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Abstract 25 

Background: Chronic respiratory diseases and emerging pathogens such as SARS-CoV-2 are a 26 

major global health burden. Traditional in vitro models, however, poorly recapitulate the 27 

functional complexity of the human lung, limiting mechanistic study and therapeutic 28 

development. 29 

Methods: To address this, we developed a lung organoid-on-a-chip in which patient-derived 30 

airway organoids are differentiated at an air–liquid interface and co-cultured with vascular 31 

endothelial cells and macrophages on a microfluidic platform. The chip was infected with four 32 

SARS-CoV-2 variants - Wuhan, Delta, Omicron BA.1, and Omicron XBB.1 - and profiled by 33 

single-cell RNA sequencing. 34 

Results: The platform reconstituted native airway cellular composition within an air–liquid 35 

interface, and single-cell profiling revealed pronounced epithelial remodeling, including loss of 36 

ciliated cells, blunted interferon responses, and partial epithelial-to-mesenchymal transition 37 

priming. This was accompanied by an endothelial angiogenic response marked by an expanded 38 

angiogenic tip-like state and a VEGF-independent angiogenic-ligand program, with these 39 

responses remaining consistent across all four variants. 40 

Conclusions: Collectively, this lung organoid-on-a-chip recapitulates conserved SARS-CoV-2 41 

epithelial and vascular responses, providing a physiologically relevant platform for respiratory 42 

disease research. 43 

 44 

Background 45 



The global burden of respiratory diseases continues to rise, even excluding the impact of 46 

COVID-19. Chronic respiratory diseases, such as chronic obstructive pulmonary disease 47 

(COPD), asthma, pneumoconiosis, interstitial lung disease (ILD), and pulmonary sarcoidosis, 48 

remain significant causes of morbidity and mortality, with risk factors like smoking, air 49 

pollutants, and occupational hazards. In addition to this, COVID-19 can act as an independent 50 

predictor of severity and higher mortality in patients with COPD and ILD, while also causing 51 

long-term fibrotic-like changes in the lungs. In 2019, an estimated 4 million deaths were 52 

attributed to chronic respiratory conditions, with 454.6 million people affected worldwide 53 

[1,2,3]. In lung disease research, in vitro 2D cell cultures and animal models have been widely 54 

used, but they lack the ability in replicating the intricate architecture, function of human tissues, 55 

and microenvironment cues. These shortcomings highlight the importance of developing 56 

advanced 3D models, such as lung organoids and lung-on-a-chip systems, which better mimic 57 

the biophysical and biochemical characteristics of human lung tissue [4,5]. Among these 58 

advanced models, organoids are particularly valuable as they closely replicate in vivo cell-to-cell 59 

interactions and extracellular matrix (ECM) communication. 3D organoid models, derived from 60 

stem cells, can self-organize into multi-cellular structures that closely mimic vivo environment 61 

and allow for the proliferation and differentiation of stem cells into structures resembling the 62 

corresponding adult tissue [6,7]. Although 3D organoids offer valuable insights into lung 63 

disease, they still face challenges, particularly in the complete differentiation of lung cell types 64 

and mimicking the mechanical forces experienced during breathing. To address these gaps, Air-65 

Liquid Interface (ALI) models were developed to improve ciliated cell differentiation and 66 

enhance epithelial function, making them crucial for studying diseases where epithelial 67 

functionality is vital [8]. Lung organoid-on-a-chip technology further advances this by 68 



integrating microfluidics with 3D lung models to replicate both the structural and dynamic 69 

aspects of lung physiology, such as airflow and mechanical stretching, creating a more accurate 70 

tool for disease modeling and drug testing [9]. The combination of Lung organoid-on-a-71 

chip and ALI systems more closely simulates the lung environment, enhancing mucociliary 72 

differentiation and epithelial barrier function, while also allowing for efficient testing 73 

platform that offers an ethically viable alternative to animal models. In the context of infectious 74 

diseases, particularly given the global impact of SARS-CoV-2, the development of robust in 75 

vitro models has become increasingly crucial. The Lung organoid-on-a-chip not only enables the 76 

