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Materials and Methods 
Viruses and cell lines 
Vero E6 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) 
supplemented with 10% fetal calf serum (FCS), HEPES, sodium bicabonate, penicillin (10,000 
IU/mL) and streptomycin (10,000 IU/mL) at 37°C in a humidified CO2 incubator. SARS-CoV 
(isolate HKU 39849, accession no. AY278491) and SARS-CoV-2 (isolate 
BetaCoV/Munich/BavPat1/2020; European Virus Archive Global #026V-03883; kindly 
provided by Dr. C. Drosten) were propagated on Vero E6 (ATCC® CRL 1586™) cells in Opti-
MEM I (1X) + GlutaMAX (Gibco), supplemented with penicillin (10,000 IU/mL) and 
streptomycin (10,000 IU/mL) at 37°C in a humidified CO2 incubator.  The SARS-CoV-2 isolate 
was obtained from a clinical case in Germany, diagnosed after returning from China. Stocks 
were produced by infecting Vero E6 cells at a multiplicity of infection (MOI) of 0.01 and 
incubating the cells for 72 hours. The culture supernatant was cleared by centrifugation and 
stored in aliquots at −80°C. Stock titers were determined by preparing 10-fold serial dilutions in 
Opti-MEM I (1X) + GlutaMAX. Aliquots of each dilution were added to monolayes of 2 × 104 
Vero E6 cells in the same medium in a 96-well plate. Twenty-four replicates were performed per 
virus stock. Plates were incubated at 37°C for 5 days and then examined for cytopathic effect. 
The TCID50 was calculated according to the method of Spearman & Kärber. All work with 
infectious SARS-CoV and SARS-CoV-2 was performed in a Class II Biosafety Cabinet under 
BSL-3 conditions at Erasmus Medical Center.  
 
Cell culture of human intestinal organoids 
Tissues from the duodenum and ileum was obtained from the UMC Utrecht with informed consent 
of the patient. All patients were males that were operated for resection of an intestinal tumor. A 
sample from non-transformed, normal mucosa was taken for this study. The study was approved 
by the UMC Utrecht (Utrecht, The Netherlands) ethical committee and was in accordance with the 
Declaration of Helsinki and according to Dutch law. This study is compliant with all relevant 
ethical regulations regarding research involving human participants. 
Human small intestinal cells were isolated, processed and cultured as described previously (23, 
25). Instead of Wnt conditioned media, the medium was supplemented with Wnt surrogate (0,15 
nM, U-Protein Express). This was termed expansion (EXP) medium. To generate human EECs 
in organoids, NEUROG3-P2A sequence was cloned into a previously published pLX-NS2 vector 
(36). Resulting constructs were transduced into small clumps of cells (2-10 cells). EEC 
differentiation was induced by treating with 1 µg/ml doxycycline (Sigma) in ‘ENR’ medium (23) 
for 48 hours, followed by 3 days of incubation in ENR without doxycycline. General 
differentiation (termed DIF) was achieved in ‘ENR’.  BMP activation was achieved by 
withdrawing Noggin from ‘ENR’ and addition of BMP-2 (Peprotech, 50 ng/ml) and BMP-4 
(Peprotech, 50 ng/ml) (termed DIF+BMP). 
 
Human airway organoid culture and differentiation  
Adult human lung stem cells were derived from non-tumour lung tissue obtained from patients 
undergoing lung resection. Lung tissue was obtained from residual, tumor-free, material obtained 
at lung resection surgery for lung cancer. The Medical Ethical Committee of the Erasmus MC 
Rotterdam granted permission for this study (METC 2012-512). Isolation of human bronchial 
airway stem cells was performed using a protocol adapted from Sachs and colleagues (2019). 
Bronchial tissues of adult lungs were cut into ~4mm sections, washed in Advanced DMEM 
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supplemented with GlutaMax (Thermo Fisher), HEPES, penicillin (10,000 IU/mL) and 
streptomycin (10,000 IU/mL) (AdDF+++), and incubated with dispase (Corning) mixed with 
airway organoid (AO) medium (36) at a 1:1 ratio for 1 hour at 37°C. The digested tissue 
suspension was sequentially sheared using 10‐ and 5‐ml plastic and flamed glass Pasteur 
pipettes. After shearing and filtering, lung cell pellets were then resuspended in 200 μL of 
growth factor reduced Matrigel (Corning) and plated in ~30 μL droplets in a 48 well tissue 
culture plate. Plates were placed at 37 degrees Celsius with 5% CO2 for 20 min to solidify the 
Matrigel droplets upon which 250uL of media was added to each well. Plates were incubated 
under standard tissue culture c  
To obtain differentiated organoid-derived cultures, organoids were dissociated into single cells 
using TrypLE express. Cells were seeded on Transwell membranes (Corning) coated with rat tail 
collagen type I (Fisher Scientific). Single cells were seeded in AO growth medium: complete 
base medium (CBM; Stemcell Pneumacult-ALI) at a 1:1 ratio. After 2-4 days, confluent 
monolayers were cultured at air‐liquid interphase in CBM. Medium was changed every 5 days. 
After 4 weeks of differentiation, cultures were used for infection experiments. 
 
SARS-CoV and SARS-CoV-2 Infection  
Organoids were harvested in cold AdDF+++, washed once to remove BME, and sheared using a 
flamed Pasteur pipette in AdDF+++ or TrypLE express, for undifferentiated and differentiated 
organoids, respectively. After shearing, organoids were washed once in AdDF+++ before 
infection at a multiplicity of infection (MOI) of 1 in expansion or differentiation medium. After 2 
hours of virus adsorption at 37°C 5% CO2, cultures were washed twice with excess AdDF+++ to 
remove unbound virus. Organoids were re-embedded into 30 μL BME in 24-well tissue culture 
plates and cultured in 500 μL expansion or differentiation medium at 37°C with 5% CO2. Each 
well contained ~100,000 cells per well. Samples were taken at indicated timepoints by 
harvesting the medium in the well (supernantant) and the cells by resuspending the BME droplet 
containing organoids into 500 μL AdDF+++. Samples were stored at -80°C, a process which 
lysed the organoids, releasing their contents into the medium. 2D differentiated airway cultures 
were washed twice with 200 ul AdDF+++ before inoculation from the apical side at a MOI of 
0.1 in 200 μL AdDF+++ per well. Next, cultures were incubated at 37°C 5% CO2 for 2 hours 
before washing 3 times in 200 μL AdDF+++.  At the indicated timepoints, virus was collected 
from the cells by adding 200 μL AdDF+++ apically, incubating 10 min at 37°C 5% CO2, and 
storing the supernatant at -80°C. Prior to determining the viral titer, all samples were centrifuged 
at 2,000 g for 5 min. Live virus titers were determined using the Spearman & Kärber TCID50 
method on VeroE6 cells. All work was performed in a Class II Biosafety Cabinet under BSL-3 
conditions at Erasmus Medical Center.  
 
