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Abstract

Background: Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disease 
that culminates in respiratory failure and death due to irreversible scarring of the distal 
lung. While initially considered a chronic inflammatory disorder, the aberrant function of 
the alveolar epithelium is now acknowledged as playing a central role in the pathophys-
iology of IPF. This study aimed to investigate the regenerative capacity of alveolar type 
2 (AT2) cells using IPF-derived alveolar organoids and to examine the effects of disease 
progression on this capacity.
Methods: Lung tissues from three pneumothorax patients and six IPF patients (early 
and advanced stages) were obtained through video-assisted thoracoscopic surgery 
and lung transplantation. HTII-280+ cells were isolated from CD31-CD45-epithelial 
cell adhesion molecule (EpCAM)+ cells in the distal lungs of IPF and pneumothorax 
patients using fluorescence-activated cell sorting (FACS) and resuspended in 48-well 
plates to establish IPF-derived alveolar organoids. Immunostaining was used to verify 
the presence of AT2 cells.
Results: FACS sorting yielded approximately 1% of AT2 cells in early IPF tissue, and the 
number decreased as the disease progressed, in contrast to 2.7% in pneumothorax. 
Additionally, the cultured organoids in the IPF groups were smaller and less numer-
ous compared to those from pneumothorax patients. The colony forming efficiency 
decreased as the disease advanced. Immunostaining results showed that the IPF or-
ganoids expressed less surfactant protein C (SFTPC) compared to the pneumothorax 
group and contained keratin 5+ (KRT5+) cells.
Conclusion: This study confirmed that the regenerative capacity of AT2 cells in IPF 
decreases as the disease progresses, with IPF-derived AT2 cells inherently exhibiting 
functional abnormalities and altered differentiation plasticity.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive lung disease that leads to respiratory failure 
and death due to irreversible scarring of the distal 
lung1-3. Traditionally, it was believed that excessive im-
mune system inflammation caused IPF lung fibrosis, 
but large-scale clinical studies using immunosuppres-
sants have shown these treatments increase mortality 
and accelerate disease progression in pulmonary fibro-
sis patients4. Current understanding suggests that IPF 
pathogenesis may involve the deregulation of alveoli re-
generation5. Studies have reported shortened telomere 
lengths in cells from IPF patients6,7. Furthermore, in a 
mouse model, disrupting telomere function in alveolar 
stem cells proved to lead to lung fibrosis progression8,9. 
Recent advances in single-cell transcriptome analysis 
have identified a unique aberrant basaloid cell in the 
alveolar epithelial cells of IPF patients10,11. These cells 
exhibit features of epithelial-mesenchymal transition 
and senescence12. Additionally, a study has confirmed 
that human alveolar type 2 (AT2) epithelium can trans-
differentiate into metaplastic keratin 5+ (KRT5+) basal 
cells13 when co-cultured with fibroblasts from IPF pa-
tients, though it remains unconfirmed if AT2 cells from 
IPF patients can transdifferentiate independently. This 
study aims to create lung organoids at various stages 
of IPF to assess the regenerative capacity of AT2 cells 
and determine whether they can differentiate into 
KRT5+ basal cells autonomously.

Materials and Methods

1. Subjects and tissue collection
Lung tissue samples were obtained from Severance 
Hospital, Yonsei University College of Medicine. Three 
control lung tissue samples were sourced from pa-
tients experiencing pneumothorax. Surrounding tis-
sues were collected during the bullectomy procedure 
performed using video-assisted thoracoscopic surgery 
(VATS). The IPF patient group was categorized into two 
stages. Patients diagnosed initially with normal pulmo-
nary function tests, or forced vital capacity (FVC) or dif-
fusing capacity of the lung for carbon monoxide (DLco) 
of 70% or higher, and with less than 10% fibrosis on 
imaging were classified as early-stage IPF. Converse-
ly, patients who had undergone lung transplantation, 
presenting with FVC or DLco below 40% on pulmonary 
function tests and more than 70% fibrosis on imaging, 
were classified as advanced-stage IPF. Early-stage 
IPF lung tissue samples were obtained via VATS biop-
sy (n=3). Advanced-stage IPF samples were secured 
from tissues post-lung transplantation (n=3) (Table 1 
and Figure 1). The baseline characteristics of the three 
groups are detailed in (Table 1). All studies received ap-
proval from the Institutional Review Board of Severance 
Hospital, Yonsei University College of Medicine, Seoul 
(IRB no.4-2019-0447, IRB no. 4-2012-0685, and IRB no. 
4-2013-0770). Written informed consent was obtained 
from all patients.