replication of SARS-CoV-2 infection under controlled conditions but also allows for real-time 77 

imaging and tracking of viral dynamics. This technology serves as a highly valuable tool for 78 

investigating virus-host cell interactions within the lung and assessing potential antiviral 79 

treatments. Accordingly, the primary aim of this study is to develop and validate a Lung 80 

organoid-on-a-chip that transitions patient-derived 3D organoids into a 2D air-liquid interface 81 

culture within a microfluidic system. Through this approach, we demonstrate that the platform 82 

yields preliminary single-cell signatures concordant with conserved SARS-CoV-2 infection 83 

responses - consistent across four major variants -  at single-cell resolution, providing 84 

mechanistic insights into viral pathogenesis and establishing a physiologically relevant platform 85 

for antiviral therapeutic evaluation. 86 

 87 

Methods 88 

Human lung organoid culture 89 

Human distal airway organoids were established from patient-derived lung tissue as previously 90 

described [10]. Single-cell suspensions were embedded in Growth Factor Reduced Matrigel in 91 



organoid growth medium supplemented with Wnt conditioned medium (WntCM). Organoids 92 

were passaged every 7–10 days through passage 3. Detailed reagent information is provided in 93 

the Online Supplement. 94 

Lung organoid-on-a-chip and co-culture 95 

The BE-Transflow microdevice (BEOnChip, Spain) was used for all chip-based experiments. 96 

The apical chamber was coated with 50% Matrigel and seeded with organoid-derived single cells 97 

at 1×10⁵ cells per well. Human umbilical vein endothelial cells (HUVECs; Lonza) were seeded 98 

into the basal channel at 5×10⁶ cells/mL. Full co-culture and ALI culture optimization details are 99 

provided in the Online Supplement.  100 

SARS-CoV-2 reporter virus particle and live virus infection 101 

SARS-CoV-2 reporter virus particles (RVPs) expressing green fluorescent protein (GFP), 102 

representing Wuhan-Hu-1, Delta (B.1.617.2), and Omicron BA.1 strains (Integral Molecular, 103 

Philadelphia, PA, USA), were applied to the apical chamber (50 µL per chip) for 3 days under 104 

biosafety level 2 (BSL-2) conditions. For live virus experiments, four SARS-CoV-2 variants - 105 

Wuhan (NCCP No. 43326), Delta B.1.617.2 (NCCP No. 43390), Omicron BA.1.1 (NCCP No. 106 

43411), and Omicron XBB.1 (NCCP No. 43428) - were obtained from the National Culture 107 

Collection for Pathogens (Korea) and used at a multiplicity of infection of 0.2 under biosafety 108 

level 3 (BSL-3) conditions. Cells were harvested at 48 hours post-infection for downstream 109 

analyses. THP-1-derived macrophages were incorporated into the basal channel as described in 110 

the Online Supplement. 111 

Single-cell RNA sequencing and bioinformatic analysis 112 

Single-cell libraries were constructed using the Chromium Next GEM Single Cell 3’ Reagent Kit 113 

v3.1 (10x Genomics) and sequenced on an Illumina NovaSeq 6000 platform across five groups: 114 



Control, Wuhan, Delta, Omicron BA.1, and Omicron XBB.1. Raw reads were processed with 115 

CellRanger (v7.0.1) against the GRCh38-2020-A reference. Cells with total unique molecular 116 

identifier (UMI) counts or detected gene counts below 5 median absolute deviations (MAD) 117 

from the median on a log-transformed scale were excluded. Additionally, cells exhibiting low 118 

transcriptomic complexity were filtered out if their percentage of counts in the top 20 genes 119 

exceeded the median+5 MAD. To eliminate potential apoptotic cells, those with a mitochondrial 120 

read ratio exceeding the lower threshold between the median + 3MAD or an absolute 12% limit 121 

were removed. Finally, doublets were identified and excluded using the Scrublet [11]. The 122 

remaining quality-filtered cells from each sample were integrated using scVI (v.1.4.0) [12] to 123 

perform batch correction across samples. Within the integrated data, log-normalization and 124 

