. Addition of SB431542, an inhibitor of TGFβ 
signaling, corrected the morphological abnormalities 
of HPS1 patient-specific C-LBOs (Fig. 2E, F). We then 
generated HPS1 knockout (KO) A549 cells to validate 
the epithelial cell phenotypes induced by HPS1 defi-
ciency (Additional file  1: Fig. S3A–C). IL11, TGFB1, 
SNAI1, SNAI2, and THY1 were upregulated in HPS1 
KO A549 cells, consistent with the findings in HPS1 
patient-specific C-LBOs, and we observed that the 
upregulation was suppressed by SB431542 (Additional 
file  1: Fig. S3D). These results suggested that C-LBO 
and A549 cell phenotype caused by HPS1 deficiency 
was mediated by the TGFβ-IL11 axis.

Next, we evaluated the cell lineages contained in the 
organoids using a healthy donor-derived iPSCs. Almost 
all cells in healthy donor-derived C-LBOs expressed 
EpCAM on Day 35 (Additional file 1: Fig. S4A). However, 
NKX2-1, an essential transcription factor for the differ-
entiation into lung epithelial cells, was remarkably down-
regulated (Additional file  1: Fig. S4B, C). Furthermore, 
SOX2, a transcription factor involved in proximal lung 
development [32], was decreased, although SOX9, a tran-
scription factor involved in distal lung development [33], 
was upregulated. Airway epithelial cell markers were not 
significantly upregulated on Day 35 compared with that 
in progenitor cells, but  p63+ cells were occasionally pre-
sent (Additional file 1: Fig. S4D, E). In addition, there was 
little expression of AT2 cell markers compared with that 
in adult lungs (Additional file 1: Fig. S4F). Although our 
C-LBOs might reflect some pathological change similar 
to that in HPSIP, failure to show the robust presence of 
AT2 cells pushed us to simulate lung phenotype of HPS1 
in a model where AT2 cells are present.

Profiling of HPS1 patient‑specific AOs
For profiling of AT2 cells derived from HPS1 patient-
specific iPSCs, NKX2-1+ lung progenitor cells were 
co-cultured with human fetal lung fibroblasts (HFLFs) 
embedded in Matrigel to form AOs (Fig.  3A), as 
described previously [3, 20]. The resulting iPSC-derived 
AOs expressed various AT2 cell markers and could be 
passaged using NaPi2B expression as an AT2 cell surface 

marker (Fig.  3B and Additional file  1: Fig. S5A–C). In 
contrast to C-LBO model, there was no significant dif-
ference in the total number of epithelial cells or in the 
size of each organoid between patient-specific and gene-
corrected AOs (Fig.  3C, D). In transcriptomic analysis 
of isolated  NaPi2Bhigh cells, which enriched AT2 cells, 
302 genes were significantly upregulated in patient-
specific AOs (Fig. 3E, F, and Additional file 2: Table S5). 
Gene ontology (GO) enrichment analysis of these genes 
showed that “localization” and “secretion” related genes 
were enriched (Fig. 3G). These results were justified since 
HPS1 is a protein associated with membrane trafficking. 
Further, the enriched genes annotated to “development 
process”, “animal organ morphogenesis”, and “morpho-
genesis of an epithelium” suggested that deficiency of 
HPS1 could affect development of lung epithelial cells 
in vitro.

