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Abstract  37 

Alveolar epithelial type II (AT2) cells secrete pulmonary surfactant via lamellar bodies (LBs). 38 

Abnormalities in LBs are associated with pulmonary disorders, including fibrosis. However, 39 

high-content screening (HCS) for LB abnormalities is limited by the lack of understanding of AT2 cell 40 

functions. In the present study, we have developed LB cells harboring LB-like organelles that secrete 41 

surfactant proteins. These cells were more similar to AT2 cells than to parental A549 cells. LB cells 42 

recapitulated amiodarone (AMD)-induced LB enlargement, similar to AT2 cells of patients exposed to 43 

AMD. To reverse AMD-induced LB abnormalities, we performed HCS of approved drugs and 44 

identified 2-hydroxypropyl-β-cyclodextrin (HPβCD), a cyclic oligosaccharide, as a potential 45 

therapeutic agent. A transcriptome analysis revealed that HPβCD modulates lipid homeostasis. In 46 

addition, HPβCD inhibited AMD-induced LB abnormalities in human induced pluripotent stem 47 

cell-derived AT2 cells. Our results demonstrate that LB cells are useful for HCS, and suggest that 48 

HPβCD is a candidate therapeutic agent for AMD-induced interstitial pneumonia. 49 

 50 
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Introduction 55 

 Alveolar epithelial type II (AT2) cells have various functions, including the synthesis and 56 

secretion of pulmonary surfactant to maintain the alveolar structure and serving as tissue stem cells 57 

with the capacity for self-renewal and differentiation into alveolar epithelial type I (AT1) cells, which 58 

contribute to gas exchange in pulmonary homeostasis (1, 2). AT2 cell dysfunction induced by  59 

endoplasmic reticulum stress, senescence, and aberrant surfactant homeostasis has been known to occur 60 

in pulmonary fibrosis (3–7), emphasizing the importance of understanding the pathological and 61 

physiological roles of human AT2 cells (8, 9). Pulmonary surfactants are composed of phospholipids, 62 

mainly dipalmitoylphosphatidylcholine (DPCC), and surfactant proteins (10). Surfactant protein A 63 

(SFTPA) and surfactant protein D (SFTPD) are hydrophilic proteins that contribute to host defense by 64 

binding to and killing respiratory viral, bacterial, and fungal pathogens via alveolar macrophages (11). 65 

Surfactant protein B (SFTPB) and surfactant protein C (SFTPC), hydrophobic proteins, are synthesized 66 

by the proteolytic cleavage of a precursor molecule and post-translational modification; mature SFTPC 67 

and SFTPB accelerate the adsorption of mixed surfactant phospholipids (12). Surfactant proteins 68 

(SFTPA, SFTPB, SFTPC, and SFTPD) and phospholipids are assembled into highly packed 69 

membranous structures, called lamellar bodies (LBs), which are acidic secretory organelles, and are 70 

secreted to maintain the alveolar structure (12).  71 

AT2 cells maintain LBs, express surfactant-related genes, and secrete pulmonary surfactant 72 

(12). When cultured in a conventional two-dimensional (2D) culture, most AT2 cells differentiate into 73 

AT1-like cells (13). In a three-dimensional (3D) culture, however, human AT2 cells can be cultured 74 

long-term and their functions can be maintained (14–16). In particular, human induced pluripotent stem 75 

cells (iPSCs) differentiate into AT2 cells harboring LBs; these cells express and secrete pulmonary 76 

surfactant, the key features of AT2 cells (17–20). However, high-throughput analyses are limited by the 77 
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difficulties associated with maintaining AT2 cells in 2D culture and the cost of mass production. A549 78 

cells expressing ABCA3, a transporter of phospholipids to LBs, bear LB-like structures (21, 22), but 79 

they differ from LBs in vivo in terms of the density of lamellar structures. Additionally, whereas A549 80 

cells in specific culture conditions contain LB-like structures, these cells do not express surfactant 81 

proteins (23). Thus, there are no reports of cells containing bona fide LBs that express and secrete 82 

surfactant proteins, despite the potential applications for high-throughput analyses. 83 