2. Lung digestion
The lung tissue samples were finely chopped using tis-
sue scissors, then subjected to chemical dissociation 

Table 1. Baseline characteristics of study

Characteristic Pneumothorax
(n=3)

Early IPF
(n=3)

Advanced IPF
(n=3)

Age, yr 19 (14–20) 61 (55–69) 61 (54–62)

Male sex 3 (100) 3 (100) 3 (100)

Smoking status

   Never smoker 3 (100) 0 0

   Current smoker 0 2 (66.7) 0

   Ex-smoker 0 1 (33.3) 3 (100)

Pulmonary lung function

   FVC 103.25±11.67 84.33±11.85 50±11.79

   DLco 94±1.41 70.33±17.39 31.33±17.62

Values are presented as median (range), number (%), or mean±standard deviation.
IPF: idiopathic pulmonary fibrosis; FVC: forced vital capacity; DLco: diffusing capacity of the lung for carbon monoxide.
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for approximately 40 minutes using a Gentle magnetic 
activated cell sorting (MACS) Octo Dissociator with 
Heaters (cat. no. 130-096-427; Miltenyi Biotec, Ber-
gisch Gladbach, Germany) equipped with multi-tissue 
dissociation kits (cat no. 130-110-201). The dissociated 
cells were filtered through a 70- μm strainer, washed, 
and subsequently, red blood cells lysis was carried out 
at room temperature for 5 minutes.

3. Fluorescence-activated cell sorting
The dissociated cells were resuspended in BD stain 
buffer (cat. no. 554656; BD Pharmingen, Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA), trans-
ferred to individual Eppendorf (EP) tubes, and mixed 
with the 1st antibodies: CD31-allophycocyanin (cat 
no. 303116), CD45-fluorescein isothiocyanate (cat no. 
304006), CD325 (epithelial cell adhesion molecule [Ep-
CAM])-PE-cy7 (cat no. 25-9326-42), and HTII-280 (cat 
no. TB-27AHT2-280). The mixture was incubated on ice 
with occasional shaking for 30 minutes. After a wash-
ing step, the 2nd antibody BV421 (cat no. 562595) was 
added to the tube containing HTII-280 and incubated 
on ice with shaking for 20 minutes. Post-washing, the 
cells were transferred to a fluorescence-activated cell 
sorting (FACS) tube and sorted using the BD FACS Aria 
III machine to isolate CD31- CD45- CD325+ HTII-280+ 
cells.

4. Magnetic associated cell separation
The dissociated cells were resuspended in BD stain 
buffer (cat no. 554656) and incubated with CD326 mag-
netic beads (cat no. 130-061-101) on ice for 20 min-
utes. The mixture was then added to a MACS column 
to filter out CD326+ cells. Subsequently, HTII-280 was 
added, and the mixture was incubated again on ice for 
another 20 minutes. Following this, immunoglobulin M 
(IgM) beads (cat no. 130-047-302) were introduced and 
incubated on ice for 20 minutes. The cells were then 
placed into a MACS column to filter out HTII-280+ cells, 
and a cell count was performed.

