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Supplementary Figure 1. HPAEpiCs cultured with control and SMC medium. (a) Bright-

field microscope images showing HPAEpiC elongation with increasing passage number. (b) The 

elongated HPAEpiCs exhibited similar characteristics to the human lung fibroblast cell line, HLF-

1. (c) The HPAEpiCs were stained with Vimentin (green) antibody at Passage 5, which indicated 

that almost all cells were Vimentin+ cells. (d) Bright-field microscope images showing HPAEpiC 

morphology maintenance during 5 passages. (e) The HPAEpiCs were stained with Vimentin 

(green), EpCAM (red), HTII-280 (green), and HTI-56 (red) antibodies at Passage 5. From the 

images, the HPAEpiCs maintained the epithelial cell phenotype. 

  



 

Supplementary Figure 2.  SMC medium for HPAEpiC freezing and thawing. (a) Schematic 

diagram of experiment on cell passaging culture, freezing, and thawing. (b) Bright-field 

microscope images showing maintenance of epithelial cell morphology by frozen–thawed 

HPAEpiCs. (c) The frozen-thawed HPAEpiCs were stained with HTII-280 (green) and HTI-56 

(red) antibodies, showing that the AT1 and AT2 cell phenotypes were maintained in the SMC 

medium. 

  



 

Supplementary Figure 3.  Human alveolar models established under continuous Sub or ALI 

conditions. (a) Time-line flowchart showing HPAEpiC culture steps under continuous Sub or ALI 

conditions. (b–d) The HPAEpiCs were stained with HTII-280 (green) and HTI-56 (red) antibodies 

under Sub and ALI culture conditions at 0, 7, 14, and 21 days. The images are shown as whole 

regions of stacked images (b) and HTII-280+ cell images (c), as well as local regions of HTII-280+ 

cell images (d). 



 
Supplementary Figure 4. Human alveolar models established under continuous Sub 

condition or two-staged Sub and ALI conditions. (a) The HPAEpiCs were stained with HTII-

280 (green) and HTI-56 (red) antibodies under Sub conditions at 0, 7, 14, and 21 days. (b) The 

HPAEpiCs were stained with HTII-280 (green) and HTI-56 (red) antibodies under pre-cultured 

Sub D14+ALI D0, D7, D14 conditions. These images show that the human alveolar model forms 

a more compact monolayer under ALI conditions. (c) The HPAEpiCs were stained with ZO-1 

antibodies under pre-cultured Sub D14+ALI D14 condition.  



 

Supplementary Figure 5. Microvilli of human alveolar models established under ALI 

conditions. The HPAEpiCs were cultured under pre-cultured Sub D14+ALI D0, D7, D14 

conditions. The scanning electron microscope images showed that the HPAEpiC microvilli 

increased under ALI conditions with lengths between 0.4 and 1.0 μm. 

  



 

Supplementary Figure 6. Cell functions of human alveolar model established with passaged 

HPAEpiCs. (a) The HPAEpiCs were stained with ZO-1 (green) and HTII-280 (red) antibodies, 

showing that the alveolar model exhibited integrity barrier characteristics containing AT2 cells. (b) 

The HPAEpiCs were stained with SPB (green) antibody, showing that the alveolar model produced 

homogeneous surfactant-specific protein. 

  



 

Supplementary Figure 7. ACE2 and TMPRSS2 expression during establishment of human 

alveolar models. (a) Schematic diagram showing abundant expression of ACE2 and TMPRSS2 

in human alveolar model under ALI conditions. (b) The HPAEpiCs were stained with ACE2 

(green) and TMPRSS2 (red) antibodies under the Sub D0 condition. From the images, the ACE2 

and TMPRSS2 expression was mostly located in the cell nuclei. (c) After the ALI condition, the 

ACE2 and TMPRSS2 expression increased substantially and had a certain co-localization in the 

human alveolar model. 

 

  



 

Supplementary Figure 8. ACE2 and TMPRSS2 expression in human alveolar models 

established with passaged HPAEpiC cells. The HPAEpiCs were stained with ACE2 (green) and 

TMPRSS2 (red) antibodies, showing the feasibility of establishing a large-scale alveolar model 

expressing ACE2 and TMPRSS2. 

 

  



 

Supplementary Figure 9. Replacement of SMC culture medium with control after 

establishment of human alveolar model. (a) Time-line flowchart showing HPAEpiC culture 

steps with control or SMC medium after establishment of human alveolar model. (b) The 

HPAEpiCs were stained with HTII-280 (green) and HTI-56 (red) antibodies after 3 days of 

medium replacement. From the images, the human alveolar model maintained the specific protein 

expression of the AT1 and AT2 cells even when the SMC medium was replaced with the control 

medium. 



 

Supplementary Figure 10. Interaction between SARS-CoV-2 spike protein and human 

alveolar model. (a) Schematic diagram of interaction between SARS-CoV-2 spike protein and 

ACE2 receptor. (b) After 6 h treatment, the western blotting data showed a binding interaction 

between the SARS-CoV-2 spike protein and human alveolar model. 