We generated cells harboring LB-like organelles that express and secrete surfactant proteins to 84 

establish a model of LB formation and function in AT2 cells. We then used this model to screen 85 

candidate drugs for the treatment of aberrant LBs by high-content screening. We generated stable cells, 86 

tentatively named LB cells, characterized by ABCA3, SFTPC, SFTPB, SFTPD expression, SFTPB, 87 

SFTPC, SFTPD secretion, and LB-like organelles. Using high-content screening, we found that 88 

2-hydroxypropyl-β-cyclodextrin (HPβCD) reduces amiodarone (AMD)-induced LB abnormalities. Our 89 

findings demonstrated the value of LB cells for studies of LB abnormalities and identified HPβCD as a 90 

candidate drug for AMD-induced interstitial pneumonia. 91 

 92 

Methods 93 

 94 

Additional details regarding the methods used in this study are provided in the data supplement. 95 

 96 

Generation of LB cells 97 

A549 cells stably expressing ABCA3, SFTPB, SFTPC, SFTPD, and GFP were established by a 98 

protocol that is detailed in the data supplement. 99 

 100 
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LB cell culture for subsequent assay 101 

A549 and LB cells were passaged 2:5 twice a week upon reaching 80% confluency on a 10 cm-dish 102 

(Greiner). After incubation under specific assay conditions, the cells were harvested for further 103 

analysis.  104 

 105 

Immunofluorescence analysis 106 

Cells were fixed with 4% paraformaldehyde/PBS (Nacalai Tesque) or ice-cold methanol, permeabilized 107 

and immersed in the blocking solution. All subsequent antibody reactions were performed as described 108 

in the data supplement. Additional details concerning the antibodies used are provided in Table E5. 109 

 110 

Measurement of phosphatidylcholine (PC) using TopFluor TMR PC (TMR-PC) 111 

PC was visualized using TMR-PC (Avanti Polar Lipids) incorporated into the cells and subsequently 112 

quantified. The detailed methods are described in the data supplement. 113 

 114 

Electron microscopy 115 

Each sample was incubated in the fixative solution, stained with 1% uranyl acetate, dehydrated and 116 

embedded in Epon 812 (Nacalai Tesque). The methods are described in the data supplement. 117 

 118 

Measurement of SFTPB, SFTPC, and SFTPD in the culture supernatant 119 

Culture supernatants of LB or A549 cells were collected and the concentrations of SFTPB, SFTPC, and 120 

SFTPD in the culture supernatant were evaluated following the methods given in the data supplement.  121 

 122 

RNA-sequencing (RNA-seq) and quantitative real-time PCR (qRT-PCR) analysis 123 
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Total RNA was extracted using an RNeasy Mini Kit (Qiagen). RNA-seq and qRT-PCR were 124 

subsequently performed using the extracted total RNA. All data were deposited in the GEO database 125 

(GSE146612). The methods and the list of primers used are detailed in the data supplement and Table 126 

E6, respectively. 127 

 128 

High-content screening 129 

After LB cells were exposed to each compound, the cells were treated with TMR-PC plus DMSO or 130 

AMD and analyzed using an Opera Phenix High-Content Imaging System (Perkin Elmer), as described 131 

in the data supplement. 132 

 133 

Drug treatment of iPSC-derived AT2 cells in organoids 134 

SFTPC-GFP reporter iPSCs (B2-3) were first differentiated into SFTPC+ AT2 cells. The iPSC-derived 135 

AT2 cells were then passaged two to five times (P2–P5), as described previously (18). The alveolar 136 

organoids containing iPSC-derived AT2 cells (P2–P5) and human fetal lung fibroblasts were treated 137 

with drugs and evaluated. The detailed culture methods are provided in the data supplement. 138 

 139 

Measurement of LysoTracker and PC in iPSC-derived organoids 140 

Drug-treated alveolar organoids, including iPSC-derived AT2 cells (P2–P5), were dissociated and 141 

lysosome-related organelles (LROs) were visualized and quantified using LysoTracker Red DND-99 142 

