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Identification of SARS-CoV-2 inhibitors
using lung and colonic organoids
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Thereis an urgent need to create novel models using human disease-relevant cells to
study severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) biology and to
facilitate drug screening. Here, as SARS-CoV-2 primarily infects the respiratory tract,
we developed alung organoid model using human pluripotent stem cells (hPSC-LOs).
The hPSC-LOs (particularly alveolar type-Il-like cells) are permissive to SARS-CoV-2
infection, and showed robust induction of chemokines following SARS-CoV-2
infection, similar to what is seen in patients with COVID-19. Nearly 25% of these patients
also have gastrointestinal manifestations, which are associated with worse COVID-19
outcomes'. We therefore also generated complementary hPSC-derived colonic
organoids (hPSC-COs) to explore the response of colonic cells to SARS-CoV-2 infection.
We found that multiple colonic cell types, especially enterocytes, express ACE2 and are
permissive to SARS-CoV-2 infection. Using hPSC-LOs, we performed a high-throughput
screen of drugs approved by the FDA (US Food and Drug Administration) and identified
entry inhibitors of SARS-CoV-2, including imatinib, mycophenolic acid and quinacrine
dihydrochloride. Treatment at physiologically relevant levels of these drugs
significantly inhibited SARS-CoV-2 infection of both hPSC-LOs and hPSC-COs.
Together, these data demonstrate that hPSC-LOs and hPSC-COs infected by
SARS-CoV-2 canserve as disease models to study SARS-CoV-2 infection and provide a
valuableresource for drug screening to identify candidate COVID-19 therapeutics.

The development of anti-SARS-CoV-2 drugs could change the scope
of the ongoing COVID-19 pandemic. In the pursuit of this strategy,
high-throughput screens are typically performed in transformed
cell lines that fail to capture the physiologically relevant dynamics of
human SARS-CoV-2 infection. To overcome the limitations of these
celllines, several adult organoid models have been developed to study
SARS-CoV-2 (refs.>*). Here we developed hPSC-LOs and hPSC-COs
optimized as in vitro platforms for high-throughput drug screening.

hPSC-LOs are permissive to SARS-CoV-2

We differentiated hPSCs to lung organoids (hPSC-LOs) on the
basis of previously reported stepwise strategies® * (Extended Data

Fig. 1a-c). Quantitative PCR with reverse transcription (QRT-PCR)
and RNA sequencing (RNA-seq) profiling validated the expression
of alveolar type Il (AT2) cell markers in the hPSC-LOs (Extended Data
Fig.1d, e). Intracellular flow cytometry further confirmed the pres-
ence of pro-SP-C" cells in hPSC-LOs (Extended Data Fig. If). Single-cell
transcriptomic profiles of hPSC-LOs identified AT2-like cells, which
were enriched for adult human lung AT2 cell markers (Fig. 1a-c and
Extended Data Fig. 2a-c). Correlation analysis of signature genes
further validated the AT2-like cell population in hPSC-LOs showing
high similarity to adult human lung AT2 cells (Fig. 1d). The key factors
involved in SARS-CoV-2 entry—ACE2 (ref. ), the SARS-CoV-2 recep-
tor; TMPRSS2 (ref. ), a protease involved in viral entry; and FURIN®,
a pro-protein convertase pre-activating SARS-CoV-2—were enriched
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Fig.1|hPSC-LOs are permissive to SARS-CoV-2infectionbothinvitroand
invivo. a, Uniform manifold approximation and projection (UMAP) of
hPSC-LOs. PNECs, pulmonary neuroendocrine cells; AECs, airway epithelial cells.
b, AT2 cellmarkersin each clusterin UMAPs. The vertical barsin the bottom
panelsrepresent the expressionlevel.The pink bar highlights cluster_1AT2-like
cells. ¢, Enrichmentanalysis of hPSC-LOs using genes expressed at high levelsin
adulthumanAT2cells.d, Correlation analysis of genes with cell fates in hPSC-LOs
andadulthumanlungcells. e, UMAPs of ACE2, TMPRSS2 and FURIN expressionin
hPSC-LOs. Thevertical barsinthe bottom panelsrepresent the expressionlevel.
The pink bars highlight cluster_1AT2-like cells. f, Immunostaining of hPSC-LOs.
Scalebars,30 pm (mainimages) and 10 pm (insets). DAPI, 4,6-diamidino-
2-phenylindole. g, Luciferaseactivity at 24 hpifor hPSC-LOs either mock-infected
orinfected with SARS-CoV-2-entry virus (multiplicity of infection (MOI)=0.01).
n=3biologicallyindependent experiments. ***P=1.62x10°. h, Aschematic of
the protocol forin vivo transplantation of hPSC-derived lung xenografts.