Determination of virus titers using qRT-PCR 
Supernatant and organoid samples were thawed and centrifuged at 2,000 g for 5 min. Sixty μL 
supernatant was lysed in 90 μL MagnaPure LC Lysis buffer (Roche) at RT for 10 min. RNA was 
extracted by incubating samples with 50 μL Agencourt AMPure XP beads (Beckman Coulter) 
for 15 min at RT, washing beads twice with 70% ethanol on a DynaMag-96 magnet (Invitrogen) 
and eluting in 30 μL MagnaPure LC elution buffer (Roche). Viral titers (TCID50 equivalants per 
mL) were determined by qRT-PCR using primers targeting the E gene (37) and comparing the Ct 
values to a standard curve derived from a virus stock titrated on VeroE6 cells. 
 



 
 

4 
 

Fixed immunofluorescence microscopy on differentiated human airway 
Transwell inserts were fixed in 4% paraformaldehyde for 20 min, permeabilized in 70% ethanol, 
and blocked for 60 min in 10% normal goat serum in PBS (blocking buffer). Cells were 
incubated with primary antibodies overnight at 4°C in blocking buffer, washed twice with PBS, 
incubated with corresponding secondary antibodies Alexa350-, 488- and 594-conjugated anti-
rabbit and anti-mouse (1:400; Invitrogen) in blocking buffer for 2 h at room temperature, washed 
two times with PBS, incubated with indicated additional stains (TO-PRO3), washed twice with 
PBS, and mounted in Prolong Antifade (Invitrogen) mounting medium. Viral nucleocapsid was 
stained with anti-NP (1:200; Sino biological), ciliated cells were stained with anti-AcTUB 
(1:100; Santa Cruz, 6-11B-1) and goblet cells with anti-MUC5AC (1:100; Invitrogen, 45M1) 
Samples were imaged on a LSM700 confocal microscope using ZEN software (Zeiss).    
 
Immunostaining of hSIOs 
Organoids were stained as described before (25). Primary antibodies used were goat anti-
chromogranin A (1:500; Santa Cruz), mouse anti-nucleoprotein (1:200; Sino Biological), mouse 
anti-dsRNA (1:200;Scicons), mouse anti-APOA1 (1:100; Thermofisher, PA5-88109), rabbit 
anti-cleaved caspase 3 (1:200; Cell Signaling Technology, 9661), goat anti-ACE2 (1:100; R&D 
Systems, AF933) and rabbit anti-KI67 (1:200; Abcam, ab16667). Organoids were incubated with 
the corresponding secondary antibodies Alexa488-, 568- and 647-conjugated anti-rabbit and 
anti-mouse (1:1,000; Molecular Probes) in blocking buffer containing 4ʹ,6-diamidino-2-
phenylindole (DAPI; 1;1,000, Invitrogen) and Phalloidin-Alexa488 (Thermofisher). Sections 
were embedded in Vectashield (Vector Labs) and imaged using a Sp8 confocal microscope 
(Leica). Image analysis was performed using ImageJ software. 
 
Quantitative PCR 
Quantitative PCR (qPCR) analysis was performed using biological and technical duplicates as 
described before (38). Primers were designed using the NCBI primer design tool, tested using a 
standard curve, and include: 

ACE2_fw CGAAGCCGAAGACCTGTTCTA 
ACE2_rev GGGCAAGTGTGGACTGTTCC 
GAPDH_fw GGAGCGAGATCCCTCCAAAAT 
GAPDH_rev GGCTGTTGTCATACTTCTCATGG 

For qPCR analysis of IFNB1, IFNL1 and ISG15 we used RNA extracted from lysed organoids as 
described above. We used the following ThermoFisher TaqMan primer-probe mixes:    

IFNB1: Hs00277188-s1 
IFNL1: Hs00601677-g1 
ISG15: Hs01921425-s1 

Beta actin was amplified using the following primer set:  
Bact_fw GGCATCCACGAAACTACCTT,  
Bact_rev AGCACTGTGTTGGCGTACAG  
Bact_probe FAM-ATCATGAAGTGTGACGTGGACATCCG-BHQ1. 
 
Bulk RNA sequencing  
Library preparation was performed at Single Cell Discoveries (Utrecht, The Netherlands), using 
an adapted version of the CEL-seq protocol. In brief: 



 
 

5 
 

Total RNA was extracted using the standard TRIzol (Invitrogen) protocol and used for library 
preparation and sequencing. mRNA was processed as described previously, following an adapted 
version of the single-cell mRNA seq protocol of CEL-Seq (39, 40). In brief, samples were 
barcoded with CEL-seq primers during a reverse transcription and pooled after second strand 
synthesis. The resulting cDNA was amplified with an overnight In vitro transcription reaction. 
From this amplified RNA, sequencing libraries were prepared with Illumina Truseq small RNA 
primers. Paired-end sequencing was performed on the Illumina Nextseq500 platform using 
barcoded 1 x 75 nt read setup. Read 1 was used to identify the Illumina library index and CEL-
Seq sample barcode. Read 2 was aligned to the CRCh38 human RefSeq transcriptome, with the 
addition of SARS-CoV1 (HKU-39849) and SARS-CoV-2 (Ref-SKU: 026V-03883) genomes, 
using BWA using standard settings (41). Reads that mapped equally well to multiple locations 
were discarded. Mapping and generation of count tables was done using the MapAndGo script. 
Samples were normalized using RPM normalization. 
Differential gene expression analysis was performed using the DESeq2 package (42). SARS-
mapping reads were removed before analyzing the different datasets. After filtering for an 
adjusted p-value < 0.05, the row z-score for the 25 genes with the highest upregulation after 60 
hours of exposure to SARS-CoV-2 was calculated. Data will be deposited in GEO. 
 
The 50 genes which were most strongly induced in response to SARS-CoV-2 (padj < 0.05, 
ranked by fold change) were subjected to functional enrichment analysis for a biological process 
using ToppFun on the ToppGene Suite (https://toppgene.cchmc.org/enrichment.jsp) as described 
before (43). The 5 biological processes with highest enrichment (after FDR correction and a p-
value cutoff of 0.05) for each virus are displayed with the corresponding GO term and corrected 
p value. 
 