(Thermo Fisher Scientific). The amount of PC in iPSC-derived epithelial cells was evaluated as 143 

described in the data supplement. 144 

 145 

Statistical analyses 146 
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Graphs were generated and statistical analyses were performed using GraphPad Prism 8 (GraphPad). 147 

The data were analyzed using a two-tailed unpaired Student’s t-test or ANOVA (one-way) and results 148 

are expressed as means ± S.D.. P < 0.05 was considered significant. 149 

 150 

Results 151 

A549 cells with exogenous surfactant protein expression harbor LB-like organelles and secrete 152 

SFTPB, SFTPC, and SFTPD in 3D culture 153 

We hypothesized that surfactant proteins effectively recapitulate the LBs of AT2 cells. Two 154 

vectors for the overexpression of ABCA3, SFTPB, SFTPC, SFTPD, and GFP were transfected into 155 

A549 cells (Figure 1A). After selection by geneticin and zeocin, we obtained stable A549 cell lines 156 

overexpressing ABCA3, SFTPB, SFTPC, SFTPD, and GFP, referred to as LB cells. 157 

Immunofluorescence staining revealed that SFTPB and SFTPD were colocalized in cells in 3D culture 158 

and that ABCA3 and SFTPC exhibited a scattered, small, patchy distribution, suggesting that they are 159 

localized in LB-like structures in cells in 3D culture (Figure 1B). Similarly, ABCA3, SFTPB, SFTPC, 160 

and SFTPD were detected in cells in 2D culture (Figure E1A). Because the main component of LBs is 161 

dipalmitoylphosphatidylcholine, a PC, we examined whether LB cells increased PC in 2D culture using 162 

TMR-PC. FACS analysis indicated that the intracellular TMR-PC intensity was higher in LB cells than 163 

in A549 cells (Figure 1C and 1D). Moreover, consistent with a previous report indicating that A549 164 

cells overexpressing ABCA3 show LB-like organelles (22), the LB cells in both 2D and 3D cultures 165 

showed an LB-like structure in the cells, as determined by transmission electron microscopy (Figure 1E 166 

and E2B). Moreover, the SFTPB, SFTPC, and SFTPD concentrations in the culture supernatant were 167 

detected in 3D cultures of LB cells, but not in those of A549 cells (Table 1). To assess the 168 

transcriptomic profiles of LB cells, RNA-seq was performed. AT2 markers (ABCA3, SFTPB, SFTPC, 169 
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SFTPD, PCDH9, SCD, MAOA, NPC2, AQP3, BEX2, CMTM8, DHCR7, ETV5, and FASN) were 170 

upregulated in LB cells (Figure 1F, E1B, and Table E1) (18, 24–28). Comparative transcriptome 171 

analysis revealed that levels of ABCA3, SFTPB, and SFTPD were similar in LB cells and primary AT2 172 

cells (GSE66627), whereas levels of SFTPC were lower in LB cells than in primary AT2 cells (Figure 173 

E1C) (29). Notably, GO and KEGG pathway analyses using Metascape (30) showed that genes 174 

upregulated in LB cells were significantly enriched for “lysosome” and “metabolism of lipids” 175 

corresponding to our previous results (P = 7.53 × 10-22 and P = 9.23 × 10-11, respectively) (Figure E1D) 176 

(18). A hierarchical clustering analysis of the top 300 differentially expressed genes (DEGs) indicated 177 

that expression patterns in LB cells were more similar to those in primary AT2 cells than in A549 cells 178 

(Figure 1G and Table E1). Furthermore, mRNA expression of ABCA3, SFTPB, SFTPC, and SFTPD in 179 

high passaged LB cells (P26–P33) was similar to that in low-passaged LB cells (P12–P20) (Figure 180 