SC, subcutaneous. i, Immunostaining of hPSC-derived lung xenografts.
Scalebars, 75 pm (mainimages) and 10 pm (insets).j, Inmunostaining of

in AT2-like cells (Fig. 1e). Immunostaining analysis further validated
that ACE2 is expressed in pro-SP-B*SP-B*pro-SP-C*SP-C*AT2-like cells
(Fig.1fand Extended Data Fig. 2d).

hPSC-derived lung xenografts at 24 hpi (1x10* focus-forming units (FFUs)). Scale
bars, 75 pm (mainimages) and 10 pm (insets). Luc, luciferase. k, qRT-PCR analysis
oftotal RNA extracted frominfected hPSC-LOs (24 hpi, MOI=0.01) for viral

N sgRNA.n=3biologicallyindependent experiments.*P=0.0236.

I, Immunostaining of hPSC-LOs at 24 hpi (SARS-CoV-2, MOI=0.01). Scale bars, 50
pm (mainimages) and 10 pm (insets). m, Alignment of the transcriptome with the
viralgenomein SARS-CoV-2-infected hPSC-LOs. The schematic below shows the
SARS-CoV-2genome.n, Volcano plot analysis of differential expression of
SARS-CoV-2-infected hPSC-LOs versus mockinfection. The red lineindicates a
P-adjusted value <0.05. 0, Gene over-representation analysis using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database of SARS-CoV-2-
versus mock-infected hPSC-LOs. n=3biologicallyindependent experiments.

p, Gene over-representation analysis using the KEGG pathway database of lung
autopsy tissues from patients with COVID-19 versus healthy individuals.n=3
individuals for eachgroup.*P<0.05;***P<0.001. The datawere analysed by an
unpaired two-tailed Student’s t-test and are shownas mean +s.d. The dataare
representative of atleast threeindependent experiments.

Todetermine the permissiveness of hPSC-LOs to SARS-CoV-2 entry,
we first used a vesicular stomatitis AG-luciferase virus pseudotyped
with the SARS-CoV-2 spike protein (SARS-CoV-2-entry virus)'®", Robust
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Fig.2|hPSC-COs are permissive to SARS-CoV-2infection. a-c, Haematoxylin
and eosinstaining (a), in situ hybridization staining for SARS-CoV-2 RNA (b) and
electron microscopy (c) of colonoscopy biopsy tissue from a patient with
COVID-19.Scalebars, 50 um (a), 25 um (b) and1pm (c). The arrows indicate
SARS-CoV-2RNA (b) or SARS-CoV-2 viral particles (c).d, UMAP of hPSC-CO cell
types. EE, enteroendocrine; TA, transit-amplifying. e, f, UMAPs (e) and jitter
plots (f) of ACE2, TMPRSS2 and FURIN. g, Correlation of the expression levels for
KRT20with ACE2, TMPRSS2 and FURIN.The blue line with grey shading
representsthe fitted regression line with 95% confidenceinterval. h, Confocal
images of hPSC-COs. Scale bar,100 pm. i, j, Luciferase activity (i) and UMAP (j)
of COsinfected with SARS-CoV-2-entry virus (24 hpi, MOI=0.01).n=4
biologically independent experiments (i). ***P=2.25x107°.k, Jitter plots of
VSV-M, VSV-N and VSV-Ptranscript levels.l, Immunostaining of hPSC-COs
infected with SARS-CoV-2-entry virus (MOI=0.01).Scalebars, 50 um.

m, Aschematic of the protocol forinvivoinfection.n, Confocalimages of a

luciferase activity was readily detected in hPSC-LOs infected with
SARS-CoV-2-entry virus (Fig. 1g).