Transmission electron microscopy 
Organoids were chemically fixed for 3 hours at room temperature with 1.5% glutaraldehyde  in 
0.067 M cacodylate buffered to pH 7.4 and 1 % sucrose. Samples were washed once with 0.1 M 
cacodylate (pH 7.4), 1 % sucrose and 3x with 0.1 M cacodylate (pH 7.4), followed by incubation 
in 1% osmium tetroxide and 1.5% K4Fe(CN)6 in 0.1 M sodium cacodylate (pH 7.4)  for 1 hour 
at 4 ᵒC. After rinsing with MQ, organoids were dehydrated at RT in a graded ethanol series (70, 
90, up to 100%) and embedded in epon. Epon was polymerized for 48h at 60 ᵒC. 60nm Ultrathin 
sections were cut using a diamond knife (Diatome) on a Leica UC7 ultramicrotome, and 
transferred onto 50 Mesh copper grids covered with a formvar and carbon film. Sections were 
post-stained with uranyl acetate and lead citrate. 
All TEM data were collected autonomously as virtual nanoscopy slides (28) on FEI Tecnai T12 
microscopes at 120kV using an Eagle camera. Data were stitched, uploaded, shared and 
annotated using Omero (44) and PathViewer. 
Data was deposited to the Image Data Resource (https://idr.openmicroscopy.org) under accession 
number idr0083.” 

Multiplex cytokine ELISA 
Organoid supernatant samples, stored at -80ᵒC, were thawed and centrifuged at 2,000 g for 5 
min. The Anti-virus response panel multiplex ELISA kit (BioLegend) was used to determine 
cytokine concentrations in the samples using a FACSLyric (BD biosciences) flow cytometer. 
The procedure was performed according to the manufacturer’s instructions with the addition that 
capture beads were inactivated in 4% paraformaldehyde for 15 min at room temperature and 

https://toppgene.cchmc.org/enrichment.jsp
https://idr.openmicroscopy.org/
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washed once in wash buffer after completion of the staining protocol in a Class II Biosafety 
Cabinet under BSL-3 conditions. 

Statistical analysis 
Statistical analysis was performed with the GraphPad Prism 8 software. We compared 
differences in cytokine levels and log10 transformed viral titers by a two-way ANOVA followed 
by a Sidak multiple-comparison test.   

 
Legends Suppl figures and tables 
 
Supplementary figure 1. Limited secretion of SARS-CoV and SARS-CoV-2 into organoid 
supernatant. 
a-d) Live virus titers can be observed by virus titrations on VeroE6 cells of organoid supernatant 
at 2, 24, 48 and 60h after infection with SARS-CoV (blue) and SARS-CoV-2 (red). Different 
medium compositions show similar results.  e-h) qPCR analysis targeting the E gene of similar 
timepoints and medium compositions as a-d. The dotted line indicates the lower limit of 
detection. Error bars represent SEM. N=3. *P<0.05, **P<0.01, ***P<0.001. 
 
Supplementary figure 2 ACE2 expression is absent in proliferating organoids and increases 
upon BMP stimulation 
qPCR analysis of ACE2 on proliferating (EXP), differentiated (DIF) without and with BMP 
(DIF+BMP). Expressions levels are normalized to GADPH and relative to DIF organoids. 
 
Supplementary figure 3 SARS-CoV infects proliferating cells but not secretory endocrine 
cells 

a) Immunofluorescent staining of SARS-CoV-infected intestinal organoids in expansion 
conditions. Nucleoprotein (NP) stains viral capsid. Infected organoids contain large 
clusters of virus-containing cells at 60 hours after infection. 

b) SARS-CoV infects dividing cells that are KI67-positive.  
c) Example of a mitotic infected cell (arrow). 
d) Enteroendocrine cell (EEC) differentiated organoids do not facilitate viral infection. 

EECs are marked by Chromogranin A (CHGA). An average of 7 ± 5,2 CHGA+ EECs 
were observed per organoid section (n= 9 sections).  

e) Example of an EEC-differentiated organoid with a virus infected cell. All scale bars are 
50 µm. 

Supplementary figure 4 Quantification of SARS-CoV-2 infection spreading in organoids 
a) Percentage of organoids harboring at least 1 SARS-CoV2 infected cell are depicted in the 

different culture conditions and at different timepoints. At least 50 different organoids 
were counted per condition. 60 hours infection in EXP medium was performed in n=2 
independent experiments (see Figure S13), the other conditions as single experiment.  

b) The total number of infected cells per organoid (from a) were counted. 60 hours infection 
in EXP medium was performed in n=2 independent experiments (see Figure S13). 
*P<0.05, **P<0.01, ***P<0.001. 
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Supplementary figure 5 Increased apoptosis in organoids infected with SARS-CoV and 
SARS-CoV-2 

a) SARS-CoV and -2-infected organoids show hallmarks of cell death, including 
detachment from the epithelial layer and cleaved-caspase 3 positivity. All scale bars are 
50 µm. 

b) Number of cleaved-caspase 3 positive cells in control and SARS-CoV2 infected 
organoids were counted. n= 5 organoids per condition. *P<0.05, **P<0.01, ***P<0.001. 

 
Supplementary figure 6 Transcriptomic analysis of SARS-CoV-2 infected differentiated 
organoids 
Heatmaps depicting the 25 most significantly enriched genes upon SARS-CoV-2 infection in 
differentiated intestinal organoids (left). Right heatmap shows the top 25 signature genes from 
SARS-CoV2 infected EXP organoids (Figure 2a) upon SARS-CoV2 infection in differentiated 
intestinal organoids. Colored bar represents Z-score of log2 transformed values. 
 
Supplementary figure 7 Differentiated organoids upregulate markers of mature intestinal 
lineages 

a) Heatmaps depicting the 25 most significantly enriched genes upon differentiation 
compared to expansion condition. Colored bar represents Z-score of log2 transformed 
values. 

b) Graphs depicting the transcript counts of different genes enriched in mature lineages. 
Enterocytes (ALPI and APOA1), Goblet cells (ZG16) and Enteroendocrine cells (CHGA) 
increase upon differentiation. Genes required for viral entry (ACE2 and TMPRSS2) are 
enriched in differentiated organoids. 

 
Supplementary figure 8 Interferon stimulated genes after SARS-CoV2 infection in 
intestinal organoids 
Heatmaps depicting ISGs reported in (33) upon SARS-CoV2 infection in intestinal organoids. 
Colored bar represents Z-score of log2 transformed values. 
 
Supplementary figure 9 SARS-CoV-2 elicits cytokine responses in intestinal organoids. 
IFNB1 (a), IFNL1 (b), IP-10 (c) and IL-8 (d) levels in organoid culture supernatants were 
determined using Legendplex multiplex ELISA. Values were normalized to the 2h timepoint 
post infection. The dotted line indicates a fold change of 1. Error bars indicate SEM. N=3.  
*P<0.05, **P<0.01, ***P<0.001. 
 