E2A). In addition, LB cells harbored LBs in both 2D and 3D cultures, suggesting that LB cells 181 

maintained surfactant proteins (Figure E2B). Taken together, LB cells resemble primary AT2 cells at 182 

the phenotypic and transcriptome levels. 183 

 184 

AMD induced LB abnormalities in LB cells 185 

To determine whether LB cells can be used as disease models, they were treated with AMD, 186 

which induces LB abnormalities in human AT2 cells (Figure 2A) (31). Fluorescence microscopy 187 

indicated that the intracellular intensity of TMR-PC in A549 cells and LB cells treated with AMD 188 

increased in a concentration-dependent manner, with a half-maximal effective concentration (EC50) of 189 

6 μM and 2.7 μM, respectively, suggesting that LB cells were more sensitive to AMD-induced PC 190 

increase than A549 cells (Figure 2B). ABCA3 is expressed predominantly in the limiting membrane of 191 

LBs in AT2 cells (32) and can be used as a marker of LBs. We found that the number and size of 192 
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ABCA3+ LBs were higher in LB cells treated with AMD than in the vehicle control (Figure 2C). 193 

Furthermore, transmission electron microscopy revealed that LB-like organelles in LB cells treated 194 

with AMD in 3D culture were enlarged and more abundant (Figure. 2D), indicating that LB cells are 195 

useful for the detection of AMD-induced LB abnormalities.  196 

For in vitro drug screening to identify chemicals capable of reversing AMD-induced LB 197 

abnormalities, we first developed a high-content screening assay using LB cells. Using a PerkinElmer 198 

Opera Phenix high-content screening system and Harmony, the number of TMR-PC dots per cell area 199 

was assessed (Figure 2E). AMD significantly increased the number of TMR-PC dots per cell area, and 200 

the robustness of the assay was validated based on the Z′-factor (0.61 in three independent plates, with 201 

six replicates of 0.1% DMSO and 10 μM AMD in each plate) (Figure 2F). Overall, we developed an in 202 

vitro screening method for LB abnormalities. 203 

 204 

Identification of HPβCD by high-content screening 205 

We further applied our screening method to evaluate the effect of GW9662, which reduces 206 

AMD-induced phospholipid accumulation (33), on LB cells. Concentrations of up to 10 µM GW9662 207 

did not reduce AMD-induced intracellular accumulation of TMR-PC dots (Figure E3A and E3B). The 208 

lack of a significant effect of GW9662 on TMR-PC might be attributable to the experimental 209 

conditions. We screened 2,345 compounds from the Kyoto University Chemistry library to identify 210 

other compounds that can reverse the AMD-induced intracellular accumulation of TMR-PC, obtaining 211 

an average Z′-factor of 0.525. We developed a schematic model for the prioritization of compounds and 212 

the identification of compounds of high interest (Figure 3A). Compounds that attenuated the 213 

AMD-induced intracellular accumulation of TMR-PC dots (with a threshold of 80% inhibition in 214 

comparison with the AMD controls) were considered hits (Figure 3B and Table E2). We obtained 32 215 
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hits and selected HPβCD with more than 80% cell number (Figure 3C and Table E2). HPβCD inhibited 216 

AMD-induced intracellular accumulation of TMR-PC dots in LB cells in a concentration-dependent 217 

manner, with a half-maximal inhibitory concentration (IC50) of 0.8 mM (Figure 3D and 3E). 218 

Transmission electron microscopy showed that the AMD-induced enlargement of LB-like organelles in 219 

LB cells in 3D culture was improved by HPβCD supplementation (Figure 3F). HPγCD, a series of 220 

2-hydroxypropyl-cyclodextrins, reduces the accumulation of cholesterol and is safer than HPβCD in 221 

hepatocyte-like cells derived from Nieman-Pick disease type C (NPC) patient-specific iPSCs (34). 222 

Accordingly, HPαCD and HPγCD were also examined. Both HPαCD and HPγCD reduced the 223 

AMD-induced intracellular accumulation of TMR-PC dots in a concentration-dependent manner, with 224 

IC50 values of 1.8 mM and 2 mM, respectively (Figure E3A, E3C, and E3D). These results suggest that 225 