unsupervised Leiden clustering at a resolution of 1.0 were executed. Subsequent cell-type 125 

annotation was performed using an internally established methodology based on canonical 126 

marker genes derived from literature (13-21), focusing on highly variable genes (HVGs). All 127 

downstream quantifications were performed using the log-normalized expression values, 128 

excluding cells labeled as unknown.  129 

For downstream functional analysis, the gene set score was defined as the average expression of 130 

a target gene set minus the average expression of a randomly selected, expression-matched 131 

reference gene set [22]. Target pathways were sourced from the MSigDB Hallmark database, 132 

specifically including INTERFERON_ALPHA_RESPONSE, 133 

INTERFERON_GAMMA_RESPONSE, INFLAMMATORY_RESPONSE, 134 

TNFA_SIGNALING_VIA_NFKB, IL6_JAK_STAT3_SIGNALING, and APOPTOSIS. 135 

Additionally, literature-curated custom gene panels were utilized, comprising 11 epithelial 136 

markers (CDH1, EPCAM, CLDN3, CLDN4, CLDN7, OCLN, TJP1, KRT8, KRT18, KRT19, 137 



and DSP), 7 mesenchymal markers (CDH2, VIM, FN1, S100A4, MMP2, MMP9, and ACTA2), 138 

and 6 VEGF-signaling genes (VEGFA, PGF, FLT1, KDR, NRP1, and NRP2; as shown in Figure 139 

6E). 140 

 141 

Results  142 

1. Establishing Organoid Culture Conditions  143 

 144 

Figure 1. In Vivo-Like Lung Organoid model for Propagation and Differentiation 145 

A. Schematic illustrating the main characteristics of lung tissue used as a source of adult stem cells for generating organoids. [Images 146 

created by Biorender]. B. Bright-field microscopy images of organoids cultured in 3D using different media. C. 3D organoids cultured in 147 

varied conditions were fixed, immunostained, and visualized using a Leica Thunder microscope. D. FACS analysis showing AT2 marker 148 

expression in organoids cultured under different media conditions. E. 3D organoids grown in WntCM media were fixed, immunostained, 149 

and visualized with Leica Thunder. These results suggest that WntCM was chosen as the optimal medium due to its capacity to support 150 

organoid differentiation, closely resembling the in vivo lung environment. 151 

We compared two distinct media types, WntCM and CHIR, to evaluate their effects on organoid 152 

growth, stem cell maintenance, and differentiation. WntCM is known to activate the Wnt 153 

signaling pathway, essential in organoid culture for maintaining stemness and enabling self-154 



renewal. This pathway plays a key role in embryonic development, stem cell proliferation, and 155 

tissue regeneration by activating the Wnt/ β-catenin pathway [23]. In contrast, CHIR, a potent 156 

glycogen synthase kinase-3 (GSK-3) inhibitor, pharmacologically stimulates Wnt/β-catenin 157 

signaling, influencing cellular behavior differently. By inhibiting GSK-3, CHIR prevents the 158 

degradation of β-catenin, leading to its accumulation and the activation of Wnt target genes, 159 

rather than providing Wnt proteins directly [24,25]. This comparison allowed us to determine 160 

how each media condition impacts organoid development, particularly in terms of optimizing 161 

culture conditions for closely mimicking the in vivo lung environment or for our specific 162 

experimental need (i.e. SARS-CoV-2 infection). The adult lung organoid was cultured and 163 

passaged until passage 3 (P3), with its development regularly monitored using brightfield 164 

microscopy (Figure 1B). The growth and differentiation potential of lung organoids were 165 

evaluated by assessing the expression of two key lung-specific markers: HT2-280, associated 166 

with alveolar type II (AT2) cells, and angiotensin-converting enzyme 2 (ACE2), linked to 167 

epithelial function and known as the receptor for SARS-CoV-2. To compare two organoid media 168 

conditions, immunofluorescence (IF) staining confirmed the expression of HT2-280 and ACE2, 169 

and fluorescence-activated cell sorting (FACS) analysis was used to quantify the proportion of 170 