Supplementary figure 10. SARS-CoV-2 elicits cytokine responses in intestinal organoids as 
determined by qRT-PCR. IFNB1 (a), IFNL1 (b) and ISG15 (c) mRNA expression in organoids 
was determined by qRT-PCR. Values were normalized to β-actin expression. Error bars indicate 
SEM. N=3.  *P<0.05, **P<0.01, ***P<0.001. 
 
Supplementary figure 11 Cytokines after SARS-CoV2 infection in intestinal organoids 
Heatmaps depicting virally regulated cytokines reported in (33) upon SARS-CoV2 infection in 
intestinal organoids. Colored bar represents Z-score of log2 transformed values. 
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Supplementary figure 12. SARS-CoV and SARS-CoV-2 replicate in hSIOs in expansion 
medium. (a) Live virus and viral RNA (b) titers can be observed by virus titrations on VeroE6 
cells of lysed organoids at 2, 24, 48 and 72h after infection with SARS-CoV (blue) and SARS-
CoV-2 (red). The dotted line indicates the lower limit of detection. Error bars represent SEM. 
N=3.   
 
Supplementary figure 13 Human intestinal organoids from multiple donors are infected by 
SARS-CoV2  
Immunofluorescent staining of SARS-CoV2-infected intestinal organoids in expansion 
conditions 72 hours after infection. Nucleoprotein (NP) stains viral capsid. The left panel is the 
same human small intestinal organoid (HSIO) line as used throughout the study, the middle 
panel a second line from a human ileum, and the right panel a line from a human duodenum. All 
scale bars are 50 µm. 
 
Supplementary figure 14 Transcriptomic analysis of a replicate SARS-CoV-2 infection in 
intestinal organoids 
a) Heatmaps depicting the 25 most significantly enriched genes upon the replicate 
SARS-CoV-2 infection in expanding intestinal organoids. Colored bar represents Z - 
Score of log2 transformed values. 
b) Heatmaps depicting the 25 genes from Figure 2a in the replicate SARS-CoV-2 
infected expanding organoids. Colored bar represents Z-score of log2 transformed values. 
c) Heatmaps depicting the 25 genes from Figure 2a in the replicate SARS-CoV infected 
expanding organoids. Colored bar represents Z-score of log2 transformed values. 
d) GO term enrichment analysis for biological processes of the 50 most significantly upregulated 
genes upon SARS-CoV-2 infected in intestinal organoids. 
 
Supplementary table 1 Normalized transcript counts in SARS-infected organoids 
 
Supplementary table 2 Differentially regulated genes upon SARS-CoV2 infection in 
expansion organoids  
Fold change in gene expression versus control is shown after 60 hours of SARS-CoV2 infection 
in organoids in expansion medium.  
 
Supplementary table 3 Differentially regulated genes upon SARS-CoV2 infection in 
differentiated organoids 
Fold change in gene expression versus control is shown after 60 hours of SARS-CoV2 infection 
in organoids in differentiation medium.  
 
Supplementary table 4 Differentially regulated genes upon SARS-CoV infection in 
differentiated organoids 
Fold change in gene expression versus control is shown after 60 hours of SARS-CoV infection in 
organoids in expansion medium.  
 



Supplementary figure 1. Limited secretion of SARS-CoV and SARS-CoV-2 into organoid supernatant.
a-d) Live virus titers can be observed by virus titrations on VeroE6 cells of organoid supernatant at 2, 
24, 48 and 60h after infection with SARS-CoV (blue) and SARS-CoV-2 (red). Different medium 
compositions show similar results.  
e-h) qPCR analysis targeting the E gene of similar timepoints and medium compositions as a-d. The 
dotted line indicates the lower limit of detection. Error bars represent SEM. N=3. *P<0.05, **P<0.01, 
***P<0.001.
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Supplementary figure 2 ACE2 expression is virtually absent in 
proliferating organoids and increases upon BMP stimulation

qPCR analysis of ACE2 on proliferating (EXP), differentiated (DIF) without and with BMP 
(DIF+BMP). Expressions levels are normalized to GADPH and relative to DIF organoids.  
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Supplementary figure 3 SARS-CoV and 2 infect proliferating cells but not 
secretory endocrine cells
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a) Immunofluorescent staining of SARS-CoV-infected intestinal organoids in expansion 
conditions. Nucleoprotein (NP) stains viral capsid. Infected organoids contain large 
clusters of virus-containing cells after 60 hours of infection. 

b) SARS-CoV infects dividing cells that are KI67-positive.  
c) Example of a mitotic infected cell (arrow). 
d) Enteroendocrine cell (EEC) differentiated organoids do not facilitate viral infection. 

EECs are marked by Chromogranin A (CHGA). An average of 7 ± 5,2 CHGA+ EECs 
were observed per organoid section (n= 9 sections).  

e) Example of an EEC-differentiated organoid with a virus infected cell. All scale bars 
are 50 µm. 
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Supplementary figure 4 Quantification of organoid infection spreading
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a) Percentage of organoids harboring at least 1 SARS-CoV2 infected cell are depicted in 
the different culture conditions and at different timepoints. At least 50 different 
organoids were counted per condition. 60 hours infection in EXP medium was 
performed in n=2 independent experiments (see Figure S13), the other conditions as 
single experiment.  

b) The total number of infected cells per organoid (from a) were counted. 60 hours 
infection in EXP medium was performed in n=2 independent experiments (see Figure 
S13). *P<0.05, **P<0.01, ***P<0.001. 
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Supplementary figure 5 Increased apoptosis in virally infected organoids

*

a) SARS-CoV and -2-infected organoids show hallmarks of cell death, including 
detachment from the epithelial layer and cleaved-caspase 3 positivity. All scale bars 
are 50 µm. 

b) Number of cleaved-caspase 3 positive cells in control and SARS-CoV2 infected 
organoids were counted. n= 5 organoids per condition. *P<0.05, **P<0.01, 
***P<0.001. 