5. Organoid culture and assay
AT2 cells were cultured (20,000 AT2 cells per well) in 
alveolar media on growth factor-reduced Matrigel (cat. 
no. CLS356231; Corning Inc., Corning, NY, USA). Alve-
olar media, comprising advanced Dulbecco’s Modified 
Essential Medium/F-12 supplemented with SB431542, 
BIRB796, CHIR99021, insultin-transferrin-selenium, 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
glutamax, heparin, B27 supplement, N-acetyl cysteine, 
human epidermal growth factor, hNoggin, fibroblast 
growth factor 7 (FGF7), FGF10, pen/strep, and primo-
cin, was used. The cell suspension in Matrigel was 
placed into 48-well plates, treated with Rho-associated, 
coiled-coil-containing protein kinase inhibitor for the 
first 48 hours and with hepatocyte growth factor for 7 
days. Organoids were cultured for 21 to 35 days. On 

Figure 1. Overall experimental workflow. IPF: idiopathic pulmonary fibrosis; VATS: video-assisted thoracoscopic surgery; 
FACS: fluorescence activated cell sorter; MACS: magnetic associated cell separation; EpCAM: epithelial cell adhesion 
molecule; AT2: alveolar type 2; 3D: three-dimensional.
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day 21, the number of organoids per well was count-
ed to calculate colony forming efficiency (CFE) as the 
number of organoids per 20,000 cells. Additionally, on 
day 35, the organoids were cryo-sectioned to prepare 
for immunostaining.

6. Frozen section preparation
To disrupt the Matrigel dome containing the organoids, 
incubate in ice-cold recovery solution (cat no. 354253) 
at 4°C for 1 hour in an EP tube. After removing the su-
pernatant, add 4% paraformaldehyde and incubate at 
4°C for 1 hour. The supernatant is then removed, and 
30% sucrose is added; incubate at 4°C overnight or 
until the organoids settle at the bottom of the tube. Re-
move the sucrose, stain the organoids with eosin, and 
carefully transfer them to a mold. Encase in optimal 
cutting temperature compound and incubate at 4°C for 

2 to 3 hours. Freeze the block in liquid nitrogen, then 
either store at –80°C or section into 10 μm slices.

7. Immunofluorescent staining
Slides were incubated in blocking buffer (10% Donkey 
serum and 0.3% Triton X-100 in phosphate-buffered 
saline [PBS]) for 1 hour at room temperature. Sections 
were then incubated at 4°C overnight with primary anti-
bodies: surfactant protein C (SFTPC; cat no. AB90716, 
1:200), HTII-280 (1:500), KRT5 (cat no. AB52635, 1:500), 
KRT17 (cat no. sc-393002, 1:200), aquaporin 5 (AQP5; 
cat no. AB92320, 1:200), 4’,6-diamidino-2-phenylindole 
(DAPI; cat no. 62248, 1:1,000). After washing with PBS, 
the slides were incubated with fluorophore-conjugated 
secondary antibodies for 1 hour at room temperature in 
darkness. Subsequent washes were conducted before 
the slides were mounted with a DAPI-containing medi-

Figure 2. Fluorescence-activated cell sorting (FACS) results and percentage of alveolar type 2 (AT2) cells in each group. 
(A) FACS results for each group, with P7 gate indicating epithelial cell adhesion molecule (EpCAM) and HT2-280 double-
positive AT2 cells. (B) Percentage of EpCAM+HT2-280+ cells within total cells for each group. IPF: idiopathic pulmonary 
fibrosis; pnx: pneumothorax.
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um to stain nuclei. Fluorescence images were acquired 
using a confocal microscope.

8. Statistical analysis
Data were analyzed using SciPy in Python. Results are 
presented as mean±standard deviation. Statistical sig-
nificance between two groups was assessed using the 
Mann-Whitney U test, conducted for each pair of the 
three groups studied. A p-value of less than 0.05 was 
considered statistically significant.

Results

1. Proportion of AT2 decreases following disease 
progression

Figure 2 demonstrates that the FACS yield of HTII-
280+/EpCAM+ cells, identified as AT2, decreased as 
IPF progressed. Using pneumothorax tissue as the 
control group, we obtained 2.7% of AT2 cells from total 
lung cells. However, with early IPF tissue, the yield was 
1.0% of AT2 cells, and with advanced IPF tissue, it was 
only 0.6%.