positive cells (Figure 1C, D). Notably, the proportion of HT2-280 and ACE2-expressing cells in 171 

the WntCM condition remained below 10%, closely resembling the percentage observed in in 172 

vivo lung tissue, indicating strong similarity in cellular composition [26]. The expression 173 

of aquaporin-5 (AQP-5) and HT1-56, key markers for alveolar type I (AT1) cells, was also 174 

confirmed in organoids cultured in WntCM (Figure 1E) [27]. Thus, WntCM was selected as the 175 

optimal culture condition for future experiments due to its ability to support organoid 176 

differentiation that closely mimics the in vivo lung environment. 177 



Previously, in our lab, we conducted a single-cell RNA sequencing (scRNA-seq) analysis to 178 

investigate transcriptomic differences among four lung organoid culture in transwell models: O1 179 

(3D organoid culture), O2 (organoid-derived 2D cells in WntCM media), EX (organoid-derived 180 

2D cells in PneumaCult EX-plus media), and ALIEX (organoid-derived 2D cells under air-liquid 181 

interface conditions; ALIEX). Among these, the ALIEX model exhibited the highest 182 

transcriptomic similarity to in vivo lung epithelium, as demonstrated by comparison with Web-183 

based Similarity Analysis System (W-SAS) lung tissue and Human Lung Cell Atlas (HLCA) 184 

normal lung parenchymal airway epithelial datasets. Single-cell RNA sequencing revealed that 185 

the ALIEX model had the highest proportion of ciliated cells (12.5%) while maintaining a 186 

significantly lower basal cell proportion, resembling the cellular composition of native airway 187 

epithelium. Furthermore, differential gene expression analysis identified key regulatory 188 

pathways associated with epithelial differentiation, including the downregulation of VEGFA and 189 

upregulation of CDKN1A, which were linked to enhanced ciliated cell differentiation. RNA 190 

velocity and pseudotime trajectory analysis further indicated a more advanced differentiation 191 

state in the ALIEX model, with a clear transition toward a ciliated cell fate, unlike other models 192 

that retained a higher proportion of undifferentiated basal cells. Based on these findings, we 193 

integrated an ALI culture system within a microfluidic Lung organoid-on-a-chip using the 194 

BEOnChip system. This platform was designed to support lung organoid-derived transitional 195 

differentiated cells under ALI conditions while simultaneously allowing co-culture with vascular 196 

endothelial cells. Given that the ALI model provided the most physiologically relevant epithelial 197 

differentiation profile, we prioritized incorporating ALI conditions in the Lung organoid-on-a-198 

chip to optimize the epithelial-endothelial interface.  199 



2. Establishing Co-culture Conditions for Organoid-Vascular Endothelial Cell 200 

Integration in a Lung organoid-on-a-chip 201 

 202 

Figure 2. Culture of Lung organoid-on-a-chip 203 

A. Schematic cross-sectional illustration of the top chamber and bottom channel. The dome-shaped organoids seeded on the chip were 204 

imaged using bright-field microscopy. B. 3D organoids co-cultured with HUVECs in the bottom channel were fixed, immunostained, and 205 

visualized using a Leica Thunder microscope. This schematic represents the co-culture system, where organoids are seeded in the top 206 

chamber, HUVECs are seeded in the bottom channel, and media tests were conducted. The findings suggest that WntCM was selected as 207 

the optimal medium, supporting organoid differentiation and closely mimicking the in vivo lung environment. C. The table presents the 208 

specifications of the BeonChip device. The device is made from cyclic olefin polymer (COP) and consists of two separate culture wells 209 

connected by a 1 µm porous polycarbonate membrane. 210 

We utilized the BEOnChip platform to optimize the microfluidic model for a more realistic 211 

simulation of human physiological systems. This platform supports organoid culture, enables 212 

an ALI culture for epithelial cells with an open-top structure, and allows for the co-culture of 213 

lung organoids with vascular endothelial cells, enhancing the model’s functionality (Figure 2A, 214 