Supplementary figure 6 Transcriptomic analysis of SARS-CoV2 in-
fected differentiated organoids
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Heatmaps depicting the 25 most significantly enriched genes upon SARS-CoV-2 infection in 
differentiated intestinal organoids (left). Right heatmap shows the top 25 signature genes from 
SARS-CoV2 infected EXP organoids (Figure 2a) upon SARS-CoV2 infection in 
differentiated intestinal organoids. Colored bar represents Z-score of log2 transformed values. 
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Supplementary figure 7 Differentiated organoids upregulate markers 
of mature intestinal lineages
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a) Heatmaps depicting the 25 most significantly enriched genes upon differentiation 
compared to expansion condition. Colored bar represents Z-score of log2 transformed 
values. 

b) Graphs depicting the transcript counts of different genes enriched in mature lineages. 
Enterocytes (ALPI and APOA1), Goblet cells (ZG16) and Enteroendocrine cells 
(CHGA) increase upon differentiation. Genes required for viral entry (ACE2 and 
TMPRSS2) are enriched in differentiated organoids. 
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Supplementary figure 8 Interferon stimulated genes after SARS-CoV2 
infection in intestinal organoids
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Heatmaps depicting ISGs reported in (33) upon SARS-CoV2 infection in intestinal organoids. 
Colored bar represents Z-score of log2 transformed values. 
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Supplementary figure 9 SARS-CoV-2 elicits cytokine responses in intestinal organoids. 
IFNB1 (a), IFNL1 (b), IP-10 (c) and IL-8 (d) levels in organoid culture supernatants were determined using 
Legendplex multiplex ELISA. Values were normalized to the 2h timepoint post infection. The dotted line 
indicates a fold change of 1. Error bars indicate SEM. N=3.  *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure 10. SARS-CoV-2 elicits cytokine responses in intestinal organoids as determined by 
qRT-PCR. IFNB1 (a), IFNL1 (b) and ISG15 (c) mRNA expression in organoids was determined by qRT-PCR. 
Values were normalized to β-actin expression. Error bars indicate SEM. N=3.  *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure 11 Cytokines after SARS-CoV2 infection in in-
testinal organoids
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Heatmaps depicting virally regulated cytokines reported in (33) upon SARS-CoV2 infection 
in intestinal organoids. Colored bar represents Z-score of log2 transformed values. 
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Supplementary figure 12. SARS-CoV and SARS-CoV-2 replicate in hSIOs in expansion medium. (a) Live 
virus and viral RNA (b) titers can be observed by virus titrations on VeroE6 cells of lysed organoids at 2, 24, 
48 and 72h after infection with SARS-CoV (blue) and SARS-CoV-2 (red). The dotted line indicates the lower 
limit of detection. Error bars represent SEM. N=3. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure 13 Human intestinal organoids from multiple donors 
are infected by SARS-CoV-2 

%
 o

f o
rg

an
oi

ds
 

15

0

80

0

Total virus infected cells
nu

m
be

r o
f c

el
ls 

pe
r o

rg
an

oi
d 

Infection efficiency

Immunofluorescent staining of 72 hours SARS-CoV-2 - infected intestinal organoids in 
expansion conditions. Nucleoprotein (NP) stains viral capsid. The left panel is the same 
human small intestinal organoid (HSIO) line as used throughout the study, the middle panel a 
second line from a human ileum, and the right panel a line from a human duodenum. All scale 
bars are 50 µm. Lower graph shows quantification of the HSIO line 1. 



Supplementary figure 14 Transcriptomic analysis of a replicate 
SARS-CoV2 infection in intestinal organoids 
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a) Heatmaps depicting the 25 most significantly enriched genes upon the replicate 
SARS-CoV-2 infection in expanding intestinal organoids. Colored bar represents Z - 
Score of log2 transformed values. 
b) Heatmaps depicting the 25 genes from Figure 2a in the replicate SARS-CoV-2 
infected expanding organoids. Colored bar represents Z-score of log2 transformed values. 
c) Heatmaps depicting the 25 genes from Figure 2a in the replicate SARS-CoV infected 
expanding organoids. Colored bar represents Z-score of log2 transformed values. 
d) GO term enrichment analysis for biological processes of the 50 most significantly 
upregulated genes upon SARS-CoV-2 infected in intestinal organoids. 



References and Notes 
1. C. Drosten, S. Günther, W. Preiser, S. van der Werf, H.-R. Brodt, S. Becker, H. Rabenau, 

M. Panning, L. Kolesnikova, R. A. M. Fouchier, A. Berger, A.-M. Burguière, J. 
Cinatl, M. Eickmann, N. Escriou, K. Grywna, S. Kramme, J.-C. Manuguerra, S. 
Müller, V. Rickerts, M. Stürmer, S. Vieth, H.-D. Klenk, A. D. M. E. Osterhaus, H. 
Schmitz, H. W. Doerr, Identification of a novel coronavirus in patients with severe 
acute respiratory syndrome. N. Engl. J. Med. 348, 1967–1976 (2003). 
doi:10.1056/NEJMoa030747 Medline 

2. W. J. Guan, Z. Y. Ni, Y. Hu, W. H. Liang, C. Q. Ou, J. X. He, L. Liu, H. Shan, C. L. Lei, 
D. S. C. Hui, B. Du, L. J. Li, G. Zeng, K.-Y. Yuen, R. C. Chen, C. L. Tang, T. Wang, 
P. Y. Chen, J. Xiang, S. Y. Li, J. L. Wang, Z. J. Liang, Y. X. Peng, L. Wei, Y. Liu, Y. 
H. Hu, P. Peng, J. M. Wang, J. Y. Liu, Z. Chen, G. Li, Z. J. Zheng, S. Q. Qiu, J. Luo, 
C. J. Ye, S. Y. Zhu, N. S. Zhong; China Medical Treatment Expert Group for Covid-
19, Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 
382, 1708–1720 (2020). doi:10.1056/NEJMoa2002032 Medline 

3. S. Jiang, L. Du, Z. Shi, An emerging coronavirus causing pneumonia outbreak in Wuhan, 
China: Calling for developing therapeutic and prophylactic strategies. Emerg. 
Microbes Infect. 9, 275–277 (2020). doi:10.1080/22221751.2020.1723441 Medline 

4. N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi, R. Lu, 
P. Niu, F. Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G. F. Gao, W. Tan; China Novel 
Coronavirus Investigating and Research Team, A novel coronavirus from patients 
with pneumonia in China, 2019. N. Engl. J. Med. 382, 727–733 (2020). 
doi:10.1056/NEJMoa2001017 Medline 

5. K. G. Andersen, A. Rambaut, W. I. Lipkin, E. C. Holmes, R. F. Garry, The proximal origin 
of SARS-CoV-2. Nat. Med. 26, 450–452 (2020). doi:10.1038/s41591-020-0820-9 
Medline 

6. R. Lu, X. Zhao, J. Li, P. Niu, B. Yang, H. Wu, W. Wang, H. Song, B. Huang, N. Zhu, Y. 
Bi, X. Ma, F. Zhan, L. Wang, T. Hu, H. Zhou, Z. Hu, W. Zhou, L. Zhao, J. Chen, Y. 
Meng, J. Wang, Y. Lin, J. Yuan, Z. Xie, J. Ma, W. J. Liu, D. Wang, W. Xu, E. C. 
Holmes, G. F. Gao, G. Wu, W. Chen, W. Shi, W. Tan, Genomic characterisation and 
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor 
binding. Lancet 395, 565–574 (2020). doi:10.1016/S0140-6736(20)30251-8 Medline 

