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Summary 30 

SARS-CoV-2 is more infectious and transmissible in humans than SARS-CoV, despite the genetic 31 

relatedness and sharing the same cellular receptor. We sought to assess whether human airway 32 

organoids can model SARS-CoV-2 infection in the human airway and elucidate the cellular basis 33 

underlying its higher transmissibility. We demonstrate that SARS-CoV-2 can establish a 34 

productive infection in human airway organoids, in which ciliated cell and basal cell are infected. 35 

Wildtype SARS-CoV-2 carrying a furin cleavage motif exhibits comparable replication kinetics 36 

to a mutant virus without the motif. Human airway organoids sustain higher replication of SARS-37 

CoV-2 than SARS-CoV, whereas interferon response is more potently induced in the latter than 38 

the former. Overall, human airway organoids can model SARS-CoV-2 infection and recapitulate 39 

the disposable role of furin cleavage motif for virus transmission in humans. SARS-CoV-2 stealth 40 

growth and evasion of interferon response may underlie pre-symptomatic virus shedding in 41 

COVID-19 patients, leading to its high infectiousness and transmissibility.  42 

 43 

The current pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute 44 

respiratory syndrome coronavirus-2 (SARS-CoV-2) has progressed into a public health and socio-45 

economic crisis globally. Up to date, the total count of confirmed patients has surpassed 24 million 46 

with over 800 thousand deaths. COVID-19 is primarily a respiratory illness with a broad spectrum 47 

of clinical manifestations, spanning from mild or asymptomatic upper respiratory infection to 48 

severe pneumonia or acute respiratory distress syndrome leading to death. 1 Coronaviruses possess 49 

a large positive-sense RNA genome of approximately 30 kilobases. The interaction of viral spike 50 

protein and a cognate cellular receptor is the primary determinant for the infectivity to a host and 51 

tissue tropism within the host. Upon receptor binding, proteolytic cleavage of spike protein by host 52 

serine proteases such as TMPRSS2, cathepsin and furin is required to release the viral genome and 53 

initiate replication. Viral RNA synthesis produces both viral genomic RNA and a set of nested 54 

subgenomic RNAs.2 The latter serves as mRNAs which express structural (spike, envelope, 55 

membrane, and nucleocapsid) proteins and accessory proteins. Within the endoplasmic reticulum-56 

Golgi intermediate compartment, viral genomes encapsidated by nucleocapsid protein interact 57 

with structural proteins to form nascent virions.2   58 

In the early outbreak of COVID-19, Zhu et al reported the isolation of SARS-CoV-2 using 59 

human primary airway epithelial cells, which was more effective than using Vero E6 cells.3 Vero 60 
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E6 or Vero cells are commonly used for virus isolation due to the deficient interferon signaling 61 

that favors viral growth. Despite the intact interferon signaling pathway in primary airway 62 

epithelial cells, efficient virus isolation using these primary cells is readily anticipated since these 63 

airway epithelial cells are the native target cells of SARS-CoV-2. In fact, other human 64 

coronaviruses such as hCoV-OC43 and hCoV-NL63, which are refractory to grow in conventional 65 

cell lines, have been propagated on human primary airway epithelial cells.4 The human airway, 66 

from the nasal cavity to terminal bronchiole, is covered with airway epithelium consisting of four 67 

major cell types including ciliated cell, goblet cell, club cell and basal cell. In this context, it is 68 

implausible that routinely-maintained cell lines, which are composed of homogenous clonal-69 

expansion cells, can simulate the multi-cellular composition and complicated functionality of the 70 

human airway epithelium. In order to recapitulate the interaction of respiratory viruses with host 71 

cells, scientists utilized primary airway epithelial cells or switched to the primary cells to verify 72 

the findings from cell lines.5 However, a major obstacle of primary cell culture is the limited 73 

proliferation capacity in vitro, the well-recognized Hayflick limit.6 As a result, primary cells are 74 

unable to be long-term expanded. In addition, regardless of the variation among tissues from 75 

different donors, it normally takes at least 4~6 weeks to prepare well-differentiated airway 76 

epithelial cells.5 These issues collectively constrain the application of primary cells for routine 77 

experimental purposes. Currently, the morbidity and mortality of COVID-19 pandemic have 78 

reached an epic magnitude. However, there is no readily-available and physiological-active in vitro 79 

system, superior to human primary bronchial epithelial cells, to model SARS-CoV-2 infection in 80 

the human airway, the primary infection site of SARS-CoV-2.  81 

The generation of organoids in vitro represents a major breakthrough in human biology in 82 

the past decade. The adult stem cell derived organoid culture has been established for most human 83 

organs, including human lung organoid.7, 8 Upon induction of differentiation for 12~14 days, the 84 

long-term expandable, undifferentiated human lung organoids become differentiated airway 85 

organoids that faithfully simulate the multi-cellular composition and functional complexity of 86 

human airway epithelium, the epithelium lining the human respiratory tract from nasal cavity to 87 

bronchiole. As a proof-of-principle, we demonstrated that human airway organoids can 88 

discriminate highly infective viruses from less infective ones, thus can be utilized to predict the 89 

infectivity of emerging respiratory viruses to humans.7 90 
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SARS-CoV-2 is phylogenetically related to SARS-CoV with 79-82% sequence similarity.9 91 