C). In this study, we aimed to establish optimal conditions for co-culturing lung organoids with 215 

vascular endothelial cells in a BEOnChip system. After embedding the organoids in ECM, they 216 



were seeded into the top chamber of the BEOnChip device and HUVECs were introduced into 217 

the bottom channel. To determine the optimal conditions for maintaining both organoid 218 

morphology and endothelial stability, two media conditions were tested in the bottom 219 

channel: organoid growth media (WntCM) and endothelial cell media (EGM™-2). The 220 

morphology and integrity of the co-cultured organoids were assessed using IF staining and 221 

visualized with the Leica Thunder imaging system (Figure 2B). The results showed that both 222 

organoid and endothelial media supported the stable maintenance of endothelial cells in the 223 

bottom channel. This was confirmed through CD31 immunostaining, which highlighted the 224 

formation of a microvascular network beneath the respiratory epithelium. However, the use 225 

of EGM™-2 media in the bottom channel resulted in a significant reduction of E-226 

cadherin expression in the organoids, indicating a disruption in epithelial integrity. On the other 227 

hand, Organoids cultured in WntCM maintained stable E-cadherin and F-actin expression, 228 

indicating preserved epithelial integrity throughout the experiment (Figure 2B). This study 229 

demonstrated that organoid media is optimal for maintaining epithelial integrity in lung 230 

organoid-endothelial co-cultures, preserving E-cadherin expression, unlike endothelial media, 231 

which led to its reduction. 232 

In a transwell system, HUVEC monoculture was also conducted to assess the stability of 233 

endothelial cells in various media conditions. We tested endothelial cell stability in organoid 234 

media (WntCM and CHIR) as well as a mixture of organoid media and EGM™-2. This 235 

experiment aimed to evaluate the impact of organoid media composition on endothelial cell 236 

stability for future co-culture in the Lung organoid-on-a-chip. Results indicated that endothelial 237 

cells were more stable in the WntCM condition for over a week compared to the CHIR condition 238 

provided in supplementary (Figure S1).  239 



3. RVP infection test on Lung organoid-on-a-chip 240 

 241 

Figure 3. Culture of Lung organoid-on-a-chips and Air-liquid interface 242 

A. Schematic representation showing three distinct experimental conditions tested in the Lung organoid-on-a-chip. We evaluated three 243 

setups where HUVECs were co-cultured in the bottom channel: [1] organoids cultured on Matrigel-coated chips, [2] organoid-derived 2D 244 

cells on chips, and [3] organoid-derived 2D cells differentiated under air-liquid interface (ALI) conditions. 245 

B. Bright-field microscopy images displaying the organoid in the top chamber, HUVECs in the bottom channel, and the progression 246 

through the ALI process. 247 

To determine the optimal conditions for infection, GFP fluorescence was detected at 3-, 4-, and 248 

7-days post-infection, with the highest signal intensity observed at day 7. However, the 249 

difference between 3 and 7 days was minimal, indicating that a 3-day incubation period is 250 

sufficient for infection assays while minimizing experimental duration. The RVP input volume 251 

also significantly impacted infection efficiency, with 50 µL yielding the highest GFP signal in a 252 

dose-dependent manner. These findings align with previous protocol recommendations 253 

suggesting 3-day incubation and 50 µL RVP input as the optimal conditions for infection 254 

assays (Integral Molecular, 2022) [28] (Figure S2). 255 



 256 

Figure 4. SARS-CoV-2 RVP infection test on Lung organoid-on-a-chip 257 

A. IF staining images corresponding to experimental conditions (1–3) after infection with RVPs. 258 

On a Lung organoid-on-a-chip, we tested three different conditions, where HUVECs were co-259 

cultured in the bottom channel: [1] organoids cultured on Matrigel-coated chips, [2] organoid-260 

derived 2D cells on chips, and [3] organoid-derived 2D cells differentiated in an ALI (Figure 3A, 261 

B). To enhance infection efficiency, organoids were converted to a 2D cell layer, and ALI 262 

differentiation was applied. Additionally, macrophages were introduced into the bottom channel 263 

with endothelial cells to further enhance infection efficiency. Each condition was infected with 264 