 

  



 

Supplementary Figure 11. SARS-CoV-2 pseudovirus infection in human alveolar model. 

After 3 days of SARS-CoV-2 pseudovirus infection (GFP reporter), the HPAEpiCs were stained 

with HTI-56 (red) or HTII-280 (purple) antibodies. The 3D confocal images reveal that both the 

AT1 (HTI-56+) and AT2 cells (HTII-280+) were infected with the SARS-CoV-2 pseudovirus. 

 

  



 

Supplementary Figure 12. Cell function of human alveolar model after SARS-CoV-2 

pesudovirus infection. (a) After 3 days of infection, the cell lysates were collected for western 

blot analysis to detect the HPAEpiC SPA and pro-SPC proteins. The SPA expression decreased 

obviously after SARS-CoV-2 pseudovirus infection. (b) The HPAEpiCs were stained with SPB 

(green) and SPD (red) antibodies; there were no obvious differences in SPB and SPD expression 

after pseudovirus infection. (c) The HPAEpiCs were stained with Ki-67 (green), HTI-56 (red), and 

HTII-280 (purple) antibodies. From the images, there were more proliferating cells (Ki-67+) in the 

pseudovirus-infected alveolar model. 

 

  



 

Supplementary Figure 13. Human alveolar model treated with lipopolysaccharide (LPS). (a) 

Time-line flowchart showing HPAEpiC culture steps during LPS treatment. (b) After LPS 

treatment, the HPAEpiCs were stained with ZO-1 (red) antibody. From the images, the ZO-1 signal 

was almost absent after LPS treatment, suggesting that the barrier function of the human alveolar 

model was impaired. 

 

  



 

Supplementary Figure 14. Repair response of damaged human alveolar models under Sub 

condition. (a) Time-line flowchart showing HPAEpiC culture steps during wound healing. (b) The 

human alveolar models were co-treated with TGF-β1 and SB431542 or XAV939 for 1 day. From 

the images, HPAEpiC treatment with XAV939 enhanced wound healing in the alveolar model, 

with almost complete healing being achieved within a day. (c) The HPAEpiCs were stained with 

SPB (green), α-SMA (red), and EpCAM (purple) antibodies. From the images, XAV939 

maintained the highest EpCAM expression during wound healing in the human alveolar model. 

 

  



 

Supplementary Figure 15.  Uncropped and unedited images for Supplementary Figure 10b.  

  



 

Supplementary Figure 16.  Uncropped and unedited images for Supplementary Figure 12b. 

 

 

  



Supplementary Table 1. The regulatory functions of medium additives on HPAEpiC growth 

behavior 

Medium 
additives 

Description Signaling pathways Primary functions Reference 

JAG-1 

This peptide is a fragment of the 

JAG-1 protein, which is a Notch lig-

and. 

Notch signaling ↑ Alveolar cell maintenance 1 

hNoggin 

This recombinant protein is an an-

tagonist of bone morphogenetic 

proteins (BMPs). 

BMP signaling ↓ AT2 cells self-renewal 2 

SB431542 

This small molecule is a selective 

inhibitor of transforming growth 

factor-β type I receptor (TGF-β RI). 

TGF-β signaling ↓ 

Prevention of AT2 cells 

transdifferentiation into 

mesenchymal cells 

3 

hFGF-10 

This recombinant protein is a sub-

group of fibroblast growth factor 

(FGF). 

FGF signaling ↑ AT2 cells maintenance 4 

hFGF-7 

This recombinant protein is a mem-

ber of the FGF family, also known 

as keratinocyte growth factor 

(KGF). 

FGF signaling ↑ 

AT1 and AT2 cells 

maintenance; 

AT2 cells proliferation 

5, 6 

CHIR99021 

This small molecule is an aminopy-

rimidine derivative that acts as an 

inhibitor of glycogen synthase ki-

nase 3 (GSK-3). 

Wnt signaling ↑ 

AT2 cells maintenance; 

Inhibition of AT2 to AT1 

cells transdifferentiation 

 

7, 8 

Y-27632 

This small molecule is a selective 

inhibitor of Rho-associated coil ki-

nase (ROCK). 

RhoA/ROCK signaling ↓ Cells avoid anoikis 9 

 

  



Supplementary Table 2. The components and parameters of HPAEpiC cell culture medium 

Medium 

additives 

Final concen-

tration 
Control SMC  

– 

JAG-1 

– 

hNoggin 

– 

SB431542 

– 

hFGF-10 

– 

hFGF-7 

– 

CHIR99021 

AEpiCM  1 X + + + + + + + + 

JAG-1 1 μM - + - + + + + + 

hNoggin 100 ng/ml - + + - + + + + 

SB431542 10 μM - + + + - + + + 

hFGH-10 100 ng/ml - + + + + - + + 

hFGH-7 100 ng/ml - + + + + + - + 

CHIR99021 3 μM - + + + + + + - 

Y-27632 # 10 μM - + + + + + + + 

 