To generate an in vivo model using hPSC-LOs, we subcutane-
ously implanted lung progenitor cells into immunodeficient
NOD-scid IL2Rg™" (NSG) mice (Fig. 1h). The xenografts developed
organized distal lung-like structures with AT2-like cells express-
ing ACE2 (Fig. 1i). At 24 h after intra-xenograft inoculation with
SARS-CoV-2-entry virus, luciferase was mainly detected in AT2-like
cells (Fig. 1j).

Next, hPSC-LOs were infected with SARS-CoV-2 (isolate USA-WA1/
2020). At 24 h postinfection (hpi), QRT-PCR confirmed significant
amounts of viral replication in infected hPSC-LOs (Fig. 1k). Immu-
nostaining for the spike protein confirmed robust SARS-CoV-2
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colonic xenograft.Scale bars, 100 pm (mainimages) and 30 pm (insets).

o, p, Confocalimages of colonic xenografts at 24 hpi (1x10* FFUs) stained with
antibodies against luciferase (0) and ACE2 or villin (p). Scale bar, 75 pm (main
images) and 25 pm (insets). q, Immunostaining to detect SARS-CoV-2
nucleocapsid protein (SARS-N) in hPSC-COs. Scale bars, 100 um (main images)
and 40 um (insets).r, RNA-seqread coverage of the viral genome ininfected
hPSC-COs (24 hpi,MOI=0.1).s-u, APCA plot (s), avolcano plot (t) and GSEA
pathway analysis (u) of gene expression profiles from mock-treated and
SARS-CoV-2-infected hPSC-COs at 24 hpi (MOI=0.1). The vertical dotted lines
intrepresent the log,-transformed fold change (FC) >1and log,-transformed
FC<-1,respectively. The horizontal dotted linein trepresents P<0.05.ECM,
extracellular matrix. n=3biologicallyindependent experiments. The redline
indicates P=0.05.***P<0.001. The datawere analysed by an unpaired
two-tailed Student’s t-test and are shown asmean +s.d. The dataare
representative of at least threeindependent experiments.

infection of hPSC-LOs (Fig. 1l and Extended Data Fig. 2e). The viral
infection was further confirmed by RNA-seq analysis (Fig. 1m).
Moreover, principal component analysis (PCA) demonstrated that
the infected hPSC-LOs occupied a distinct transcriptional space
compared to mock-infected hPSC-LOs (Extended Data Fig. 2f).
Volcano plots of mock- versus SARS-CoV-2-infected hPSC-LOs
revealed robust induction of chemokine transcripts (Fig. 1n). Gene
set enrichment analysis (GSEA) revealed over-represented pathway
networks including rheumatoid arthritis, tumour-necrosis factor
signalling, interleukin-17 signalling and cytokine-cytokine recep-
tor interaction (Fig. 10), which is similar to the pathways enriched
inlung autopsy tissues of patients with COVID-19* (Fig. 1p and Sup-
plementary Table1).
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hPSC-COs are permissive to SARS-CoV-2

Asgastrointestinal complications are associated with worse outcomes
of patients with COVID-19 (ref.'), we examined whether SARS-CoV-2
caninfect colonic cells. First,immunohistochemistry confirmed ACE2
expression in keratin 20 (KRT20)" enterocytes of human colon tissue
(Extended Data Fig. 3a). Pathological analysis of colonoscopy sam-
ples from patients with COVID-19 detected significant damage to the
colon mucosamarked by injury to the luminal epithelial cells and goblet
cell depletion (Fig. 2a), SARS-CoV-2 infection was confirmed by in situ
hybridization for viral RNA (Fig. 2b) and by electron microscopy (Fig. 2c).