HPCDs improved the AMD-induced enlargement of LB-like organelles without reducing the LB cell 226 

count. 227 

 228 

HPβCD corrects lipid homeostasis in AMD-treated LB cells 229 

To determine the mechanism by which HPβCD improved AMD-induced LB enlargement, 230 

RNA-seq was performed using AMD-treated LB cells with HPβCD. Because LB is an LRO containing 231 

phospholipids, we hypothesized that AMD induces the abnormal accumulation of phospholipids in 232 

lysosomes of LB cells. A GO analysis of upregulated genes in AMD-treated LB cells identified 233 

enrichment for the terms “metabolism of lipids”, “lysosome”, and “phospholipid metabolic process” (P 234 

= 3.08 × 10-26, 3.23 × 10-22, and 1.32 × 10-10, respectively) (Figure 4A, 4B, E4A, and Table E3). 235 

Strikingly, an unbiased principal component analysis (PCA) showed that the transcriptomes of 236 

AMD-treated LB cells with HPβCD were similar to those of DMSO-treated LB cells (Figure 4C). 237 

Hierarchical clustering and GO analyses based on the expression of genes associated with PC2 showed 238 
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that HPβCD improved lipid biosynthesis and fatty acid metabolism (P = 4.65 × 10-11 and 2.70 × 10-10, 239 

respectively) in AMD-treated LB cells, whereas HPβCD did not improve AMD-induced alterations in 240 

genes associated with PC1 (Figure 4D, 4E, E4B–E4D, and Table E4). Indeed, genes involved in PC 241 

degradation were upregulated in AMD-treated LB cells after HPβCD supplementation (Figure E5). 242 

These data suggest that HPβCD improved AMD-induced LB abnormalities via alterations in lipid 243 

homeostasis. 244 

 245 

HPβCD reverses AMD-induced LB abnormalities in LB cells and human iPSC-derived AT2 cells 246 

We previously found that AMD increases LROs, as visualized by the fluorescent signal 247 

intensity of LysoTracker in iPSC-derived alveolar organoids, including AT2 cells and human fetal lung 248 

fibroblasts (18). The efficacy of HPβCD was assessed in AT2 cells derived from human iPSCs to 249 

examine the power of the newly developed screening system using LB cells. We treated iPSC-derived 250 

alveolar organoids with AMD for 9 days, followed by treatment with HPβCD for 3 days (Figure 5A). 251 

We found that HPβCD reduced the AMD-induced fluorescence intensity of LysoTracker, similar to 252 

HPαCD and HPγCD, in SFTPC+EpCAM+, SFTPC-EpCAM+, and EpCAM- cells, whereas GW9662 253 

had no effect (Figure 5B, 5C, E6A, and E6B). AMD increases PC in the lungs of humans and mice (35, 254 

36); further evaluation indicated that HPβCD reduced PC in human iPSC-derived EpCAM+ cells 255 

(Figure 5D). Transmission electron microscopy revealed that the AMD-induced enlargement of LB-like 256 

organelles in human iPSC-derived AT2 cells was attenuated by HPβCD (Figure. 5E). Collectively, our 257 

screening system using LB cells was useful for the identification of compounds able to reverse LB 258 

abnormalities.  259 

 260 

Discussion 261 
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We developed LB cells expressing ABCA3 SFTPB, SFTPC, and SFTPD derived from A549 262 

cells. LB cells harbored LB-like organelles and secreted SFTPB, SFTPC and SFTPD. The 263 

transriptomes of LB cells were more similar to those of primary AT2 cells than to A549 cells. 264 

AMD-induced LB abnormalities were recapitulated in LB cells. We used high-content screening to 265 

show that HPβCD improved AMD-induced LB abnormalities involving the accumulation of LROs and 266 

PC in iPSC-derived alveolar organoids. Thus, we successfully established a tool for the identification 267 

of small-molecule inhibitors for reversing human LB abnormalities and specifically identified HPβCD 268 

as a candidate therapeutic agent for AMD-induced interstitial pneumonia. LB cells did not differentiate 269 

into AT1-like cells as primary AT2 cells do so, but morphologically and physiologically resembled AT2 270 

cells. Thus, LB cells may be a good resource for high-throughput screening. Interestingly, SFTPB and 271 