In 2002~2003, SARS-CoV emerged in China and spread globally. Most SARS patients present as 92 

atypical pneumonia with shortness of breath, cough and high fever. SARS-CoV infected more than 93 

8000 individuals with a case-fatality rate of approximately 10%.10 Apart from genetic relatedness, 94 

SARS-CoV-2 shares with SARS-CoV the same human cell receptor, angiotensin-converting 95 

enzyme 2 (ACE2). However, based on the current epidemiological data, SARS-CoV-2 is more 96 

infectious and transmissible than SARS-CoV, yet exhibiting a lower case-fatality rate. The 97 

fundamental pathology in human respiratory cells underlying the distinct pathogenicity of two 98 

viruses is incompletely understood. In this study, we sought to leverage human airway organoids 99 

to model SARS-CoV-2 infection in the human airway. In addition, we studied viral growth of 100 

SARS-CoV-2 and cellular response in comparison of SARS-CoV in human airway organoids, a 101 

physiological-active model of human respiratory epithelium, aiming to unravel the cellular basis 102 

of the high infectiousness of SARS-CoV-2.  103 

We first assessed whether human airway organoids can model SARS-CoV-2 respiratory 104 

infection by examining the infectivity and viral growth of SARS-CoV-2 in three lines of human 105 

airway organoids derived from primary lung tissues of three donors. Notably, SARS-CoV-2 106 

productively infect all three lines of airway organoids, the viral load increased over 3 log units at 107 

72 hours post inoculation (hpi). The titer of infectious virus was significantly elevated up to 4 log 108 

units (Fig. 1a). The presence of viral subgenomic mRNA indicates active viral replication.11 We 109 

observed an increasing amount of subgenomic mRNA in SARS-CoV-2 infected airway organoids 110 

(Supplementary Fig.1a), indicating active viral replication. In addition, airway organoids 111 

underwent progressive cytopathic effect overtime after SARS-CoV-2 inoculation (Supplementary 112 

Fig.1b). We further verified productive SARS-CoV-2 infection by immunostaining of viral 113 

nucleocapsid protein (NP). Individual infected cells were discernible at 8 hpi. At 24 hpi, virus 114 

spread to neighboring cells (Fig. 1b). We proceeded to evaluate cellular tropism of SARS-CoV-2 115 

in human airway organoids. At 24 hours after inoculation, we performed confocal imaging of the 116 

infected airway organoids after co-staining of viral NP and FOXJ1 or P63, the marker of airway 117 

ciliated and basal cell respectively. As shown in Fig. 1c, both ciliated cells and basal cells were 118 

infected by SARS-CoV-2. 119 

We also performed transmission electron microscopy to examine human airway organoids 120 

and SARS-CoV-2-infected organoids. Many cells in airway organoids possess the cilium structure 121 
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with microtubules of 9+2 arrangement, while others show the ultrastructure of goblet cell with 122 

secretory vesicles in the apical cytoplasm (Fig. 1d and Fig.1e), indicating an appreciable 123 

mucociliary differentiation of airway organoids as we demonstrated previously.7 Virion particles 124 

with an average size of 70~80 nm and the typical “corona” projections are readily discernible 125 

within the cells of inoculated airway organoids (Fig. 1f and Fig.1g).  126 

As aforementioned, cellular serine proteases prime coronaviruses for efficient entry. 127 

Recent studies have demonstrated that serine protease TMPRSS2 enhances SARS-CoV-2 cellular 128 

entry and replication capacity.12 We measured the expression levels of ACE2 and pro-viral 129 

proteases in human airway organoids in comparison to undifferentiated lung organoids from which 130 

airway organoids are derived. Compared to the undifferentiated lung organoids (LO), human 131 

airway organoids (AO) exhibited significantly upregulated ACE2 and all pro-viral proteases (Fig. 132 

2a). ACE2 is clearly shown on the apical membrane in the cells of airway organoids (Fig. 2b).  133 

Collectively, human airway organoids faithfully simulate native airway epithelium, and exhibit 134 

high susceptibility to SARS-CoV-2.  135 

One of the notable features of SARS-CoV-2 is the presence of a polybasic furin cleavage 136 

PRRA motif in S1/S2 boundary  in spike protein,13 which is absent in the closely-related bat 137 

coronaviruses.14 In avian influenza viruses of H5 and H7 hemagglutinin (HA) subtypes, 138 

acquisition of the polybasic cleavage site in the envelope protein HA is associated with heightened 139 

pathogenicity.15 Hoffmann et al demonstrated that the PRRA motif was essential for SARS-CoV-140 

2 cellular entry in Calu-3 cells.16 Jaimes et al documented that the PRRA insertion allows furin 141 

cleavage of SARS-CoV-2 spike protein and may enhance spike protein cleavage by other 142 

proteases.17 However, a recent study suggested the furin cleavage motif is not essential for the 143 

fusion activity of SARS-CoV-2 spike protein in the environment where serine proteases are 144 

present, such as the human airway.18 Given the controversies, we sought to evaluate the role of the 145 