Figure 4. Immunostaining of lung organoids in each group. (A) Alveolar type 2 (AT2) stain (red color, surfactant protein 
C [SFTPC]; green color, HTII-280; blue color, 4’,6-diamidino-2-phenylindole [DAPI]). (B) Basal stain (purple color, SFTPC; 
red color, KRT5; green color, aquaporin 5 [AQP5]; blue color, DAPI; yellow arrowheads, basal cell). (C) Basal stain (purple 
color, SFTPC; red color, keratin 5 [KRT5]; green color, KRT17; blue color, DAPI).
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2. CFE in day 21 decreases following disease 
progression

Figure 3 reveals that on day 21, organoids cultured from 
sorted AT2 cells exhibited distinct characteristics in 
each group. Organoids derived from the pneumothorax 
(control) tissue formed well, as anticipated; conversely, 
those derived from IPF tissue were smaller and less 
numerous. Furthermore, organoid formation decreased 
progressively from the early to the advanced stages 
of IPF. CFE measurements showed pneumothorax or-
ganoids had a CFE of 1.1%, early IPF organoids 0.6%, 
and advanced IPF organoids 0.25%. Statistical analysis 
indicated significant differences, with p-values of 0.02 
between pneumothorax and early-stage IPF, less than 
0.01 between pneumothorax and advanced-stage IPF, 
and 0.03 between early and advanced stages of IPF.

3. IPF-derived organoid contains basal cells (KRT5+ 
cells)

Figure 4 displays the immunostaining results for 
cryo-sectioned organoids from each group on the 30th 
day. Figure 4A shows staining for the AT2 cell markers 
SFTPC and HTII-280, confirming the appropriate de-
velopment of alveolar organoids. All groups displayed 
organoids with AT2 cells expressing both SFTPC and 
HTII-280. However, organoids derived from early and 
advanced stages of IPF showed weaker expression 
of SFTPC compared to those from the pneumothorax 
group. Figure 4B reveals that in the pneumothorax 
group, no cells tested positive for the basal cell marker 
KRT5, whereas in the IPF-derived organoids, KRT5+ 
cells were present (indicated by yellow arrowheads). 
Figure 4C additionally notes that, aside from KRT5, 
KRT17 positive cells were detected in organoids from 
both early and advanced stages of IPF.

Discussion

This study aimed to create patient-derived lung organ-
oids to compare the regenerative capacity of AT2 cells 
across different groups. We selected patients from 
three groups: control (normal lung tissue from pneu-
mothorax patients), early-stage IPF (tissue at initial 
diagnosis), and advanced-stage IPF (tissue from lung 
transplants). The proportion of AT2 cells among the 
total cells was lower in the IPF groups compared to the 
control group. This finding aligns with the results of 
recently published single-cell RNA sequencing stud-
ies10,11,14. These studies also demonstrated that AT2 
cells in IPF were smaller than those from transplant 
donors. Our study revealed that the proportion of AT2 
cells declined further from early to advanced stages of 

IPF, indicating that the absolute number of AT2 cells, 
crucial for regeneration as stem cells in the alveoli15, 
is reduced in IPF and continues to decrease as the 
disease progresses. The decrease in the proportion of 
AT2 cells likely contributes to the regenerative dysfunc-
tion observed in IPF16.

Next, to further explore the differences in regenera-
tive capacity of AT2 cells, we generated patient-derived 
lung organoids. These organoids were created using 
adult stem cells and were cultured following a proto-
col exclusive to AT2 cells, without feeder cells13,17,18. 
To minimize variability associated with the number 
of AT2 cells seeded per well, 20,000 AT2 cells were 
consistently cultured in each well across all groups. 
On day 21, the pneumothorax-derived lung organoids 
showed robust growth, forming well-defined alveo-
sphere structures. In contrast, the IPF-derived lung 
organoids appeared smaller and were less numerous. 
Furthermore, the number of organoids decreased pro-
gressively from early to advanced stages of IPF, sug-
gesting that AT2 cells from IPF may inherently possess 
diminished regenerative capacity. Indeed, IPF AT2 cells 
have been shown to exhibit increased endoplasmic 
reticulum stress and apoptosis19, accompanied by se-
nescence20,21 and mitochondrial dysfunction22,23. These 
functional changes in AT2 cells are thought to contrib-
ute to their decreased regenerative capacity.