Different transcriptomes between AOs and LBOs 
in HPS1‑disease models
We used transcriptome analysis to compare the expres-
sion of epithelial cell lineage markers of AOs and LBOs 
in HPS1-disease models. Since we could not find a 
robust expression of AT2 cell markers in our C-LBOs, we 
hypothesized that our methodological differences such 
as surface marker-based sorting of lung progenitor cells 
might have caused low levels of AT2 cell markers in the 
organoids. Then, we used the published transcriptomic 
data of LBOs (GSE121999; Additional file  3: Table  S6), 
which matched the transcriptome of second-trimester 
human fetal lung [28]. In principal component analy-
sis (PCA) of whole transcriptome, AOs and LBOs were 
separated in different clusters (Fig.  4A). A hierarchical 
clustering analysis based on lung epithelial cell markers 
showed that AOs showed greater similarity to primary 
adult AT2 cells [34] than LBOs. The LBOs showed lower 
expression of AT2 markers (SFTPA1, SFTPA2, SFTPB, 
SFTPC, SFTPD, ABCA3, LAMP3, NAPSA) than did pri-
mary adult AT2 cells and clustered in the same group 
of our  CPM+ lung progenitor cells (Fig.  4B and Addi-
tional file 4: Table S7) [20]. Differentially expressed genes 
(DEGs) induced by HPS1 deficiency in each model did 
not overlap as much (Fig. 4C). Overlapped genes revealed 
no significant enrichment of GO biological processes. 
We found that finding common phenotypes of HPS1 
deficiency by comparing transcriptomes of each model of 
AOs and LBOs was difficult. Strikingly, the expression of 
IL11 in AOs was lower than that in LBOs and was not 
substantially upregulated in patient-specific AOs as in 
gene-corrected AOs (Fig. 4D). Furthermore, the expres-
sion of TGFB1 was not upregulated in patient-specific 
AOs compared with that in gene-corrected AOs (Addi-
tional file  2: Table  S5). Although IL11 is upregulated in 
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the IPF whole lung [35], it was not upregulated in HTII-
280 positive cells of IPF lung (Fig.  4D) [36]. To identify 
IL11-expressing cells, single-cell RNA-seq data were 
analyzed [37, 38]. Although IL11 expression was low in 
most lung cell types, some cells classified as “Aberrant 
Basaloid” and “Alveolar fibroblast” expressed IL11 in IPF 
(Additional file 1: Fig. S6). Clinical observation and anal-
ysis of mouse model have shown that AT2 cells play criti-
cal roles in interstitial pneumonia, including HPSIP [39]. 
Transcriptome analysis of AOs and LBOs showed that 
AOs could contain more AT2 cells and could mimic the 
alveolar epithelium better than LBOs could; therefore, we 
decided to use AOs for disease modeling.

Disease modeling of patient‑specific iPSCs derived AOs
We performed proteomic analysis to search for disease 
phenotypes in HPS1 patient-specific AOs at the pro-
tein level (Additional file  5: Table  S8). GO enrichment 
analysis of upregulated proteins in  EpCAM+ cells iso-
lated from the patient-specific AOs showed that several 
enriched GO biological processes were consistent with 
transcriptome analysis, such as “localization”, “secretion”, 
and, “developmental process” (Fig.  5A). On the other 
hand, GO terms remarkable in transcriptomic analysis, 
such as “extracellular matrix organization” and “muscle 
contraction” were not enriched in the proteomic analy-
sis. GO enrichment analysis of downregulated proteins 

Fig. 3 Profiling of HPS1 patient-specific alveolar organoids (AOs). A Overview of the generation of AOs from iPSCs. B Immunofluorescent imaging 
of AOs. Gray, SPC; Red, NaPi2B; Blue, nuclei (Hoechst). (Scale bars: 20 μm) C Total number of  EpCAM+ cells in a well. The manually counted total 
number of dissociated cells was multiplied by the ratio of  EpCAM+ cells obtained from flow cytometric analysis. Data are presented as mean ± SEM 
(n = 9 from 9 independent experiments). Two-way ANOVA with Sidak’s multiple comparisons test: **P < 0.01. n.s.: not significance. D Quantification 
of organoid size. Data are presented as mean ± SEM (n = 120 organoids from 6 independent experiments). Mann–Whitney U test. E Gating on flow 
cytometry for transcriptomic analysis of  NaPi2Bhigh cells. Representative flow cytometry plots of HPS1 patient-specific AOs and their gene-corrected 
counterparts are shown. AOs after 3 passages using NaPi2B-based sorting were used for analysis. F Volcano plot of differentially expressed genes 
(DEGs) of  NaPi2Bhigh cells in HPS1 patient-specific AOs compared with the gene-corrected counterparts. The volcano plot shows  log2 (fold change) 
and −log10 (padj value) calculated by DESeq2. Significantly upregulated 302 genes with padj value < 0.05 and  log2 (fold change) > 0 are plotted in 
red. G Gene ontology enrichment analysis of biological process using the upregulated 302 genes in  NaPi2Bhigh cells of HPS1 patient-specific AOs 
over the gene-corrected counterparts
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Fig. 4 Transcriptomic comparison between alveolar organoids (AOs) and lung bud organoids (LBOs) in HPS1-disease models. A Principal 
component analysis (PCA) of the transcriptomes of AOs and LBOs in HPS1-disease models.  Log2 (TPM + 0.01) (transcripts per million) were used for 
PCA. B Hierarchical clustering based on the expression of lung epithelial cell markers. A heatmap indicating Z-score of each gene. Mean values of 
 log2 (TPM + 0.01) were used to calculate the Z-score. The following data sets were used:  CPMhigh progenitor cells, GES163575; Lung bud organoids, 
GSE121999; Adult AT2 cells, GSE131768; Alveolar organoids, GSE179898 and GSE179899. C Overlapped upregulated or downregulated DEGs on 
each model and their results of gene ontology enrichment analysis of biological process. D TPM of IL11 on each model. The following data sets were 
used: adult AT2 cells with normal and IPF conditions, GSE94555
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in  EpCAM+ cells isolated from the patient-specific AOs 
showed the GO terms common to those upregulated pro-
teins, such as “localization”, “exocytosis”, “secretion”, and 
“vesicle-mediated transport” (Fig. 5B). However, surpris-
ingly, mitochondrial function related to GO terms, such 
as “ATP metabolic process”, “cellular respiration”, “oxida-
tive phosphorylation” and “Mitochondrial ATP synthesis 
coupled electron transport” were detected only in the GO 