PRRA motif for SARS-CoV-2 replication in human airway organoids. We obtained a SARS-CoV-146 

2 variant with PRRA motif deletion through plaque purification and compared the replication 147 

kinetics of wildtype and deletion mutant virus. Interestingly, the deletion mutant virus (Del) and 148 

wildtype virus (WT) replicated to a similar titer in human airway organoids (Fig. 3a). We recently 149 

reported SARS-CoV-2 infection in human intestinal organoids.19 Indistinguishable replication of 150 

wildtype and deletion mutant SARS-CoV-2 was also manifested in human small intestinal 151 



6 

 

organoids (Fig. 3b). Thus, the results demonstrated the furin cleavage is dispensable for SARS-152 

CoV-2 propagation in human airway and intestinal epithelial cells.  153 

Ogando et al reported rapid acquisition of the deletion mutation and strong selection of the 154 

deletion mutant virus when SARS-CoV-2 was propagated in Vero E6 cells.20 We have recently 155 

developed a duplex digital PCR assay to quantify PRRA motif variants in SARS-CoV-2 samples.21 156 

Herein, we examined the abundance of both variants in the culture media from airway organoids 157 

infected with plaque-purified wildtype or deletion mutant virus. Wildtype and deletion mutant 158 

variants were exclusively detected from airway organoids infected with the respective virus 159 

(Supplementary Fig.2). We did not observe the appearance of deletion mutant variant when 160 

plaque-purified wildtype virus replicated in human airway organoids for 72 hours. Therefore, viral 161 

genomic region of the S1/S2 cleavage site remains stable during SARS-CoV-2 replication in 162 

human airway organoids.  163 

Based on the clinical manifestations and epidemiological findings, SARS-CoV-2 is 164 

apparently more infectious than SARS-CoV. A possible explanation is that SARS-CoV-2 per se 165 

replicates more robustly than SARS-CoV in human respiratory epithelial cells. Alternatively, more 166 

severe disease manifestation of SARS than COVID-19 enables readily identification of SARS 167 

patients, and subsequent interventions prevent human-to-human transmission of SARS-CoV. As 168 

a result, SARS-CoV appears to be less infectious than SARS-CoV-2. To address which is the 169 

authentic scenario or whether both are operational, we compared the replication capacity of SARS-170 

CoV and SARS-CoV-2 in human airway organoids. As shown in Fig. 4a, viral load in the culture 171 

medium of SARS-CoV-2-infected organoids, based on the detection of copy number of viral RdRp 172 

gene, was around 10-fold higher than that in SARS-CoV-infected organoids. To verify the result, 173 

we detected the copy number of another viral gene, nucleocapsid (NP). The same trend was 174 

observed, significantly more NP RNA molecules were generated by SARS-CoV-2 than SARS-175 

CoV in human airway organoids (Supplementary Fig.3). Intriguingly, TCID50 assay showed 176 

indistinguishable viral titers in Vero E6 cells using culture media collected from SARS-CoV-2-177 

and SARS-CoV-infected organoids.  178 

Viral gene copy number in the samples reveals the abundance of total RNA species of 179 

RdRp and NP gene, including viral genomic RNA and subgenomic RNA. To quantify the copy 180 

numbers of viral RNAs, we used two pairs of primers targeting the conserved region in RdRp or 181 

NP genes of two viruses and virus-specific probes, which ensures an equal amplification of RNA 182 
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molecules of two viruses and high specificity of the assay simultaneously. Thus, the assay enables 183 

accurate measurement and direct comparison of the amount of viral RNAs generated from the two 184 

viruses. The inconsistent pattern of viral gene copy number and viral titer could be attributed to 185 

Vero E6 cells used to measure viral titer. Ogando et al reported that SARS-CoV replicated more 186 

efficiently than SARS-CoV-2 in Vero E6,20 the cells used for our TCID50 assay. Thus, TCID50 187 

assay itself is a biased measurement for comparing titers of the two viruses, since Vero E6 cells 188 

favor the outgrowth of SARS-CoV over SARS-CoV-2. Conceivably, more robust replication of 189 

SARS-CoV-2 than SARS-CoV would be masked, instead shown as indistinguishable viral titers 190 

when the medium samples of two viruses are titrated in Vero E6 cells. Unfortunately, as far as we 191 

know, few cell lines can be used for unbiased titration of these two viruses. We then detected the 192 

infection rate of SARS-CoV and SARS-CoV-2 in the infected airway organoids by flow 193 

cytometry. At 24 hpi, the percentage of virus-infected cells was around 3-fold higher in SARS-194 

CoV-2-infected organoids than SARS-CoV-infected organoids (Fig. 4b). Therefore, viral load 195 

detection and flow cytometry analysis consistently reveal higher infectivity and replication 196 

potential of SARS-CoV-2 than SARS-CoV in human airway organoids.    197 

As aforementioned, SARS-CoV produced significantly more infectious virions than 198 

SARS-CoV-2 in Vero E6 cells.20 The disparate replication capacity of SARS-CoV and SARS-199 