SFTPC were not detected in the supernatant of 2D cultures of LB cells (data not shown), although 272 

SFTPD was detected (11.2 ± 3.2 ng/mL, n = 3). On the other hand, all of these surfactant proteins were 273 

secreted in 3D culture of LB cells (Table 1). Thus, future studies will need to optimize culture 274 

conditions for surfactant protein secretion. AMD is an iodinated benzofuran derivative and is classified 275 

as a class III antiarrhythmic drug; however, it causes severe adverse reactions, including pulmonary 276 

toxicity and lung fibrosis (37). Although the mechanism underlying the pulmonary toxicity of AMD is 277 

not clear, excessive phospholipidosis, cytotoxicity, and/or oxidative stress may contribute to 278 

AMD-induced fibrosis. Moreover, LB abnormalities have been detected in AT2 cells of patients and 279 

mice exposed to AMD (31, 35). We previously reported that LB abnormalities are induced by AMD in 280 

iPSC-derived AT2 cells (18). Therefore, the AMD-induced LB abnormalities in LB cells observed in 281 

this study were consistent with previous results. LB cells could recapitulate AMD-induced AT2 cell 282 

injury, especially LB abnormalities. 283 

Although cell-type specific mechanisms might be involved in LB abnormalities, many studies 284 
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have used cell lines that do not have LBs (12, 33). To overcome the limited availability of AT2 cells for 285 

high-content screening, we developed LB cells and used these cells for high-content screening to 286 

identify compounds able to reverse AMD-induced LB abnormalities. We identified HPβCD as a 287 

compound that reverses AMD-induced accumulation of TMR-PC dots in LB cells. To our knowledge, 288 

this is the first report of high-content screening using cells containing LB-like organelles. HPCDs are a 289 

hydroxyalkyl derivative of cyclodextrin, a widely used carrier for drug delivery (38). HPαCD, HPβCD, 290 

and HPγCD consist of six, seven, and eight D-glucopyranose units, respectively, linked to 291 

2-hydroxypropyl groups by α-1, 4 glycosidic bonds to form a macrocycle. Our results indicated that 292 

HPβCD could improve AMD-induced LB abnormalities via changes in lipid homeostasis. Furthermore, 293 

HPβCD reduced the amount of PC and the intensity of LysoTracker-labeled LROs in iPSC-derived 294 

alveolar organoids. Our findings are supported by those of a previous study in which HPβCD was 295 

identified as a candidate therapeutic agent for reducing cholesterol accumulation in NPC1-defective 296 

cells (39). Although HPβCD and HPγCD but not HPαCD reduce the accumulation of cholesterol in 297 

NPC patient-specific iPSC-derived hepatocyte-like cells (34), all of these HPCDs effectively reversed 298 

the AMD-induced accumulation of TMR-PC in LB cells and LysoTracker-labeled LROs in 299 

iPSC-derived organoids. This discrepancy may be explained by differences in the structures of each 300 

cyclodextrin, which remove phospholipids (especially phosphatidylcholine and sphingomyelin) from 301 

the outer half of the membrane bilayer (40) depending on the cell-type specific organelle. Although 302 

further in vivo studies for investigating the efficacy of each cyclodextrin in AMD-induced pulmonary 303 

fibrosis are needed, it would be helpful to know that a single subcutaneous administration of HPβCD 304 

was reportedly improved lipid homeostasis and prolonged lifespan in NPC1 knockout mouse (41) and 305 

intrathecal HPβCD was also effective in patients with NPC1 disease (42), suggesting that HPβCD is a 306 

candidate therapeutic agent for AMD-induced interstitial pneumonia. 307 
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In conclusion, we developed a cell line harboring LB-like organelles and expressing surfactant 308 

proteins. Through high-content screening using LB cells, we identified HPβCD as a candidate 309 

therapeutic agent for reversing AMD-induced LB abnormalities. Our findings provide a basis for the 310 

identification of therapeutic agents for diseases associated with LB abnormalities. 311 
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Tables 450 