enrichment analysis of downregulated proteins. Further-
more, gene set enrichment analysis (GSEA) supported 
the hypothesis that mitochondrial function, such as oxi-
dative phosphorylation (OXPHOS), was declined in the 
patient-specific alveolar epithelial cells (Fig.  5C). Mito-
chondrial membrane potential associated with OXPHOS 
drives the ATP synthase to supply the majority of ATP 
in eukaryotic cells. Hence evaluation of mitochondrial 

Fig. 5 Disease modeling of HPS1 in the patient-derived AOs. A, B Proteomic analysis of  EpCAM+ cells isolated from AOs.  EpCAM+ cells in HPS1 
patient-specific and their gene-corrected AOs after 2 passages using NaPi2B-based sorting were subjected to further analysis. Gene ontology 
enrichment analysis of biological process was performed for upregulated proteins with  log2 (fold change) > 0.5 or downregulated proteins with  log2 
(fold change) < − 0.5. C Gene set enrichment analysis to “KEGG_OXIDATIVE_PHOSPHORYLATION” for comparison of protein expression between 
HPS1 patient-specific iPSC-derived epithelial cells of AOs with their gene-corrected counterparts. D, E Flow cytometric analysis of mitochondrial 
membrane potential using tetramethylrhodamine, ethyl ester (TMRE). AOs after 2–4 passages using NaPi2B-based sorting were used for analysis. 
Upper dot plot: patient-derived  EpCAM+ cells. Lower dot plot: gene-corrected counterparts. Data are presented as mean ± SEM (n = 4 from 3 
independent experiments). Mann–Whitney U test: *P < 0.05. F Immunofluorescent imaging of AOs in each condition. Green, EpCAM; Red, ABCA3; 
Blue, nuclei (Hoechst). (Scale bars: 2 μm) G Transmission electron microscope images of lamellar bodies in AOs in each condition. (Scale bars: 2 μm)
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membrane potential is one of the standard methods for 
analysis of mitochondrial function [40]. The number of 
 EpCAM+ cells with reduced mitochondrial membrane 
potential was slightly increased in patient-specific AOs 
(Fig.  5D, E). Intracellular reactive oxygen species (ROS) 
are mainly generated in the mitochondria, and mitochon-
drial ROS levels were reported to be increased in the lung 
tissue of IPF and alveolar epithelial cells of HPS2 model 
mice [41, 42]. Consistent with these reports, the accu-
mulation of intracellular ROS was observed in HPS1 KO 
A549 cells (Additional file 1: Fig. S7A–C). These results 
suggested that deficiency of HPS1 in alveolar epithelial 
cells impaired mitochondrial function.