CoV-2 in Vero E6 cells and human airway organoid is probably ascribed to cellular interferon 200 

response, which is active in human airway organoids, albeit defective in Vero E6 cells. Interferons 201 

are key antiviral cytokines produced during innate immune detection of viral infections. Type I 202 

IFNs systematically control infection, whilst type III IFNs eliminate infection locally at mucosal 203 

surfaces including epithelium lining the respiratory and gastrointestinal tracts. Mouse and human 204 

respiratory epithelial cells preferentially secrete type III IFNs in response to influenza virus and 205 

respiratory syncytial virus infections.22, 23 In addition, expression of type III IFN receptor complex 206 

is most commonly restricted to the epithelial cells at mucosal surfaces.24 Type I and type III IFNs 207 

trigger almost identical downstream signals and lead to activation of hundreds of IFN-stimulated 208 

genes that coordinate the eradication of pathogens and infected cells, and meanwhile produce a 209 

pro-inflammatory response that contributes to inflammation and clinical symptoms of viral 210 

infections.  211 

We then examined the expression levels of a panel of IFN genes in airway organoids 212 

infected by SARS-CoV and SARS-CoV-2 (Fig. 4c). SARS-CoV significantly stimulated the 213 
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induction of type III IFNs including IFNλ2 and IFNλ3, type I IFN (IFNα) and type II IFN (IFNγ). 214 

However, IFNλ3 and IFNγ were only marginally induced in SARS-CoV-2-infected airway 215 

organoids; and type I IFNs and IFNλ2 were barely stimulated. As a result, the induction of IFNλ2, 216 

IFNα and IFNγ was significantly higher in SARS-CoV infection than SARS-CoV-2 infection. 217 

Potent induction of IFN response was shown in human airway organoids infected by influenza A 218 

virus of H1N1 pandemic strain (Supplementary Fig. 4). The results suggested that SARS-CoV-2 219 

developed strong antagonism to evade IFN response.  220 

Airway organoids derived from adult stem cells can recapitulate the key features of native 221 

airway epithelium to a near-physiological level. In this study, we demonstrate that human airway 222 

organoids are highly susceptible to SARS-CoV-2. Currently, it remains a controversial issue 223 

regarding the role of furin cleavage motif for the infectivity of SARS-CoV-2 to humans. The 224 

conclusion drawn from each in vitro study using cell line appears evidence-based and rational. 225 

However, these meticulously-conducted studies reached conflicting conclusions.16, 18 The 226 

inspection in human airway organoids indicates furin cleavage is dispensable for the infectivity 227 

and replication capacity of SARS-CoV-2. Furthermore, viral genome region harboring the furin 228 

cleavage motif is very stable during SARS-CoV-2 replication in human airway organoids, in 229 

contrast to the rapid acquisition of the deletion mutation in Vero E6 cells. Despite contradictory to 230 

the findings of some in vitro studies,16, 17 our observation is actually compatible to the real-life 231 

scenarios in human and related animal hosts. The furin cleavage motif is absent in closely-related 232 

bat coronavirus RaTG13 and pangolin coronavirus, leading to a speculation that acquisition of the 233 

motif may be essential for the cross-species transmission and productive infection of SARS-CoV-234 

2 in humans.14 Shortly afterwards, a bat coronavirus closely related to SARS-CoV-2 (with 97% 235 

sequence similarity) was identified, and the virus possesses a similar furin cleavage motif in the 236 

spike protein.25 In addition, we and others found that SARS-CoV-2 without the furin cleavage 237 

motif was literally transmissible in humans.21 Based on these studies, the furin cleavage motif is 238 

not essential for animal-to-human and human-to-human transmissions. Namely, the comparable 239 

replication capacity of these two viruses in human airway organoids adequately recapitulates the 240 

redundant role of the furin cleavage motif for viral growth of SARS-CoV-2 in humans, which 241 

highlights these airway organoids as a physiological-active tool to model SARS-CoV-2 infection 242 

in the human airway.   243 
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Furthermore, more robust viral growth of SARS-CoV-2 than SARS-CoV in the airway 244 

organoids and evasion of IFN response may recapitulate and underlie the distinct transmission 245 

profile of COVID-19 and SARS. In SARS-CoV-2 patients, the highest viral load was detected at 246 

the time of symptom onset.26 Infectiousness of COVID-19 patients peaked on or before symptom 247 

onset. Pre-symptomatic or asymptomatic virus shedding of COVID-19 patients has been 248 

documented extensively.1, 27 In contrast, a prospective study of a large cohort of SARS patients 249 

showed that the patients exhibited increasing viral load during the first week that peaked on at day 250 

7 ~ 10 days after the onset of symptoms.28 Human-to-human virus transmission occurred days after 251 

illness. Given these observations in COVID-19 and SARS patients, we believe the higher 252 

infectiousness of SARS-CoV-2 is attributed to more robust but “stealth” replication of SARS-253 

CoV-2 due to the evasion of IFN response in the early phase of infection, which is clinically 254 

manifested as virus shedding in pre-symptomatic COVID-19 patients. SARS-CoV-2 evasion of 255 

IFN response was also observed in the infected human primary bronchial epithelial cells.29 In stark 256 

contrast, IFN production, especially IFNγ induced in SARS-CoV-infected airway epithelial cells 257 

leads to inflammation in respiratory tissues and early appearance of symptoms in SARS patients. 258 