We next derived hPSC-COs from HUESS cells using previously
established strategies'* (Extended Data Fig. 3b-e). Using single-cell
RNA-seq (scRNA-seq), five cell clusters were identified including
KRT20" enterocytes, MUC2" goblet cells, EPHB2" transit-amplifying
cells, CHGA" enteroendocrine cells, and LGR5" or BMI1" stem cells,
and most cells expressed CDX2 and VILI1 (Fig. 2d and Extended Data
Fig.4a-c). ACE2, TMPRSS2 (ref.™*) and FURIN were also expressedinall
five cell clusters, but highly enriched and correlated in KRT20" entero-
cytes (Fig. 2e-g). ACE2 expression in KRT20" enterocytes was further
validated by immunostaining (Fig. 2h).

To test the permissiveness of hPSC-COs to SARS-CoV-2, hPSC-COs
wereinfected with SARS-CoV-2-entry virus, and showed strong luciferase
activity at 24 hpi (Fig. 2i and Extended Data Fig. 5a). scRNA-seq of the
infected hPSC-COs revealed the samefive cell populations asin the unin-
fected condition (Fig. 2j and Extended Data Fig. 5b—-d). However, after
infection, the KRT20" enterocyte population decreased significantly
(Fig. 2j). This corresponded with increased cellular apoptosis (Extended
DataFig. 5e) and the depletion of the ACE2" population (Extended Data
Fig. 5c, d). Viral RNA from the SARS-CoV-2-entry virus was detected in
allfive cell populations after SARS-CoV-2-entry virusinfection (Fig. 2k),
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bars, 50 pm (mainimages) and 10 pm (insets). i, Ascheme of thein vivodrug
treatment.j, k, Immunostaining (j) and quantification (k) of hPSC-derived lung
xenografts of mice treated with 400 mg kg imatinib mesylate, 50 mg kg™ MPA
and 25mgkg? QNHC at 24 hpi (1x10*FFUs). Scale bars, 100 um (mainimages)
and 10 pm (insets). n= 6 xenografts for each group. ***P=5.54 x10"%;
*p=519x107%**P=1.66 x10™° (***P<0.001). The data were analysed by an
unpaired two-tailed Student’s t-test and are shown as mean +s.d. The dataare
representative of at least threeindependent experiments.

but notinthe uninfected hPSC-COs (Extended Data Fig. 5f), suggesting
thatall cell types within hPSC-COs were permissive to SARS-CoV-2-entry
virus. This was also confirmed by detection of luciferase expressionin
ACE2", Villin*, CDX2", KRT20"and MUC2" cells (Fig. 2I). ACE2'TMPRSS2’,
ACE2" and TMPRSS2" cells were all detected in the population of VSV*
cells (Extended Data Fig. 5g). However, the failure to measure ACE2 or
TMPRSS2 transcripts might reflect limitations in the detection sen-
sitivity using the 10x Genomics scRNA-seq platform. On the basis of
immunostaining, all luciferase® cells were ACE2" (Fig. 2I).

Humanized mice carrying hPSC-COs in vivo provide a unique plat-
form for modelling COVID-19. In brief, hPSC-COs were transplanted
under the kidney capsule of NSG mice (Fig. 2m). ACE2 was detected
in hPSC-derived KRT20" enterocytes (Fig. 2n), consistent with the
invitro culture findings. At 24 h after intra-xenograft inoculation with
SARS-CoV-2-entry virus, luciferase was detected in the infected xeno-
grafts (Fig.20),in particularin ACE2" and villin" colonic cells, suggesting
thatthese cells are permissive to SARS-CoV-2-entry virusinvivo (Fig. 2p).