AT2 cells have lamellar bodies storing pulmonary sur-
factant lipids and proteins. These lamellar bodies are 
formed as LROs from the Golgi apparatus and their 
lamellar structure is composed of phospholipids that are 
transported by ABCA3 present in the limiting membrane 
[43]. Giant lamellar bodies in AT2 cells were reported 
to be the salient histopathologic feature of HPSIP [11], 
probably caused by impaired membrane trafficking in 
HPS. We confirmed the expression of ABCA3 in the AOs 
(Fig. 5F) and observed the morphology of lamellar bodies 
in transmission electron microscopy. In the patient-spe-
cific AOs, we observed the formation of lamellar bodies 
of different morphologies and sizes (Additional file 1: Fig. 
S8A, B). Some of them showed remarkably enlarged mor-
phology similar to giant lamellar bodies reported in the 
HPS1 patient’s lung tissue (Fig. 5G). On the other hand, 
no giant lamellar body-like structure was observed in the 
healthy donor-derived control or gene-corrected AOs.

Discussion
While tissue-derived somatic cells from rare disease 
patients are generally difficult to obtain and culture, 
patient-specific iPSCs can overcome this hurdle. We 
established HPS1 patient-specific iPSCs with the major 
bi-allelic 16-bp duplication mutation and their gene-
corrected iPSCs to study HPSIP in two different lung 
organoid models: C-LBOs and AOs. C-LBOs showed 
abnormal morphology and increased IL11 expression. 
AOs comprising iPSC-derived AT2 cells and primary pul-
monary fibroblasts showed mitochondrial dysfunction 
in epithelial cells and exhibited “giant lamellar body”—
a salient histopathologic feature of HPSIP (Additional 
file 1: Table S9).

Our C-LBOs derived from  CPM+ lung epithelial pro-
genitors with more than 80% NKX2-1+ cells did not show 
consistent lung epithelial cell marker expression and 
were not able to identify typical cell lineages. Only dis-
tal tip cells at the edge of the C-LBOs maintained NKX2-
1, while 75% of the entire cells expressed NKX2-1 in the 
LBOs in the previous report [17]. This difference may be 

explained by either the presence or absence of mesenchy-
mal cells, or by organoid construction methods: forced 
aggregation in our method and selection of the organoids 
with spontaneous folding structures in the other method 
[44]. Our forced aggregation method produced uniform 
organoids, which allowed us to quantify the size of the 
organoids, but induction of the specific lineage of lung 
epithelial cells, such as AT2 cells, remains a challenge. 
TP63 and SOX9 were expressed in healthy donor-derived 
control iPSC-derived C-LBOs at equal or higher levels 
than in adult human lungs, whereas KRT5 expression was 
very low. This may partly mimic some features of aber-
rant basaloid cells, whose number is increased in the IPF 
distal lung [38]. In HPS1 patient-specific iPSC-derived 
C-LBOs, upregulation of TGFB1, IL11 and some EMT-
related transcription factors was observed in addition to 
morphological abnormality. Consistently, aberrant basa-
loid cells exhibit EMT features, and our reanalysis of sin-
gle cell RNA-seq data showed that they could be a source 
of IL11. In fact, IL11 has been reported to promote fibro-
blast activation and cause EMT in epithelial cells [35, 45]. 
This EMT-like phenotype, even though partial, could 
promote a pro-fibrotic microenvironment in autocrine 
and paracrine manner [46]. Jonsdottir et al. reported that 
a layer of  p63+ epithelial cells overlying fibroblastic foci 
in IPF showed partial EMT, in which they expressed both 
epithelial and mesenchymal cell markers [47]. They also 
reported that a human bronchial-derived basal epithelial 
cell line grew to show branching structures; however, the 
cell line with an EMT inducer did not show such struc-
tures [47]. Based on these findings, the phenotype of our 
HPS1 patient-specific iPSC-derived C-LBOs might have 
recapitulated a partial EMT of basal-like cells seen in IPF 
patients. These results suggest a new function of HPS1. 
However, whether it is possible to detect abnormalities 
caused by HPS1-deficiency in cells other than alveolar 
epithelial cells warrants further research.