IFNγ-related cytokine storm was induced in SARS patients’ sera and contributable to the 259 

immunopathological damage of the patients.30    260 

Taken together, SARS-CoV-2 evades IFN response and replicates robustly in human 261 

airway organoids. SARS-CoV-2 stealth growth and evasion of host antiviral response may underlie 262 

the pre-symptomatic virus shedding in COVID-19 patients, leading to its high infectiousness and 263 

transmissibility. The human airway organoid model of SARS-CoV-2 respiratory infection, and the 264 

intestinal organoid model of SARS-CoV-2 intestinal infection,19 can serve as powerful and 265 

physiological-active in vitro models to understand human SARS-CoV-2 infection.  266 

 267 
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Figures and legends  350 

Fig. 1  351 
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Fig. 1. Active replication of SARS-CoV-2 in human airway organoids (HAO). (a) Culture 354 

media were harvested from three lines of SARS-CoV-2 infected HAO at the indicated hours post 355 

infection and applied to viral load detection and viral titration by TCID50 assay. Data represent 356 

mean and SD of a representative experiment, n = 3. Independent experiments were performed three 357 

times in triplicate. Dashed line indicates detection limit. (b) SARS-CoV-2-infected HAOs were 358 

fixed at 8 or 24 hpi and immuno-stained to identify viral NP (green) positive cells. Nuclei and 359 

actin filaments were counterstained with DAPI (blue) and Phalloidin-647 (purple) respectively. 360 

Scale bar, 20 µm. (c) After fixation at 24 hpi, SARS-CoV-2-infected HAOs were co-stained with 361 

α-NP (green) and α-FOXJ1 (red, left) or α-P63 (red, right) to examine cell tropism. Nuclei and 362 

actin filaments were counterstained with DAPI (blue) and Phalloidin-647 (white) respectively. 363 

Scale bar, 20 µm. (d) Transmission electron microscopy shows ultrastructural morphology of a 364 

goblet cell in HAO. (e) Images of transmission electron microscopy illustrate ultrastructural 365 

morphology of ciliated cells (left) in HAO, including the longitudinal section (middle) and cross-366 

section (right) of cilia with microtubules of 9+2 arrangement. (f)Transmission electron microscopy 367 

shows the presence of virion particles in a secretory vesicle in SARS-CoV-2-infected cells in 368 

HAO; the boxed area is amplified on the right. (g) Images of transmission electron microscopy 369 

show the detailed morphology of virion particles in cytoplasm of SARS-CoV-2-infected cells in 370 

HAO. 371 

  372 
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 373 

 374 

Fig. 2. Expression of pro-viral host factors in human airway organoids. (a) Three lines of 375 

undifferentiated human lung organoids (LO) and the differentiated human airway organoids (AO) 376 

derived from the former were applied to RT-qPCR assay to detect transcriptional levels of ACE2, 377 

TMPRSS2, TMPRSS4, Cathepsin L, Furin and HAT. Data represent mean and SD of three 378 

independent experiments, n = 9.  Two-tailed Student’s t test. (b) Differentiated human airway 379 

organoids were applied to immunofluorescence staining to label human ACE2 protein (green). 380 

Nuclei and actin filaments were counterstained with DAPI (blue) and Phalloidin-647 (purple) 381 

respectively. Scale bar, 20 µm. 382 

 383 

  384 
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 385 

 386 

Fig. 3. Comparison of wildtype and deletion mutant SARS-CoV-2 in human airway and 387 

intestinal organoids. (a) At the indicated hour post infection of wildtype (WT) or deletion mutant 388 

(Del) SARS-CoV-2 in human airway organoids, culture media were harvested and applied to viral 389 

load detection and viral titration by TCID50 assay. Data represent mean and SD of a representative 390 

experiment, n = 3. Independent experiments were performed three times in duplicate or triplicate. 391 

Dashed line indicates detection limit. (b) Culture media were harvested from SARS-CoV-2 392 

wildtype (WT) or deletion mutant (Del) infected human intestinal organoids and applied to viral 393 

load detection and viral titration by TCID50 assay. Data represent mean and SD of a representative 394 

experiment, n = 3. Independent experiments were performed three times in triplicate. Dashed line 395 

indicates detection limit. 396 

 397 

  398 
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Fig.4 399 

  400 
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Fig.4. Comparison of viral growth of SARS-CoV-2 and SARS-CoV and IFN response in 401 

human airway organoids. (a) At the indicated hour post infection of SARS-CoV-2 or SARS-402 

CoV, culture media were harvested from the human airway organoids and applied to viral load 403 

detection and viral titration by TCID50 assay. Data represent mean and SD of a representative 404 

experiment, n = 3. Independent experiments were performed three times in triplicate. Dashed line 405 

indicates detection limit. Two-tailed Student’s t test. (b) Representative histograms show the 406 

percentage of virus positive cells in human airway organoids infected by SARS-CoV-2 or SARS-407 

CoV at 24 hours post infection. Data on the right panel represent mean and SD of a representative 408 

experiment, n = 3. Two-tailed Student’s t test. (c) Induction of IFNs in human airway organoids at 409 