To confirm that the cultured organoids consisted pre-
dominantly of AT2 cells, each organoid was cryo-sec-
tioned and immunostained. All groups contained 
AT2 cells expressing SFTPC and HTII-280. However, 
SFTPC expression was diminished in the IPF-derived 
organoids, with further decreases noted as the disease 
progressed. This indicates a surfactant production dys-
function in AT2 cells within IPF. Surfactant production 
dysfunction has been identified as a critical genetic 
mutation in both familial and sporadic IPF24,25. More-
over, studies have demonstrated that disrupting surfac-
tant genes in mice leads to exacerbated fibrosis26. In 
this study, the IPF-derived organoids seem to retain the 
characteristic surfactant dysfunction observed in IPF 
AT2 cells.

Another distinctive feature observed was the pres-
ence of KRT5+ basal cells in the IPF-derived organoids, 
absent in the control group. Recent studies have indi-
cated that when normal AT2 cells are co-cultured with 
fibroblasts from IPF patients, the AT2 cells lose their 
SFTPC expression and begin to express KRT8, even-
tually transforming into basal cells that express KRT5. 
This shows that normal AT2 cells can differentiate into 
basal cells under the influence of their surrounding 
niche13. This study confirmed that IPF AT2 cells can 
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differentiate into basal cells independently of environ-
mental changes. It suggests that the differentiation 
plasticity of IPF AT2 cells is inherently altered. Several 
studies have highlighted that aberrant basaloid cells 
and basal cells play a pivotal role in IPF pathogene-
sis27,28. Although there is debate over the origin of basal 
cells29-31, the findings from this study suggest that they 
may arise from the altered differentiation plasticity of 
IPF AT2 cells.

To elucidate the differences in AT2 cell character-
istics in IPF organoids, single-cell RNA sequencing 
of IPF-derived organoids is proposed. This method 
will more precisely identify the cell types within the 
organoids compared to immunostaining, revealing 
which cells can evolve from AT2 cells. If specific gene 
variations are detected, siRNA or Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) can 
be employed to inhibit these genes to assess whether 
changes in AT2 cell characteristics can be obstructed.

Our study has three limitations. First, the purity of AT2 
cells sorted by MACS is not perfect, leading to potential 
contamination by other cells in the cultured AT2 cells. 
To reduce contamination and increase purity, FACS 
can be used. However, as IPF progresses, the availabil-
ity of AT2 cells diminishes, necessitating a larger tissue 
sample. Second, we used the HTII-280 antibody to sort 
AT2 cells, but it remains unconfirmed how specifically 
HTII-280 binds to AT2 cells in IPF lungs compared to 
normal lung tissue, although it is commonly used as a 
marker for AT2 cells. This specificity could be further 
confirmed by comparing the cells sorted with HTII-
280 through RNA sequencing with normal AT2 cells. 
Third, our pneumothorax samples (normal) were from 
younger individuals compared to the IPF samples, and 
all were non-smokers. It may be challenging to exclude 
the effects of age and smoking history on AT2 cells 
in this study. Further validation with normal samples 
of similar age and smoking history is likely necessary. 
Additionally, the sample size was small, necessitating 
confirmation by studies with larger sample sizes.

In conclusion, this study confirmed that the regen-
erative capacity of AT2 cells in IPF decreases as the 
disease advances. It also found that IPF AT2 cells in-
herently exhibit functional anomalies, such as impaired 
surfactant production and altered differentiation plas-
ticity.
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