7. A. E. Gorbalenya, S. C. Baker, R. S. Baric, R. J. de Groot, C. Drosten, A. A. Gulyaeva, B. 
L. Haagmans, C. Lauber, A. M. Leontovich, B. W. Neuman, D. Penzar, S. Perlman, 
L. L. M. Poon, D. V. Samborskiy, I. A. Sidorov, I. Sola, J. Ziebuhr; Coronaviridae 
Study Group of the International Committee on Taxonomy of Viruses, The species 
Severe acute respiratory syndrome-related coronavirus: Classifying 2019-nCoV and 
naming it SARS-CoV-2. Nat. Microbiol. 5, 536–544 (2020). doi:10.1038/s41564-
020-0695-z Medline 

8. Y. Imai, K. Kuba, S. Rao, Y. Huan, F. Guo, B. Guan, P. Yang, R. Sarao, T. Wada, H. 
Leong-Poi, M. A. Crackower, A. Fukamizu, C. C. Hui, L. Hein, S. Uhlig, A. S. 
Slutsky, C. Jiang, J. M. Penninger, Angiotensin-converting enzyme 2 protects from 
severe acute lung failure. Nature 436, 112–116 (2005). doi:10.1038/nature03712 
Medline 

9. K. Kuba, Y. Imai, S. Rao, H. Gao, F. Guo, B. Guan, Y. Huan, P. Yang, Y. Zhang, W. 
Deng, L. Bao, B. Zhang, G. Liu, Z. Wang, M. Chappell, Y. Liu, D. Zheng, A. 

http://dx.doi.org/10.1056/NEJMoa030747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12690091&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32109013&dopt=Abstract
http://dx.doi.org/10.1080/22221751.2020.1723441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32005086&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31978945&dopt=Abstract
http://dx.doi.org/10.1038/s41591-020-0820-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32284615&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(20)30251-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32007145&dopt=Abstract
http://dx.doi.org/10.1038/s41564-020-0695-z
http://dx.doi.org/10.1038/s41564-020-0695-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32123347&dopt=Abstract
http://dx.doi.org/10.1038/nature03712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16001071&dopt=Abstract


Leibbrandt, T. Wada, A. S. Slutsky, D. Liu, C. Qin, C. Jiang, J. M. Penninger, A 
crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-
induced lung injury. Nat. Med. 11, 875–879 (2005). doi:10.1038/nm1267 Medline 

10. A. C. Walls, Y. J. Park, M. A. Tortorici, A. Wall, A. T. McGuire, D. Veesler, Structure, 
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181, 281–
292.e6 (2020). doi:10.1016/j.cell.2020.02.058 Medline 

11. Y. Wan, J. Shang, R. Graham, R. S. Baric, F. Li, Receptor recognition by the novel 
coronavirus from Wuhan: An analysis based on decade-long structural studies of 
SARS coronavirus. J. Virol. 94, e00127-20 (2020). doi:10.1128/JVI.00127-20 
Medline 

12. D. Wrapp, N. Wang, K. S. Corbett, J. A. Goldsmith, C. L. Hsieh, O. Abiona, B. S. 
Graham, J. S. McLellan, Cryo-EM structure of the 2019-nCoV spike in the prefusion 
conformation. Science 367, 1260–1263 (2020). doi:10.1126/science.abb2507 Medline 

13. V. Monteil, H. Kwon, P. Prado, A. Hagelkrüys, R. A. Wimmer, M. Stahl, A. Leopoldi, E. 
Garreta, C. Hurtado Del Pozo, F. Prosper, J. P. Romero, G. Wirnsberger, H. Zhang, 
A. S. Slutsky, R. Conder, N. Montserrat, A. Mirazimi, J. M. Penninger, Inhibition of 
SARS-CoV-2 infections in engineered human tissues using clinical-grade soluble 
human ACE2. Cell 10.1016/j.cell.2020.04.004 (2020). Medline 

14. F. Qi, S. Qian, S. Zhang, Z. Zhang, Single cell RNA sequencing of 13 human tissues 
identify cell types and receptors of human coronaviruses. Biochem. Biophys. Res. 
Commun. 526, 135–140 (2020). doi:10.1016/j.bbrc.2020.03.044 Medline 

15. Y. Zhao, Z. Zhao, Y. Wang, Y. Zhou, Y. Ma, W. Zuo, Single-cell RNA expression 
profiling of ACE2, the receptor of SARS-CoV-2. bioRxiv 2020.01.26.919985 
[Preprint]. 9 April 2010. https://doi.org/10.1101/2020.01.26.919985. 

16. H. P. Jia, D. C. Look, L. Shi, M. Hickey, L. Pewe, J. Netland, M. Farzan, C. Wohlford-
Lenane, S. Perlman, P. B. McCray Jr., ACE2 receptor expression and severe acute 
respiratory syndrome coronavirus infection depend on differentiation of human 
airway epithelia. J. Virol. 79, 14614–14621 (2005). doi:10.1128/JVI.79.23.14614-
14621.2005 Medline 

17. The Human Protein Atlas, ACE2 protein expression summary (2020); 
https://www.proteinatlas.org/ENSG00000130234-ACE2. 

18. J. Gu, B. Han, J. Wang, COVID-19: Gastrointestinal manifestations and potential fecal-
oral transmission. Gastroenterology 158, 1518–1519 (2020). 
doi:10.1053/j.gastro.2020.02.054 Medline 

19. G. Cholankeril, A. Podboy, V. I. Aivaliotis, B. Tarlow, E. A. Pham, S. Spencer, D. Kim, 
A. Hsing, A. Ahmed, High prevalence of concurrent gastrointestinal manifestations in 
patients with SARS-CoV-2: Early experience from California. Gastroenterology 
10.1053/j.gastro.2020.04.008 (2020). Medline 

20. W. Wang, Y. Xu, R. Gao, R. Lu, K. Han, G. Wu, W. Tan, Detection of SARS-CoV-2 in 
different types of clinical specimens. JAMA (2020). 10.1001/jama.2020.3786 Medline 