In the analysis of AOs, which include AT2 cells with 
LROs, there were no significant differences in organoid 
morphology and size between HPS1 patient-specific 
and gene-corrected iPSC-derived AOs. Furthermore, 
upregulated gene expression of isolated  NaPi2Bhigh cells 
in patient-specific AOs did not show enrichment of 
EMT-related genes, such as SNAI1 and SNAI2. There 
are two possible interpretations of phenotype with no 
EMT in our AOs. First, the need for periodic passag-
ing with NaPi2B expression might exclude the EMT-
prone cell population, and second, the co-culture with 
normal fibroblasts might make it difficult to distinguish 
between EMT-prone epithelial cells and native fibro-
blasts. Although our AOs have these limitations for prov-
ing that AT2 cells in HPS1 patient did not show EMT-like 
phenotype, lineage tracing of bleomycin mouse model 
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and histochemical analysis of HPS mouse model sup-
ported our observations for two organoid models [48, 
49]. Proteomic analysis revealed that HPS1 patient-spe-
cific AOs could show impaired membrane trafficking and 
mitochondrial dysfunction. Abnormalities in membrane 
trafficking were observed in several hereditary intersti-
tial lung diseases, such as SFTPC with I73T mutation 
and HPS, and mitochondrial dysfunction in AT2 cells 
was reported as a common phenotype [42, 50–52]. Our 
results could reinforce the possibility of a relationship 
between abnormal membrane trafficking and mitochon-
drial dysfunction. Although we were able to recapitulate 
the giant lamellar body in HPS1 deficiency in vitro, their 
frequency and size varied greatly. Therefore, they could 
not be used directly to develop quantitative assays for 
drug discovery. Furthermore, whether HPS1 patient-spe-
cific AOs can recapitulate fibroblast activation induced 
by epithelial cell dysfunction, which is considered as an 
important step in the pathogenesis of pulmonary fibro-
sis [53], has not yet been demonstrated. Finally, since the 
immaturity of iPSC-derived AT2 cells in AOs [20] might 
interrupt the modeling of late-onset disease, including 
HPSIP, we need to search for conditions that can acceler-
ate the disease progression or maturate the iPSC-derived 
cells in the future.

Conclusions
This study provides new research approaches toward 
understanding the pathogenesis of HPSIP caused by 
HPS1 deficiency.
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Additional file 1: Additional material and methods, Fig. S1. Generation of 
HPS1 patient-specific iPSCs and their gene-corrected counterparts, related 
to Fig. 1. (A) Teratoma assay of HPS1 patient-specific iPSCs for evaluating 
pluripotency. Representative images of hematoxylin and eosin staining: 
ectoderm, neuronal cells; endoderm, gland lumen; mesoderm, cartilage. 
(Scale bars: 100 μm) (B) Immunofluorescent imaging of representative 