48 hours post infection. Results show GAPDH normalized expression level in the infected human 410 

airway organoids and the mock-infected organoids. Data represent mean and SD of two 411 

independent experiments, n = 6. Two-tailed Student’s t test. 412 

  413 
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Methods 414 

Establishment, maintenance and differentiation of human airway and intestinal organoids. 415 

After ethics approval by the Institutional Review Board of the University of Hong Kong/Hospital 416 

Authority Hong Kong West Cluster (UW13-364), three lines of human lung organoids were 417 

previously established using the human lung tissues from patients who underwent surgical 418 

resection.7 Briefly, human lung organoids are maintained in the expansion medium and passaged 419 

every 2-3 weeks. To induce differentiation into airway organoids, undifferentiated lung organoids 420 

are transferred into differentiation medium and incubated for 12-14 days. Human intestinal 421 

organoids were established using the human intestinal tissues from patients as previously 422 

reported.19 423 

The undifferentiated lung organoids and differentiated airway organoids were harvested and 424 

applied to RNA extraction using MiniBEST Universal RNA Extraction kit (Takara), followed by 425 

reverse transcription using Transcriptor First Strand cDNA Synthesis Kit (Roche) and oligo(dT) 426 

primer. The resultant cDNAs were used to measure mRNA expression levels of host genes using 427 

the LightCycler 480 SYBR Green I Master Mix (Roche). Photomicrographs of the organoids were 428 

acquired using Nikon Eclipse TS100 Inverted Routine Microscope. Unless stated otherwise, all 429 

examinations and infections were conducted in the differentiated human airway or intestinal 430 

organoids. 431 

Virus infection and detection.  432 

SARS-CoV-2 (GenBank accession number MT230908) and SARS-CoV-2 with deletion mutant 433 

(GISAID accession number EPI_ISL_417443) were previously reported.13 SARS-CoV (GZ50, 434 

GenBank accession number AY304495) was an archived clinical isolate. These viruses were 435 

propagated in Vero E6 cells and titrated with plaque assay as we described previously.7 The 436 

differentiated human airway organoids were sheared mechanically and incubated with the cultured 437 

virus for 2 hours at 37°C. The inoculated organoids were re-embedded into Matrigel and then 438 

maintained in Advanced DMEM/F-12 (Gibco) supplemented with 1% HEPES, 1% GlutaMAX 439 

and 1% Penicillin/Streptomycin. To assess replication kinetics, SARS-CoV-2 was inoculated in 440 

organoids at a MOI of 1. At the indicated hours after inoculation, cell-free culture media were 441 

harvested and applied to RNA extraction using the MiniBEST Viral RNA/DNA Extraction Kit 442 

(Takara) and detection of viral loads (viral gene copy number of RdRp and NP gene) by one-step 443 

RT-qPCR assay, and viral titration by TCID50 assay as described previously.19  444 
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To assess cellular responses upon infection, SARS-CoV-2 and SARS-CoV were inoculated in 445 

organoids at a MOI of 2. The infected or mock-infected human airway organoids were harvested 446 

at 48 hpi, applied to RNA extraction, followed by reverse transcription and qPCR assay to measure 447 

mRNA expression levels of IFNs (Supplementary Table). All experiments with live viruses were 448 

conducted in biosafety level 3 laboratories after approval by the Faculty of Medicine, The 449 

University of Hong Kong. 450 

Transmission electron microscopy.  451 

SARS-CoV-2-infected (5 MOI) or mock-infected human airway organoids were embedded in 452 

resin after sequential fixation in 2·5% glutaraldehyde and 1% osmium. The ultrathin sections were 453 

stained with uranyl acetate and examined under a FEI Tecnai G2 20 S-TWIN Scanning 454 

Transmission Electron Microscope. 455 

Immunofluorescence staining.  456 

The virus-inoculated or mock-infected human airway organoids, after fixation with 4% PFA, 457 

permeabilization with 0·5% Triton X-100, blocking with protein block (Dako), were applied to 458 

immunofluorescence staining using an in-house-made antibody against SARS-CoV-2 NP raised 459 

in guinea pig and a secondary antibody, Goat anti-Guinea Pig IgG Alexa Fluor 488 (A-11073, 460 

Invitrogen), to identify SARS-CoV-2 infected cells. Co-staining of NP and FOXJ1 or P63 was 461 

performed using an anti-FOXJ1 (HPA005714, Sigma-Aldrich) and anti-P63 (ab124762, abcam) 462 

respectively. ACE2 protein in the human airway organoids was labelled with an anti-ACE2 463 

(ab15348, abcam) and Goat-anti-Rabbit secondary antibody (A-11034, Invitrogen). Nuclei and 464 

actin filaments were counterstained with DAPI (Thermo Fisher Scientific) and Phalloidin-647 465 

(Sigma-Aldrich), respectively. The organoids were then whole mounted on glass slide with 466 

ProLong™ Glass Antifade Mountant (Invitrogen). The confocal images were acquired using a 467 