21. M. L. Holshue, C. DeBolt, S. Lindquist, K. H. Lofy, J. Wiesman, H. Bruce, C. Spitters, 
K. Ericson, S. Wilkerson, A. Tural, G. Diaz, A. Cohn, L. Fox, A. Patel, S. I. Gerber, 
L. Kim, S. Tong, X. Lu, S. Lindstrom, M. A. Pallansch, W. C. Weldon, H. M. Biggs, 
T. M. Uyeki, S. K. Pillai; Washington State 2019-nCoV Case Investigation Team, 
First case of 2019 novel coronavirus in the United States. N. Engl. J. Med. 382, 929–

http://dx.doi.org/10.1038/nm1267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16007097&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32155444&dopt=Abstract
http://dx.doi.org/10.1128/JVI.00127-20
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31996437&dopt=Abstract
http://dx.doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32075877&dopt=Abstract
https://doi.org/10.1016/j.cell.2020.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32333836&dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2020.03.044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32199615&dopt=Abstract
https://doi.org/10.1101/2020.01.26.919985
http://dx.doi.org/10.1128/JVI.79.23.14614-14621.2005
http://dx.doi.org/10.1128/JVI.79.23.14614-14621.2005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16282461&dopt=Abstract
https://www.proteinatlas.org/ENSG00000130234-ACE2
http://dx.doi.org/10.1053/j.gastro.2020.02.054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32142785&dopt=Abstract
https://doi.org/10.1053/j.gastro.2020.04.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32283101&dopt=Abstract
https://doi.org/10.1001/jama.2020.3786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32159775&dopt=Abstract


936 (2020). doi:10.1056/NEJMoa2001191 Medline 

22. F. Xiao, M. Tang, X. Zheng, Y. Liu, X. Li, H. Shan, Evidence for gastrointestinal 
infection of SARS-CoV-2. Gastroenterology S0016-5085(20)30282-1 (2020). 
10.1053/j.gastro.2020.02.055 Medline 

23. T. Sato, D. E. Stange, M. Ferrante, R. G. J. Vries, J. H. Van Es, S. Van den Brink, W. J. 
Van Houdt, A. Pronk, J. Van Gorp, P. D. Siersema, H. Clevers, Long-term expansion 
of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett’s 
epithelium. Gastroenterology 141, 1762–1772 (2011). 
doi:10.1053/j.gastro.2011.07.050 Medline 

24. K. Ettayebi, S. E. Crawford, K. Murakami, J. R. Broughman, U. Karandikar, V. R. Tenge, 
F. H. Neill, S. E. Blutt, X. L. Zeng, L. Qu, B. Kou, A. R. Opekun, D. Burrin, D. Y. 
Graham, S. Ramani, R. L. Atmar, M. K. Estes, Replication of human noroviruses in 
stem cell-derived human enteroids. Science 353, 1387–1393 (2016). 
doi:10.1126/science.aaf5211 Medline 

25. J. Beumer, B. Artegiani, Y. Post, F. Reimann, F. Gribble, T. N. Nguyen, H. Zeng, M. Van 
den Born, J. H. Van Es, H. Clevers, Enteroendocrine cells switch hormone expression 
along the crypt-to-villus BMP signalling gradient. Nat. Cell Biol. 20, 909–916 (2018). 
doi:10.1038/s41556-018-0143-y Medline 

26. W. K. Leung, K. F. To, P. K. S. Chan, H. L. Y. Chan, A. K. L. Wu, N. Lee, K. Y. Yuen, 
J. J. Y. Sung, Enteric involvement of severe acute respiratory syndrome-associated 
coronavirus infection. Gastroenterology 125, 1011–1017 (2003). 
doi:10.1016/j.gastro.2003.08.001 Medline 

27. W. S. Chan, C. Wu, S. C. S. Chow, T. Cheung, K. F. To, W. K. Leung, P. K. S. Chan, K. 
C. Lee, H. K. Ng, D. M. Y. Au, A. W. I. Lo, Coronaviral hypothetical and structural 
proteins were found in the intestinal surface enterocytes and pneumocytes of severe 
acute respiratory syndrome (SARS). Mod. Pathol. 18, 1432–1439 (2005). 
doi:10.1038/modpathol.3800439 Medline 

28. F. G. A. Faas, M. C. Avramut, B. M. van den Berg, A. M. Mommaas, A. J. Koster, R. B. 
G. Ravelli, Virtual nanoscopy: Generation of ultra-large high resolution electron 
microscopy maps. J. Cell Biol. 198, 457–469 (2012). doi:10.1083/jcb.201201140 
Medline 

29. K. Knoops, M. Kikkert, S. H. Worm, J. C. Zevenhoven-Dobbe, Y. van der Meer, A. J. 
Koster, A. M. Mommaas, E. J. Snijder, SARS-coronavirus replication is supported by 
a reticulovesicular network of modified endoplasmic reticulum. PLOS Biol. 6, e226 
(2008). doi:10.1371/journal.pbio.0060226 Medline 

30. N. S. McNutt, W. R. Crain, Quantitative electron microscopic comparison of lymphocyte 
nuclear contours in mycosis fungoides and in benign infiltrates in skin. Cancer 47, 
698–709 (1981). doi:10.1002/1097-0142(19810215)47:4<698:AID-
CNCR2820470413>3.0.CO;2-Z Medline 

31. M. Hosmillo, Y. Chaudhry, K. Nayak, F. Sorgeloos, B. K. Koo, A. Merenda, R. Lillestol, 
L. Drumright, M. Zilbauer, I. Goodfellow, Norovirus replication in human intestinal 
epithelial cells is restricted by the interferon-induced JAK/STAT signaling pathway 
and RNA polymerase II-mediated transcriptional responses. mBio 11, e00215-20 
(2020). doi:10.1128/mBio.00215-20 Medline 

32. K. Saxena, L. M. Simon, X. L. Zeng, S. E. Blutt, S. E. Crawford, N. P. Sastri, U. C. 

http://dx.doi.org/10.1056/NEJMoa2001191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32004427&dopt=Abstract
https://doi.org/10.1053/j.gastro.2020.02.055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32142773&dopt=Abstract
http://dx.doi.org/10.1053/j.gastro.2011.07.050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21889923&dopt=Abstract
http://dx.doi.org/10.1126/science.aaf5211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27562956&dopt=Abstract
http://dx.doi.org/10.1038/s41556-018-0143-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30038251&dopt=Abstract
http://dx.doi.org/10.1016/j.gastro.2003.08.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14517783&dopt=Abstract
http://dx.doi.org/10.1038/modpathol.3800439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15920543&dopt=Abstract
http://dx.doi.org/10.1083/jcb.201201140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22869601&dopt=Abstract
http://dx.doi.org/10.1371/journal.pbio.0060226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18798692&dopt=Abstract
http://dx.doi.org/10.1002/1097-0142(19810215)47:4%3c698::AID-CNCR2820470413%3e3.0.CO;2-Z
http://dx.doi.org/10.1002/1097-0142(19810215)47:4%3c698::AID-CNCR2820470413%3e3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7226019&dopt=Abstract
http://dx.doi.org/10.1128/mBio.00215-20
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32184238&dopt=Abstract


Karandikar, N. J. Ajami, N. C. Zachos, O. Kovbasnjuk, M. Donowitz, M. E. Conner, 
C. A. Shaw, M. K. Estes, A paradox of transcriptional and functional innate interferon 
responses of human intestinal enteroids to enteric virus infection. Proc. Natl. Acad. 
Sci. U.S.A. 114, E570–E579 (2017). doi:10.1073/pnas.1615422114 Medline 