  



Supplementary Table 3. The comparison of our alveolar model with human-related 

biological properties 

 Human alveolar epithe-
lial tissue 

Our in vitro  
alveolar model 

A549 
cell line 

Cell-type composi-

tion 
AT1 and AT2 cells AT1 and AT2 cells AT2 cells 

AT2 cells propor-

tion 
~ 15% ~ 10% 100% 

Surfactant proteins 

production 

SPA, SPB, 

SPC and SPD 

SPA, SPB, 

pro-SPC and SPD 
SPB, SPC and SPD 

Epithelial barrier 

integrity 
Well Well Weak 

Microvilli length ~ 0.5 - 1.0 µm ~ 0.4 - 1.0 µm None 

SARS-CoV-2 infec-

tion 
AT1 and AT2 cells AT1 and AT2 cells Non-permissive 

Reference 10-14 In this study 15-20 

 

  



Supplementary Table 4. The information of the HPAEpiCs used in the experiment 

Lot. No. Sex Age (gestation) 

28272 Unknown 20 weeks 

28696 Male 20 weeks 

29464 Male 19 weeks  

29657 Female 21 weeks  

30105 Male 20 weeks  

30869 Male 20 weeks  

31476 Unknown 20 weeks  

31486 Unknown 20 weeks 

 

  



Supplementary Table 5. The primary antibodies used for immunostaining 

Primary anti-
bodies 

Company Catalog number Dilution 

α-SMA Cell Signaling Technology 36110S 1:100 

ACE2 Abcam ab87436 1:100 

AQP5 Santa Cruz Biotechnology sc-514022 AF594 1:100 

CK18 BioLegend 628408 1:100 

EpCAM Cell Signaling Technology 5447S 1:400 

EpCAM BioLegend 324214 1:100 

HTI-56 Terrace Biotech HT1-56 1:50 

HTII-280 Terrace Biotech HT2-280 1:50 

PDPN Abcam ab10288 1:100 

pro-SPC Merck Millipore AB3786 1:200 

SOX9 Abcam ab196184 1:100 

SPA Abcam ab51891 1:200 

SPB Thermo Scientific MA1-204 1:100 

SPD Bioss BS-1583R 1:100 

TMPRSS2 Santa Cruz Biotechnology sc-515727 1:100 

Vimentin Cell Signaling Technology 9854S 1:400 

ZO-1 Thermo Scientific 339188 1:200 

ZO-1 Cell Signaling Technology 13663S 1:400 

 

  



Supplementary Table 6. The secondary antibodies used for immunostaining 

Secondary antibodies Company Catalog number Dilution 

Alexa Fluor®  488/IgG Jackson ImmunoResearch 115-545-062 1:200 

Alexa Fluor®  488/IgG Jackson ImmunoResearch 111-545-003 1:200 

Alexa Fluor®  488/IgM Thermo Scientific A-21042 1:200 

Alexa Fluor®  555/IgG1 Thermo Scientific A-21127 1:200 

Alexa Fluor®  633/IgM Thermo Scientific A-21046 1:200 

Alexa Fluor®  647/IgG Jackson ImmunoResearch 115-605-003 1:200 

Cy3/IgG Merck Millipore AP132C 1:200 

 

  



Supplementary Table 7. The primers sequences for qRT-PCR 

Genes Forward (5'→3') Reverse (5'→3') 

Vimentin GGATGTTTCCAAGCCTGACC TTCTTGGCAGCCACACTTTC 

EpCAM GGCTCTTTAAGGCCAAGCAG CCAGTAGGTTCTCACTCGCT 

SOX9 GCTAAAGGCAACTCGTACCC TTTCGCTGCTCCATTTAGCC 

PDPN GACCGTTTCTGACTCTGTGC GTGAACGGTCTTTCCTTCGG 

HOPX CGCTCAACAACAACACAACG GAGTCAGTGGAGGCGAAGAT 

SFTPB CCATACCACAGGCAATGCTC TGCTGCTCCACAAATTGCTT 

SFTPC CCTGAGTGAGCACCTGGTTA GCAGCTGCTGGTAGTCATAC 

GAPDH CTGACTTCAACAGCGACACCCA GTCCACCACCCTGTTGCTGTAG 

 

  



Supplementary Table 8. The primary antibodies used for western blotting 

Primary antibodies Company Catalog number Dilution 

SARS-CoV-2 Spike Protein 

(S1-NTD) 
Cell Signaling Technology 42172s 1:1000 

SPA Abcam ab51891 1:1000 

pro-SPC Merck Millipore AB3786 1:500 

GAPDH (GA1R) Thermo Scientific MA5-15738 1:10000 

 

  



Supplementary Table 9. The secondary antibodies used for western blotting 

Secondary antibodies Company Catalog number Dilution 

HRP/IgG (H+L) goat-anti-

mouse 
Thermo Scientific 31430 1:5000 or 10000 

HRP/IgG (H+L) goat-anti-

rabbit 
Thermo Scientific 31460 1:5000 
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