Next, hPSC-COs were infected with SARS-CoV-2 virus and viral nucle-
ocapsid proteinwas detected in the infected hPSC-COs at 24 hpi, par-
tially colocalizing with CDX2 and KRT20 (Fig. 2q and Extended Data
Fig. 5h). Bulk RNA-seq confirmed robust viral infection of hPSC-COs
(Fig.2r), distinct transcriptional profiles of mock-treated and infected
hPSC-COs (Fig.2s) and notable differential gene expression of cytokines
and chemokines (Fig.2t). GSEArevealed over-represented pathway net-
worksin hPSC-COs similar to those of SARS-CoV-2-infected hPSC-LOs
and lung autopsy tissues of patients with COVID-19 (Fig. 2u)'.

An hPSC-LOs-based anti-SARS-CoV-2 screen

To identify drug candidates capable of inhibiting SARS-CoV-2 entry,
hPSC-LOs were treated with a library of drugs approved by the FDA,
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followed by infection with SARS-CoV-2-entry virus. At 24 hpi, the orga-
noids were analysed for luciferase activity. Compounds witha Zscore
of less than -2 were chosen as primary hit drugs (Fig. 3a). Four drugs
were confirmed to block luciferase activity ina dose-dependent man-
ner, regardless of cytotoxicity, including imatinib (half-maximum
effective concentration (ECs,) = 4.86 uM, half-maximum cytotoxic
concentration (CCsy) =37.3 uM) (Fig. 3b, e), mycophenolic acid (MPA)
(ECs = 0.15 uM) (Fig. 3¢, f), quinacrine dihydrochloride (QNHC)
(EC50=2.83uM, CC4,=22 M) (Fig. 3d, g) and chloroquine (ECs,=3.85
1M) (Extended Data Fig. 6a). Immunostaining confirmed a significant
reduction of luciferase” cells detected among SP-B*SP-C* AT2-like cells
in hPSC-LOs treated with 10 uM imatinib, 3 M MPA or 4.5 M QNHC
(Fig. 3h and Extended Data Fig. 6b). None of the tested drugs showed
toxicity-independent inhibition of VSV-G luciferase virus, suggesting
that imatinib, MPA and QNHC specifically block SARS-CoV-2-entry
virus infection in hPSC-LOs, instead of inhibiting luciferase activ-
ity (Extended Data Fig. 6¢). Imatinib, MPA and QNHC also inhib-
ited SARS-CoV-1-entry virus infection in a dose-dependent manner
(imatinib: IC5, = 0.17 uM; MPA: IC5, = 0.7 uM; QNHC: IC5, = 0.30 uM)
(Extended DataFig. 6d).

To evaluate the drug activities in vivo, we treated humanized mice
carrying hPSC-derived lung xenografts with imatinib mesylate, MPA or
QNHCbeforeintra-xenograftinoculation with SARS-CoV-2-entry virus
(Fig.3i). As observed for hPSC-LOs, luciferase staining was significantly
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decreasedin SP-B*SP-C* AT2-like cells treated with imatinib mesylate,
MPA or QNHC (Fig. 3j, k).

Drugs block SARS-CoV-2infection

We next treated hPSC-LOs or hPSC-COs with 10 pM imatinib, 3 uM MPA
or4.5pM QNHC and infected each culture with SARS-CoV-2. At 24 hpi,
allthree drugs block SARS-CoV-2 infectionina dose-dependent man-
ner (Extended DataFig.7a and Supplementary Table 2). InhPSC-LOs,
drug treatment before infection resulted in significantly reduced
levels of viral subgenomic RNA (sgRNA) (Fig. 4a), as well as spike pro-
tein expression (Fig.4b,c and Extended Data Fig. 7b). Drug treatment
before infection of hPSC-COs also led to significantly reduced viral
sgRNA levels (Fig.4d and Extended Data Fig. 7c), as well as nucleocap-
sid protein expression (Fig. 4e, fand Extended Data Fig. 7d). As most
studies on SARS-CoV-2 are performed in the African green monkey
Vero E6 cell line, we verified that imatinib, MPA and QNHC block
SARS-CoV-2infection in a toxicity-independent manner in Vero E6
cells as in hPSC-LOs and hPSC-COs (Extended Data Figs. 8 and 9 and
Supplementary Table 2).