33. C. G. Drummond, A. M. Bolock, C. Ma, C. J. Luke, M. Good, C. B. Coyne, 
Enteroviruses infect human enteroids and induce antiviral signaling in a cell lineage-
specific manner. Proc. Natl. Acad. Sci. U.S.A. 114, 1672–1677 (2017). 
doi:10.1073/pnas.1617363114 Medline 

34. C. Good, A. I. Wells, C. B. Coyne, Type III interferon signaling restricts enterovirus 71 
infection of goblet cells. Sci. Adv. 5, eaau4255 (2019). doi:10.1126/sciadv.aau4255 
Medline 

35. D. Blanco-Melo, B. E. Nilsson-Payant, W.-C. Liu, S. Uhl, D. Hoagland, R. Møller, T. X. 
Jordan, K. Oishi, M. Panis, D. Sachs, T. T. Wang, R. E. Schwartz, J. K. Lim, R. A. 
Albrecht, B. R. Tenoever, Imbalanced host response to SARS-CoV-2 drives 
development of COVID-19. Cell 10.1016/j.cell.2020.04.026 (2020). 

36. N. Sachs, A. Papaspyropoulos, D. D. Zomer-van Ommen, I. Heo, L. Böttinger, D. Klay, 
F. Weeber, G. Huelsz-Prince, N. Iakobachvili, G. D. Amatngalim, J. de Ligt, A. van 
Hoeck, N. Proost, M. C. Viveen, A. Lyubimova, L. Teeven, S. Derakhshan, J. 
Korving, H. Begthel, J. F. Dekkers, K. Kumawat, E. Ramos, M. F. van Oosterhout, G. 
J. Offerhaus, D. J. Wiener, E. P. Olimpio, K. K. Dijkstra, E. F. Smit, M. van der 
Linden, S. Jaksani, M. van de Ven, J. Jonkers, A. C. Rios, E. E. Voest, C. H. van 
Moorsel, C. K. van der Ent, E. Cuppen, A. van Oudenaarden, F. E. Coenjaerts, L. 
Meyaard, L. J. Bont, P. J. Peters, S. J. Tans, J. S. van Zon, S. F. Boj, R. G. Vries, J. 
M. Beekman, H. Clevers, Long-term expanding human airway organoids for disease 
modeling. EMBO J. 38, 100300 (2019). doi:10.15252/embj.2018100300 Medline 

37. V. M. Corman, O. Landt, M. Kaiser, R. Molenkamp, A. Meijer, D. K. Chu, T. Bleicker, 
S. Brünink, J. Schneider, M. L. Schmidt, D. G. Mulders, B. L. Haagmans, B. van der 
Veer, S. van den Brink, L. Wijsman, G. Goderski, J. L. Romette, J. Ellis, M. Zambon, 
M. Peiris, H. Goossens, C. Reusken, M. P. Koopmans, C. Drosten, Detection of 2019 
novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 10.2807/1560-
7917.ES.2020.25.3.2000045 (2020). Medline 

38. J. Muñoz, D. E. Stange, A. G. Schepers, M. van de Wetering, B.-K. Koo, S. Itzkovitz, R. 
Volckmann, K. S. Kung, J. Koster, S. Radulescu, K. Myant, R. Versteeg, O. J. 
Sansom, J. H. van Es, N. Barker, A. van Oudenaarden, S. Mohammed, A. J. R. Heck, 
H. Clevers, The Lgr5 intestinal stem cell signature: Robust expression of proposed 
quiescent ‘+4’ cell markers. EMBO J. 31, 3079–3091 (2012). 
doi:10.1038/emboj.2012.166 Medline 

39. T. Hashimshony, N. Senderovich, G. Avital, A. Klochendler, Y. de Leeuw, L. Anavy, D. 
Gennert, S. Li, K. J. Livak, O. Rozenblatt-Rosen, Y. Dor, A. Regev, I. Yanai, CEL-
Seq2: Sensitive highly-multiplexed single-cell RNA-Seq. Genome Biol. 17, 77 
(2016). doi:10.1186/s13059-016-0938-8 Medline 

40. S. Simmini, M. Bialecka, M. Huch, L. Kester, M. van de Wetering, T. Sato, F. Beck, A. 
van Oudenaarden, H. Clevers, J. Deschamps, Transformation of intestinal stem cells 
into gastric stem cells on loss of transcription factor Cdx2. Nat. Commun. 5, 5728 
(2014). doi:10.1038/ncomms6728 Medline 

41. H. Li, R. Durbin, Fast and accurate long-read alignment with Burrows-Wheeler 

http://dx.doi.org/10.1073/pnas.1615422114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28069942&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1617363114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28137842&dopt=Abstract
http://dx.doi.org/10.1126/sciadv.aau4255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30854425&dopt=Abstract
https://doi.org/10.1016/j.cell.2020.04.026
http://dx.doi.org/10.15252/embj.2018100300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30643021&dopt=Abstract
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31992387&dopt=Abstract
http://dx.doi.org/10.1038/emboj.2012.166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22692129&dopt=Abstract
http://dx.doi.org/10.1186/s13059-016-0938-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27121950&dopt=Abstract
http://dx.doi.org/10.1038/ncomms6728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25500896&dopt=Abstract


transform. Bioinformatics 26, 589–595 (2010). doi:10.1093/bioinformatics/btp698 
Medline 

42. M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014). doi:10.1186/s13059-014-
0550-8 Medline 

43. V. Kaimal, E. E. Bardes, S. C. Tabar, A. G. Jegga, B. J. Aronow, ToppCluster: A 
multiple gene list feature analyzer for comparative enrichment clustering and 
network-based dissection of biological systems. Nucleic Acids Res. 38, W96–W102 
(2010). doi:10.1093/nar/gkq418 Medline 

44. J.-M. Burel, S. Besson, C. Blackburn, M. Carroll, R. K. Ferguson, H. Flynn, K. Gillen, R. 
Leigh, S. Li, D. Lindner, M. Linkert, W. J. Moore, B. Ramalingam, E. Rozbicki, A. 
Tarkowska, P. Walczysko, C. Allan, J. Moore, J. R. Swedlow, Publishing and sharing 
multi-dimensional image data with OMERO. Mamm. Genome 26, 441–447 (2015). 
doi:10.1007/s00335-015-9587-6 Medline 

http://dx.doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20080505&dopt=Abstract
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25516281&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkq418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20484371&dopt=Abstract
http://dx.doi.org/10.1007/s00335-015-9587-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26223880&dopt=Abstract