SARS-CoV-2 RVP-GFP strains (Wuhan, Delta, and Omicron) at 50 µL per chip for 3 days 265 

without media change to allow infection to progress. 266 

As a result, no significant differences in infection rates were observed between viral strains, as 267 



determined by fluorescence imaging. However, a notable increase in infection was observed in 268 

the presence of macrophages, suggesting that immune cell interactions may enhance viral entry 269 

or replication (Figure 4, Figure S3). These findings provide insights into infection dynamics and 270 

serve as a foundation for future studies using live SARS-CoV-2.  271 

4. Single-cell transcriptomic profiling and cell-type identification in the Lung 272 

organoid-on-a-chip 273 

To characterize cell-type-specific transcriptional responses to SARS-CoV-2 infection within the 274 

Lung organoid-on-a-chip, we performed scRNA-seq across five samples: Control, Wuhan, Delta, 275 

Omicron BA.1 (Omicron 1), and Omicron XBB.1 (Omicron 2). The global landscape of the 276 

integrated dataset indicates well-mixed distribution of cells across the control and 4 different 277 

strains without strong batch effects (Figure 5A). 278 

Figure 5. Cell-type annotation of the Lung organoid-on-a-chip scRNA-seq dataset. 279 



(A) Uniform Manifold Approximation and Projection (UMAP) embedding of the integrated Lung organoid-on-a-chip scRNA-seq dataset 280 

colored by sample (Control, Wuhan, Delta, Omicron 1, and Omicron 2). (B) UMAP feature plots showing 10 distinct cell types. (C) Stacked 281 

violin plot of canonical marker genes across the cell types. 282 

 283 

Based on Leiden clustering, we classified the integrated dataset into 10 distinct cell types (Figure 284 

5B). These cell types were broadly classified into three major lineages: epithelial, endothelial, and 285 

immune compartments. Specifically, the epithelial lineage comprised ciliated cells, club cells, 286 

basal epithelial cells. The endothelial compartment included general endothelial cells, vein 287 

endothelial cells, and proliferating endothelial cells, while the immune compartment was 288 

represented by macrophages and proliferating macrophages. The distinct transcriptomic identities 289 

of these assigned populations were clearly demonstrated by their cell-type-specific marker 290 

expression profiles (Figure 5C). 291 

 292 

 293 



Figure 6. Changes in epithelial and endothelial cells in the Lung organoid-on-a-chip. 294 

(A) Stacked bar plots illustrate the proportional changes of epithelial sub-populations across the control and four strains. (B) Heatmap of 295 

host-response gene-set scores (IFN-α/γ, inflammatory, TNF-NFκB, IL-6/JAK/STAT3, apoptosis) shown as the change relative to control 296 

in basal epithelial cells. (C) Bar plots of the mean EMT index, defined as the difference between epithelial and mesenchymal marker 297 

gene-set scores, in basal epithelial cells across the control and four strains. (D) Stacked bar plots illustrate the proportional changes of 298 

endothelial sub-populations across the control and four strains. (E) Standardized expression of VEGF signaling pathway-related genes 299 

within the endothelial cells across the control and four strains. (F) Mean ANGPT2 expression within the general endothelial + vein 300 

endothelial subset across the control and four strains. 301 

 302 

To evaluate infection-associated cellular dynamics, we compared the relative proportions of 303 

epithelial subtypes across samples (Figure 6A). Notably, a marked reduction in the proportion of 304 

ciliated cells was observed, decreasing from 6.9% in the control to a minimum of 0.0% in the 305 

infected group. Conversely, basal cells expanded progressively, rising from 6.3% in the control 306 

to a maximum of 27.6% under Omicron. 307 

To assess the host transcriptional response in basal epithelial cells, we scored host-defense 308 

related gene-set scores (IFN-α, IFN-γ, inflammatory, TNF-NFκB, IL-6/JAK/STAT3, and 309 



apoptosis) and compared each variant to the control (Figure 6B). All pathways were reduced 310 

relative to control across four strains. The reduction was most pronounced for the interferon 311 

pathways, with the IFN-α related gene expression decreasing by up to 0.16. 312 

We also examined the epithelial-mesenchymal balance in basal cells using an EMT index 313 