undifferentiation markers (NANOG, SOX2, OCT3/4, SSEA-4). (Scale bar: 
50 μm) (C) TRA1-60 positive cell rate using flow cytometric analysis. (D) 
Karyotypes of HPS1 patient-specific iPSCs (clone GM14-18) and their 
gene-corrected counter parts (clone IR9-3). Fig. S2. Isolation of NKX2-
1+EpCAM+ cells using CPM as a surface antigen, related to Fig. 2. (A) Flow 
cytometric analysis of EpCAM, THY1 and CPM in a control cell line after 
21-day stepwise differentiation. (B) Flow cytometric analysis of NKX2-1 
and CPM in each cell line. (C) Histogram of  EpCAM+ and NKX2-1+ cells 
sorted based on the expression of CPM using MACS. (D) Expression of 
marker genes in isolated lung progenitor cells of each cell line evaluated 
by qRT-PCR normalized to that of human adult lung. Data are presented 
as mean ± SEM (n = 4 from 4 independent experiments). Fig. S3. Valida-
tion of phenotypes observed in patient-specific C-LBOs using HPS1KO 
A549 cells, related to Fig. 2. (A) Sequence data of wild type (WT) and 
HPS1 knockout (KO) A549 cells. (B) Verification of HPS1 KO at the protein 
level by immunoblot. Immunoprecipitation was performed to detect the 
full-length of HPS1 protein. A549 cell lysate transfected with HA-HPS1 was 
used as a positive control to detect HPS1. (C) Nonsense mediated decay 
of HPS1 mRNA in HPS1KO A549 cells determined by qRT-PCR, normalized 
to that of human adult lung. Data are presented as mean ± SEM (n = 3 
from 3 independent experiments). Unpaired two-tailed Student’s t test: 
***P < 0.001. (D) Expression levels of cytokines (IL11 and TGFB1), transcrip-
tion factors (SNAI1 and SNAI2), and a mesenchymal cell marker (THY1) in 
HPS1 KO A549 cells, treated with 10 μM SB431542 for 3 days determined 
by qRT-PCR, normalized to that of human adult lung. Data are presented 
as mean ± SEM (n = 6 from 3 independent experiments). One-way ANOVA 
with Tukey’s multiple comparisons test: **P < 0.01, ***P < 0.001. Fig. S4. 
Analysis of cell lineages in CPM-isolated lung bud organoids derived from 
healthy-donor derived control iPSCs on Day 35, related to Fig. 2. (A) Ratio 
of  EpCAM+ cells on Day 35 by flow cytometric analysis. HFLFs were used 
as a negative control. (B) Gene expression of the pan-epithelial (EPCAM), 
pan-mesenchymal (VIM), and transcription factors related to lung devel-
opment (NKX2-1, SOX2, and SOX9) determined by qRT-PCR, normalized 
to that of human adult lung (n = 3 from 3 independent experiments). (C) 
Immunofluorescent images on Day 35 (Scale bars: 500 μm, C). (D) Gene 
expression of airway epithelial cell markers determined by qRT-PCR nor-
malized to that of human adult lung. (E) Immunofluorescent imaging on 
Day 35. Red, p63; Gray, EpCAM; Blue, nuclei (Hoechst). (Scale bars: 50 μm) 
(F) Gene expression of AT2 cell markers by qRT-PCR normalized to that 
of human adult lung. Fig. S5. Passage of alveolar organoids (AOs) using 
NaPi2B as a surface antigen, related to Fig. 3. (A) Gating on flow cytometry 
for passaging AOs. Representative flow cytometry plots at passage 0 of 
HPS1 iPSC-derived AOs and their gene-corrected counterparts are shown. 
(B) Ratio of  NaPi2B+ cells in  EpCAM+ cells during the periodic passaging 
of AOs. Data are presented as mean ± SEM (n = 3 from 3 independ-
ent experiments). (C) AT2 marker gene expression during the periodic 
passaging of AOs determined by qRT-PCR, normalized to that of human 
adult lung. Data are presented as mean ± SEM (n = 3 from 3 independent 
experiments). Fig. S6. Analysis of IL11-expressing cells using the IPF cell 
atlas, related to Fig. 4. We used Kaminski/Rosas data set (www. ipfce llatl as. 
com). Fig. S7. Validation of phenotypes observed in patient-specific AOs 
using HPS1 KO A549 cells, related to Fig. 5. (A) Live cell imaging of intracel-
lular reactive oxygen species (ROS) of HPS1 KO A549 cells using DCFH-DA 
dye and MitoTracker Deep Red FM. (Scale bars: 20 μm). (B and C) Quan-
tification of DCFH-DA staining intensity in HPS1 KO A549 cells by flow 
cytometry. Data are presented as mean ± SEM (n = 3 from 3 independent 
experiments). Unpaired two-tailed Student’s t test: *P < 0.05. MFI: Mean 
Fluorescence Intensity. Fig. S8. Heterogeneous lamellar bodies of HPS1 
patient-specific alveolar organoids (AOs), related to Fig. 5. Transmission 
electron microscope images of lamellar bodies in patient-specific AOs 
(Scale bar: 5 μm). (A) Both abnormal and normal-shaped lamellar bodies 
were present in HPS1 patient-specific alveolar epithelial cells in organoids. 
(B) Miscellaneous lamellar body structures in HPS1 patient-specific AOs: 
left, normal; center, sparsely expanded lamellar structure but not spherical; 
right, excessively fused lamellar bodies. Table S1. Primary antibodies used 
in the present study. Table S2. Secondary antibodies used in the present 
study. Table S3. Primers for TaqMan qPT-PCR. Table S4. Primers for SYBR 
green qRT-PCR. Table S9. Summary of the organoid model.
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Additional file 2: Table S5. RNA-seq processed data of  NaPi2Bhigh cells 
isolated from alveolar organoids.

Additional file 3: Table S6. RNA-seq processed data of  EpCAM+ cells 
isolated from lung bud organoids, reanalysis of the publicly available data 
(GSE121999).

Additional file 4: Table S7. RNA-seq processed data of each model on 
lung epithelial cell marker gene expression.

Additional file 5: Table S8. Proteomic data of  EpCAM+ cells isolated from 
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