Carl Zeiss LSM 800 confocal microscope.  468 

Flow cytometry analysis. 469 

After an MOI of 10 inoculation, virus-inoculated or mock-infected human airway organoids were 470 

dissociated into single cells with 10mM EDTA (Invitrogen), fixed with 4% PFA, permeabilized 471 

with 0·1% Triton X-100, and then applied to immunostaining using anti-dsRNA (10010500, 472 

Scicons) and Goat anti-Mouse secondary antibody (A-11001, Invitrogen) to determine the 473 

percentage of virus-infected cells. A BD FACSCantoII Analyzer was used to analyze the samples. 474 

Statistical analysis.  475 
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Statistical analysis was conducted using GraphPad Prism 7·0. Student’s t-test was used to 476 

determine statistical significance. Numbers of replicates are indicated in the figure legends. *p ≤ 477 

0·05, **p ≤ 0·01, ***p ≤ 0·001. 478 
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Authority Hong Kong West Cluster (UW13-364), three lines of human lung organoids were 483 

previously established using the human lung tissues from patients who underwent surgical 484 

resection.7 Briefly, human lung organoids are maintained in the expansion medium and passaged 485 

every 2-3 weeks. To induce differentiation into airway organoids, undifferentiated lung organoids 486 

are transferred into differentiation medium and incubated for 12-14 days. The undifferentiated 487 

lung organoids and differentiated airway organoids were harvested and applied to RNA extraction 488 

using MiniBEST Universal RNA Extraction kit (Takara), followed by reverse transcription using 489 

Transcriptor First Strand cDNA Synthesis Kit (Roche) and oligo(dT) primer. The resultant cDNAs 490 

were used to measure mRNA expression levels of host genes using the LightCycler 480 SYBR 491 

Green I Master Mix (Roche). Photomicrographs of the organoids were acquired using Nikon 492 

Eclipse TS100 Inverted Routine Microscope. Unless stated otherwise, all examinations and 493 

infections were conducted in the differentiated human airway organoids. 494 

Virus infection and detection.  495 

SARS-CoV-2 (GenBank accession number MT230908) and SARS-CoV-2 with deletion mutant 496 

(GISAID accession number EPI_ISL_417443) were previously reported.13 SARS-CoV (GZ50, 497 

GenBank accession number AY304495) was an archived clinical isolate. These viruses were 498 

propagated in Vero E6 cells and titrated with plaque assay as we described previously.7 The 499 

differentiated human airway organoids were sheared mechanically and incubated with the cultured 500 

virus for 2 hours at 37°C. The inoculated organoids were re-embedded into Matrigel and then 501 

maintained in Advanced DMEM/F-12 (Gibco) supplemented with 1% HEPES, 1% GlutaMAX 502 

and 1% Penicillin/Streptomycin. To assess replication kinetics, SARS-CoV-2 was inoculated in 503 

organoids at a MOI of 1. At the indicated hours after inoculation, cell-free culture media were 504 

harvested and applied to RNA extraction using the MiniBEST Viral RNA/DNA Extraction Kit 505 
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(Takara) and detection of viral loads (viral gene copy number of RdRp and NP gene) by one-step 506 

RT-qPCR assay, and viral titration by TCID50 assay as described previously.19  507 

To assess cellular responses upon infection, SARS-CoV-2 and SARS-CoV were inoculated in 508 

organoids at a MOI of 2. The infected or mock-infected human airway organoids were harvested 509 

at 48 hpi, applied to RNA extraction, followed by reverse transcription and qPCR assay to measure 510 

mRNA expression levels of IFNs (Supplementary Table). All experiments with live viruses were 511 

conducted in biosafety level 3 laboratories after approval by the Faculty of Medicine, The 512 

University of Hong Kong. 513 

Transmission electron microscopy.  514 

SARS-CoV-2-infected (5 MOI) or mock-infected human airway organoids were embedded in 515 

resin after sequential fixation in 2·5% glutaraldehyde and 1% osmium. The ultrathin sections were 516 

stained with uranyl acetate and examined under a FEI Tecnai G2 20 S-TWIN Scanning 517 

Transmission Electron Microscope. 518 

Immunofluorescence staining.  519 

The virus-inoculated or mock-infected human airway organoids, after fixation with 4% PFA, 520 

permeabilization with 0·5% Triton X-100, blocking with protein block (Dako), were applied to 521 

immunofluorescence staining using an in-house-made antibody against SARS-CoV-2 NP raised 522 

in guinea pig and a secondary antibody, Goat anti-Guinea Pig IgG Alexa Fluor 488 (A-11073, 523 

Invitrogen), to identify SARS-CoV-2 infected cells. Co-staining of NP and FOXJ1 or P63 was 524 

performed using an anti-FOXJ1 (HPA005714, Sigma-Aldrich) and anti-P63 (ab124762, abcam) 525 

respectively. ACE2 protein in the human airway organoids was labelled with an anti-ACE2 526 

(ab15348, abcam) and Goat-anti-Rabbit secondary antibody (A-11034, Invitrogen). Nuclei and 527 

actin filaments were counterstained with DAPI (Thermo Fisher Scientific) and Phalloidin-647 528 

(Sigma-Aldrich), respectively. The organoids were then whole mounted on glass slide with 529 