(epithelial - mesenchymal marker module scores; positive = epithelial dominant, Figure 6C). The 314 

index was positive only in the control (+0.13) and turned negative in all four variants (-0.07 to -315 

0.29), showing a consistent shift away from the epithelial state upon infection. Within the 316 

endothelial compartment, the tip (angiogenic) endothelial fraction rose from 2.9% in the control 317 

to maximum 15.7% in the infected samples (Figure 6D). Consistent with this angiogenic shift, 318 

VEGF-signaling genes were broadly upregulated in endothelial cells, including PGF, KDR, and 319 

the co-receptors NRP1/NRP2, whereas the ligand VEGFA was the only member to decrease. 320 

ANGPT2 expression in the combined general and vein endothelial subset was higher in all four 321 

strains than in the control (Figure 6F).  322 

 323 

 324 

  325 



Discussion 326 

The primary achievement of this study lies in the successful establishment of an advanced Lung 327 

organoid-on-a-chip platform, derived from patient-derived distal airway organoids, capable of 328 

stably modeling infections from a broad range of SARS-CoV-2 variants. By integrating a 3D 329 

organoid-derived 2D ALI epithelial layer with vascular endothelial cells and immune 330 

components within a microfluidic device, we demonstrated that four major variants - Wuhan, 331 

Delta, Omicron BA.1, and Omicron XBB.1 - can effectively infect this integrated system. These 332 

findings underscore that the study’s main point is the development of a versatile infectious 333 

disease research platform capable of reproducing human-relevant infection responses regardless 334 

of the specific viral variant. The integration of an ALI culture system within the BEOnChip 335 

microfluidic platform was informed by prior transcriptomic evidence from our group 336 

demonstrating that the ALI-differentiated model most closely recapitulates the cellular 337 

composition of native airway epithelium, with enriched multiciliated cell fractions and a reduced 338 

basal cell proportion [10]. This pattern is consistent with physiological mucociliary 339 

differentiation driven by Notch-FOXJ1 signaling [29, 30]. The selection of WntCM as the 340 

unified culture medium across both compartments further ensured epithelial integrity throughout 341 

this transition, as WntCM preserved E-cadherin and F-actin organization in the epithelial layer - 342 

unlike EGM-2, whose constituent growth factors are known to downregulate E-cadherin via 343 

extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK) signaling 344 

[31, 32] - while maintaining stable endothelial morphology confirmed by CD31 staining, 345 

addressing a common challenge of medium-mediated cross-compartment interference in organ-346 

on-chip co-culture systems [33]. 347 

Prior to live virus experiments, SARS-CoV-2 RVP infection assays were conducted across three 348 



platform configurations to confirm viral entry competency under BSL-2 conditions. The absence 349 

of significant inter-variant differences in GFP fluorescence was anticipated, as replication-350 

incompetent RVPs are inherently limited to a single round of ACE2-mediated entry and cannot 351 

resolve the strain-specific differences in replication kinetics or immune evasion that emerge with 352 

live virus [34]. These results nonetheless validated the platform's susceptibility to SARS-CoV-2 353 

entry across all tested conditions, providing the necessary foundation for subsequent live virus 354 

experiments in which variant-specific transcriptomic responses were characterized at single-cell 355 

resolution. In this study, we validated the suitability of our Lung organoid-on-a-chip for virus 356 

research. To observe whether the model behaves similar to the lung in vivo, we tested 4 different 357 

COVID-19 strains and compared the responses of the Lung organoid-on-a-chip against control. 358 

One of the major observations in our dataset is a marked reduction in ciliated cells, accompanied 359 

by a relative increase in the proportion of basal epithelial cells. This is consistent with the basal 360 

stem cell–driven regeneration that follows airway epithelial injury after SARS-CoV-2 infection 361 

[35]. The uniform reduction of host-defense gene-set scores in infected basal cells, most 362 

pronounced for the interferon pathways, is in line with the characteristically blunted type I/III 363 

interferon response that defines SARS-CoV-2 infection of the respiratory epithelium [36, 37], 364 

and the broad downregulation across modules is consistent with nonstructural protein (NSP) 1-365 

mediated host shutoff [38, 39]. The EMT index turned negative across all infected samples, 366 

indicating a shift away from epithelial identity in basal cells. This reflected a coordinated change 367 