We briefly explored the effect of imatinib, MPA and QNHC on the key
steps of SARS-CoV-2 entry. Surface plasmon resonance binding analysis
suggested that both imatinib and QNHC bind with ACE2 (Extended
Data Fig. 10a). Treatment with MPA or QNHC decreases the expres-
sionlevels of FURIN (Extended Data Fig.10b, c). To explore the inhibi-
tory mechanism of imatinib, RNA-seq analysis of dimethylsulfoxide
(DMSO)- and imatinib-treated hPSC-LOs was performed, showing
distinct transcriptional profiles (Extended Data Fig. 10d). Volcano
plots and GSEA analysis highlighted the change of pathways caused by
imatinib, related to fatty acid biosynthesis, steroid biosynthesis and
fatty acid metabolism (Extended Data Fig. 10e, f). Viruses have been
knownto target lipid signalling, synthesis and metabolism to remodel
their host cells into an optimal environment for replication.

Discussion

Here, we present an hPSC-LO platform, including AT2-like cells that
express ACE2, the receptor for SARS-CoV-2. RNA-seq analysis of
infected organoids revealed upregulation of cytokine/chemokine
signalling with only amodest interferon signature, which mimics the
inflammatory changes observed in primary human COVID-19 pulmo-
nary infections'®, We also showed that multiple cell types in hPSC-COs
can be infected by SARS-CoV-2. Finally, we used the hPSC-LOs in a
high-throughput screen of FDA-approved drugs. We identified sev-
eral drugs that inhibit SARS-CoV-2 entry, including imatinib, MPA
and QNHC, both in vitro and in vivo. The anti-viral activities of these
drugs were further validated with live SARS-CoV-2. MPA is widely and
safely used as animmunosuppressive drug to prevent organrejection
and to treatautoimmune diseases. Arecent study predicted that MPA
modulates theinteraction between inosine-5-monophosphate dehy-
drogenase 2 and SARS-CoV-2 non-structural protein 14 (ref.?). Imatinib
hasbeenshown tobeapotentinhibitor of SARS-CoV and Middle East
respiratory syndrome coronavirus fusion proteins. Very recently,
four clinical trials have been registered to apply imatinib to treat
patients with COVID-19. In conclusion, we established hPSC-derived
LO and CO models that can be applied to screen for drug candidates
for patients with COVID-19.
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Methods

hPSC culture

RUES2 human embryonic stem (ES) cells (provided by WiCell) were
cultured onirradiated mouse embryonic fibroblasts (Global Stem,
catalogue no. GSC-6001G) at a density of 20,000-25,000 cells cm™
in Dulbecco’s modified Eagle medium (DMEM)/F12, 20% knockout
serum replacement (Life Technologies), 0.1 mM [3-mercaptoethanol
(Sigma Aldrich) and 20 ng mI' bFGF (R&D Systems), and the medium
was changed daily. Human ES cell cultures were maintained in an
undifferentiated state at 37 °Cin a 5% CO,/air environment until stem
cells reached about 90% confluence. H1 human ES cells (provided by
WiCell) and HUES8 human ES cells (provided by Harvard University)
were grown and maintained on 1% Matrigel (Corning)-coated six-well
platesin StemFlex medium (Gibco) at 37 °C with 5% CO,. Allhuman ES
cell lines were authenticated by short tandem repeat profiling and
tested for mycoplasma contamination every six months.