ProLong™ Glass Antifade Mountant (Invitrogen). The confocal images were acquired using a 530 

Carl Zeiss LSM 800 confocal microscope.  531 

Flow cytometry analysis. 532 

After an MOI of 10 inoculation, virus-inoculated or mock-infected human airway organoids were 533 

dissociated into single cells with 10mM EDTA (Invitrogen), fixed with 4% PFA, permeabilized 534 

with 0·1% Triton X-100, and then applied to immunostaining using anti-dsRNA (10010500, 535 



23 

 

Scicons) and Goat anti-Mouse secondary antibody (A-11001, Invitrogen) to determine the 536 

percentage of virus-infected cells. A BD FACSCantoII Analyzer was used to analyze the samples. 537 

Statistical analysis.  538 

Statistical analysis was conducted using GraphPad Prism 7·0. Student’s t-test was used to 539 

determine statistical significance. Numbers of replicates are indicated in the figure legends. *p ≤ 540 

0·05, **p ≤ 0·01, ***p ≤ 0·001. 541 



Figures

Figure 1

Active replication of SARS-CoV-2 in human airway organoids (HAO). (a) Culture media were harvested
from three lines of SARS-CoV-2 infected HAO at the indicated hours post infection and applied to viral
load detection and viral titration by TCID50 assay. Data represent mean and SD of a representative



experiment, n = 3. Independent experiments were performed three times in triplicate. Dashed line indicates
detection limit. (b) SARS-CoV-2-infected HAOs were �xed at 8 or 24 hpi and immuno-stained to identify
viral NP (green) positive cells. Nuclei and actin �laments were counterstained with DAPI (blue) and
Phalloidin-647 (purple) respectively. Scale bar, 20 μm. (c) After �xation at 24 hpi, SARS-CoV-2-infected
HAOs were co-stained with α-NP (green) and α-FOXJ1 (red, left) or α-P63 (red, right) to examine cell
tropism. Nuclei and actin �laments were counterstained with DAPI (blue) and Phalloidin-647 (white)
respectively. Scale bar, 20 μm. (d) Transmission electron microscopy shows ultrastructural morphology of
a goblet cell in HAO. (e) Images of transmission electron microscopy illustrate ultrastructural morphology
of ciliated cells (left) in HAO, including the longitudinal section (middle) and cross-section (right) of cilia
with microtubules of 9+2 arrangement. (f)Transmission electron microscopy shows the presence of virion
particles in a secretory vesicle in SARS-CoV-2-infected cells in HAO; the boxed area is ampli�ed on the
right. (g) Images of transmission electron microscopy show the detailed morphology of virion particles in
cytoplasm of SARS-CoV-2-infected cells in HAO.

Figure 2

Expression of pro-viral host factors in human airway organoids. (a) Three lines of undifferentiated human
lung organoids (LO) and the differentiated human airway organoids (AO) derived from the former were
applied to RT-qPCR assay to detect transcriptional levels of ACE2, TMPRSS2, TMPRSS4, Cathepsin L,
Furin and HAT. Data represent mean and SD of three independent experiments, n = 9. Two-tailed Student’s



t test. (b) Differentiated human airway organoids were applied to immuno�uorescence staining to label
human ACE2 protein (green). Nuclei and actin �laments were counterstained with DAPI (blue) and
Phalloidin-647 (purple) respectively. Scale bar, 20 μm.

Figure 3

Comparison of wildtype and deletion mutant SARS-CoV-2 in human airway and intestinal organoids. (a)
At the indicated hour post infection of wildtype (WT) or deletion mutant (Del) SARS-CoV-2 in human
airway organoids, culture media were harvested and applied to viral load detection and viral titration by
TCID50 assay. Data represent mean and SD of a representative experiment, n = 3. Independent
experiments were performed three times in duplicate or triplicate. Dashed line indicates detection limit. (b)
Culture media were harvested from SARS-CoV-2 wildtype (WT) or deletion mutant (Del) infected human



intestinal organoids and applied to viral load detection and viral titration by TCID50 assay. Data represent
mean and SD of a representative experiment, n = 3. Independent experiments were performed three times
in triplicate. Dashed line indicates detection limit.

Figure 4

Comparison of viral growth of SARS-CoV-2 and SARS-CoV and IFN response in human airway organoids.
(a) At the indicated hour post infection of SARS-CoV-2 or SARS-CoV, culture media were harvested from



the human airway organoids and applied to viral load detection and viral titration by TCID50 assay. Data
represent mean and SD of a representative experiment, n = 3. Independent experiments were performed
three times in triplicate. Dashed line indicates detection limit. Two-tailed Student’s t test. (b)
Representative histograms show the percentage of virus positive cells in human airway organoids
infected by SARS-CoV-2 or SARS-CoV at 24 hours post infection. Data on the right panel represent mean
and SD of a representative experiment, n = 3. Two-tailed Student’s t test. (c) Induction of IFNs in human
airway organoids at 48 hours post infection. Results show GAPDH normalized expression level in the
infected human airway organoids and the mock-infected organoids. Data represent mean and SD of two
independent experiments, n = 6. Two-tailed Student’s t test.
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