- a loss of epithelial markers together with a gain of mesenchymal markers - that was consistent 368 

across all four variants. Such an EMT-like, profibrotic priming of the airway epithelium has been 369 

described in COVID-19 lung [40, 41]. In the endothelium, the tip (angiogenic) endothelial cell 370 

fraction expanded, and VEGF-signaling genes were broadly upregulated, suggesting angiogenic 371 



reprogramming. Notably, the VEGFA-low, ANGPT2-high angiogenic signature is compatible 372 

with VEGF-independent angiogenesis, a mode that includes the intussusceptive angiogenesis 373 

reported in COVID-19 lungs [42, 43]. ANGPT2 is, moreover, a well-recognized marker of 374 

endothelial activation and vascular leak in SARS-CoV-2 infection [44, 45]. 375 

This study has several limitations. First, with only one sample per condition, statistical validation 376 

was not feasible. The transcriptomic changes reported here should be regarded as preliminary 377 

observations awaiting confirmation by biological replication. We note, however, that each 378 

reported directional change - ciliated-cell loss with basal expansion, blunted interferon scores, 379 

EMT-like priming, angiogenic tip-cell expansion, and ANGPT2 induction - independently 380 

matches the direction of previously published in vivo and patient-derived COVID-19 signatures 381 

cited above [35-45]. It is unlikely that a technical artifact arising from a single chip would 382 

simultaneously and consistently reproduce the directional patterns of multiple previously 383 

reported biological signatures. Accordingly, the high degree of concordance with prior studies 384 

provides meaningful support for interpreting the observed transcriptomic responses as infection-385 

driven biological changes rather than as consequences of batch effects. Second, gene-set scores 386 

reflect transcriptional (mRNA) changes and thus have limited power to capture protein- or 387 

function-level events such as vascular leak; for host shutoff in particular, a decreased score 388 

cannot distinguish immune evasion from reduced viral replication. Third, to first establish and 389 

validate the integrated multi-compartment platform in a robust manner, the vascular and immune 390 

channels were reconstituted with well-characterized, and highly reproducible cell sources - 391 

human umbilical vein endothelial cells (HUVECs) and THP-1 derived macrophages - with which 392 

the key endothelial responses to SARS-CoV-2 infection were successfully recapitulated. 393 

However, because HUVECs are of venous origin, these responses are more appropriately 394 



interpreted as those of an activated endothelium rather than as lung-microvascular–specific 395 

responses. 396 

In future studies, these compartments will be enhanced by integrating lung microvascular 397 

endothelial cells and macrophage sources better suited to the pulmonary environment, thereby 398 

more closely recapitulating the native lung microenvironment. In parallel, the findings will be 399 

validated through adequately powered biological replication across multiple SARS-CoV-2 400 

variants. 401 

 402 

Conclusion 403 

In summary, this study successfully transitioned patient-derived lung organoids into a 2D ALI 404 

culture within a Lung organoid-on-a-chip, establishing a viral infection model that accurately 405 

recapitulates the human lung microenvironment. Notably, using scRNA-seq, we demonstrated 406 

the platform's robust analytical capability by capturing high-resolution pathological signatures 407 

across four major SARS-CoV-2 variants - including a loss of ciliated cells with a relative 408 

increase in basal cells, a broad suppression of the epithelial host-defense program shutoff, an 409 

EMT-like priming of basal epithelial cells, and an angiogenic reprogramming of the endothelial 410 

cells marked by ANGPT2 induction. Despite limitations regarding biological replicates, this 411 

platform proves its potential as an ethical and efficient tool for drug screening and viral 412 

pathophysiology research by precisely simulating in vivo responses, offering a viable alternative 413 

to animal models.  Moving forward, this model is expected to serve as a versatile rapid-response 414 

platform for future pandemics and a cornerstone technology for the advancement of personalized 415 

precision medicine. 416 

 417 
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