Table 1. Quantification of SFTPB, SFTPC, and SFTPD secretion in 3D cultured A549 and LB 451 

cells. 452 

 SFTPB (ng/mL) (n = 3) SFTPC (pg/mL) (n = 6) SFTPD (ng/mL) (n = 6) 

A549 cells nd nd nd 

LB cells 4.25 ± 0.49 3.82 ± 0.86 9.9 ± 0.46 

Definition of abbreviations: ‘nd’ not detected. 453 

  454 
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Figure legends  455 

Figure 1. LB cells harbor LB-like organelles 456 

(A) Schematic representation of the generation of LB cells. 457 

(B) Immunofluorescence staining of ABCA3, SFTPB, SFTPC, and SFTPD in 3D culture. Nuclei were 458 

stained with Hoechst 33342 in blue. Scale bars, 10 μm. 459 

(C and D) FACS analysis of TMR-PC accumulation in LB cells and their parental A549 cells in 2D 460 

culture. A549 cells and LB cells were stained with TMR-PC. Data are presented as means ± S.D. (n = 4 461 

from 4 independent experiments). *P < 0.05 versus A549 (unpaired two-tailed Student’s t-test).  462 

(E) Transmission electron microscope images of LB-like organelles in 3D culture. Arrows mark LBs. 463 

Scale bars, 10 μm. 464 

(F) Volcano plot showing DEGs (P < 0.05 using DEseq2) between A549 and LB cells. Previously 465 

reported AT2 markers are shown (n = 3 from 3 independent experiments). 466 

(G) Heatmap of RNA-seq results for the top 300 DEGs between A549 and LB cells with primary AT2 467 

cells (GSE66627). A549 cells and LB cells in 2D culture were subjected to RNA-seq. 468 

 469 

Figure 2. AMD induced LB abnormalities in LB cells 470 

(A) Schematic representation of the induction of aberrant LB by AMD in LB cells. 471 

(B) Live cell imaging of TMR-PC in 2D culture. A549 and LB cells were treated with 10 μM TMR-PC 472 

and indicated concentration of AMD for 24 h in 2D culture and visualized with TMR-PC. 473 

Quantification of the intensity of TMR-PC per cell count (mean ± S.D.; n = 3 from 3 independent 474 

experiments). Scale bars, 10 μm. 475 

(C) Immunofluorescence staining of ABCA3 in LB cells. Cells were treated with DMSO or 10 μM 476 

AMD for 24 h in 2D culture and subjected to immunofluorescence analysis. Quantification of the 477 
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intensity of ABCA3 per cell count (mean ± S.D.; n = 3 from 3 independent experiments). *P < 0.05 478 

versus DMSO-treated LB cells (unpaired two-tailed Student’s t-test). Scale bars, 10 μm. 479 

(D) Transmission electron microscope images of LB-like organelles in 3D culture. Cells were treated 480 

with DMSO or 25 μM AMD for 12 days and DMSO for 3 days in 3D culture and analyzed under a 481 

transmission electron microscope. Arrows mark lamellar bodies. Scale bars, 10 μm. 482 

(E) Schematic representation of high-content screening to identify chemicals that reverse 483 

AMD-induced LB abnormalities in 2D cultured LB cells. Scale bars, 50 μm. 484 

(F) Validation of high-content screening. LB cells were treated with 10 μM TMR-PC and DMSO or 10 485 

μM AMD for 24 h in 2D culture, followed by live cell imaging (n = 18 from 3 independent 486 

experiments). 487 

 488 

Figure 3. High-content screening identifies HPβCD 489 

(A) Summary of the identification of high-priority compounds. Criteria for each step are shown in blue. 490 

(B and C) Summary of the screening data. We performed high-content screening as described in Fig 2E 491 

and identified compounds with >80% inhibition of TMR-PC/cell area in both runs as hits (red) (B). 492 

Among the hits, HPβCD resulted in >80% retentions in cell counts in both runs (red) (C). Values are 493 

shown as a percentage of AMD-induced increase of TMR-PC dots per cell area without compounds at 494 

100% and the DMSO-induced ones at 0% (B) and AMD-treated cell number without compounds at 495 

100% (C). 496 

(D and E) Live cell imaging of TMR-PC in LB cells. Cells were seeded with the indicated 497 

concentrations of HPβCD in 2D culture. After 24 h, cells were incubated with 10 μM TMR-PC and 498 

DMSO or 10 μM AMD for another 24 h. Then, live cell imaging was performed. TMR-PC dots per cell 499 

area are shown as a percentage of AMD-treated samples without compounds at 100% and 500 
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DMSO-treated ones at 0% (mean ± S.D.; n = 3 from 3 independent experiments, n = 1, 8 fields of 501 

view). Scale bars, 50 μm. 502 

(F) Transmission electron microscope images of LB-like organelles in 3D culture. Cells were treated 503 

with DMSO or 25 μM AMD for 12 days and DMSO or 10 mg/mL HPβCD for 3 days in 3D culture and 504 

observed under a transmission electron microscope. Arrows indicate LB-like organelles. Scale bars, 5 505 

μm. 506 

 507 

Figure 4. HPβCD corrects lipid homeostasis in AMD-treated LB cells. 508 

(A) M-A plot of significantly down- (fold-change < -1.2 and adjusted P < 0.05 using DEseq2) and 509 

upregulated (fold-change > 1.2 and adjusted P < 0.05 using DEseq2) genes in blue and red, 510 

respectively (n = 3 from 3 independent experiments). LB cells in 2D culture with DMSO or 10 µM 511 

AMD treatment were subjected to RNA-seq. 512 

(B) Significantly enriched pathways for genes upregulated by AMD (fold change > 1.2 and adjusted P 513 

< 0.05 using DEsq2) compared with levels in the DMSO vehicle control using Metascape. 514 

(C) Unbiased PCA of RNA-seq data in DMSO-, AMD-, and AMD plus HPβCD-treated LB cells. 515 

(D and E) Hierarchical clustering analysis of genes associated with PC2 (PC2 eigenvalue greater than 516 

0.01 or less than -0.01) showing two gene signatures (black and blue) normalized by HPβCD (D). 517 

Significantly enriched pathways related to the two gene signatures (black and blue) obtained using 518 

Metascape (E). Pathways related to lipid function are indicated in red. 519 

 520 

Figure 5. HPβCD reverses AMD-induced LB abnormalities in human iPSC-derived AT2 cells 521 

(A) Schematic diagram of the effect of HPβCD on human iPSC-derived alveolar organoids. 522 

(B and C) Flow cytometry analysis of human iPSC-derived alveolar organoids stained with 523 
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LysoTracker.  Alveolar organoids including iPSC-derived AT2 cells (P2–P5) were treated with DMSO 524 

or 25 μM AMD from day 5 to day 11 and DMSO or 10 mg/mL HPβCD from day 11 to day 14. The 525 

fluorescence intensity of LysoTracker was measured in each fraction (mean ± S.D.; n = 8 from 8 526 

independent experiments). *, †P < 0.05 versus DMSO-treated control or AMD-treated cells, 527 

respectively (one-way ANOVA with Dunnett’s post hoc test). 528 

(D) Quantification of PC in iPSC-derived EpCAM+ cells. iPSC-derived alveolar organoids (P2–P5) 529 

were used in each condition, as indicated. Organoids were collected, and PC was quantified (mean ± 530 

S.D.; n = 3 from 3 independent experiments). *, †P < 0.05 versus DMSO-treated control or 531 

AMD-treated iPSC-derived EpCAM+ cells, respectively (one-way ANOVA with Dunnett’s post hoc 532 

test). 533 

(E) Transmission electron microscopy images of LB-like organelles. iPSC-derived alveolar organoids 534 

were treated as indicated in Figure 5A. Scale bars, 5 μm. 535 

 536 
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