hPSClung differentiation

Protocols for the maintenance of hPSCs and the generation of lung orga-
noids were slightly modified from previous studies®. hPSC differentia-
tioninto endodermwas performed in serum-free differentiation (SFD)
medium of DMEM/F12 (3:1) (Life Technologies) supplemented with
1xN2 (Life Technologies), 1x B27 (Life Technologies), 50 pg ml™ ascorbic
acid,2 mM Glutamax (Gibco), 0.4 pM monothioglycerol and 0.05% BSA
at37 °Cina5% CO,/5% 0,/95% N, environment. hPSCs were treated
with Accutase and plated onto low-attachment 6-well plates (Corning),
and then resuspended in endoderm induction medium containing
10 uM Y-27632, 0.5 ng mI™ human BMP4 (R&D Systems), 2.5 ng ml™
human bFGF and 100 ng ml™ human activin A (R&D Systems), for 72-76 h
dependent on the formation rates of endoderm cells. On day 3 or 3.5,
the endoderm bodies were dissociated into single cells using 0.05%
trypsin/0.02% EDTA and plated onto fibronectin-coated, 24-well tissue
culture plates (about100,000-150,000 cells per well). Forinduction of
anterior foregut endoderm, the endoderm cells were cultured in SFD
medium supplemented with 1.5 uM dorsomorphin dihydrochloride
(R&D Systems) and 10 tM SB431542 (R&D Systems) for 36 h, and then
switchedfor36hto10 pM SB431542 and 1 M IWP2 (R&D Systems) treat-
ment. Forinduction of early stage lung progenitor cells (day 6-15), the
resulting anterior foregut endoderm was treated with 3 uM CHIR99021
(CHIR, Stem-RD), 10 ng mI™ human FGF10, 10 ng mI™ human KGF,
10 ng mI™ human BMP4 and 50-60 nM all-trans retinoic acid (ATRA),
in SFD medium on day 8-10. The day 10-15 culture was maintained in
a5% CO,/air environment. Ondays 15and 16, the lung field progenitor
cellswerereplated after 1-min trypsinization onto fibronectin-coated
plates, in the presence of SFD containing 3 uM CHIR99021, 10 ng mI™
human FGF10, 10 ng mI™ human FGF7,10 ng mI™ human BMP4 and
50 nM all-trans retinoic acid. Day 16-25 cultures of late-stage lung
progenitor cells were maintained in SFD medium containing 3 puM
CHIR99021, 10 ng mI™* human FGF10 and 10 ng mI™ human KGF, ina
5% CO,/air environment. For differentiation of mature lung cells (day 25
to 55) inthree-dimensional culture, cells were replated and embedded
in 90% Matrigel after brief trypsinization in SFD medium containing
3 UM CHIR99021,10 ng ml™ human FGF10, 10 ng mI™ human KGF, 50 nM
dexamethasone, 0.1 mM 8-bromo-cAMP (Sigma Aldrich) and 0.1 mM
IBMX (3,7-dihydro-1-methyl-3-(2-methylpropyl)-1H-purine-2,6-dione;
Sigma Aldrich).

hPSC colonic lineage differentiation

For definitive endoderm differentiation, hPSCs were cultured to achieve
80-90% confluency, and treated with 3 uM CHIR99021 and 100 ng mI™
activin A in basal medium RPMI1640 (Cellgro) supplemented with
1x penicillin-streptomycin (Gibco) for 1day, and changed to the basal
medium containing 100 ng ml™ activin A the next day. Toinduce CDX2"
hindgut endoderm, definitive endoderm cells were treated with 3 pM

CHIR99021 and 500 ng mI™ FGF4 (Peprotech) in RPMI1640 supple-
mented with 1x B27 supplement and 1x Pen-Strep for 4 days with daily
changesto freshmedium. The hindgut endoderm was then subjected
to coloniclineage induction by treatment with 100 ng mI™ BMP2 (Pep-
rotech), 3 pM CHIR99021 and 100 ng mI hEGF (Peprotech) in Advance
DMEM F12 medium supplemented with 1x B27 supplement, 1x Glu-
taMax, 10 mM HEPES (Gibco) and 1x Pen-Strep for 3 days with daily
changes to fresh medium. The colon spheroids were collected from
theinitial two-dimensional cultures and embedded in a100% Matrigel
dome in a 24-well plate. Differentiation to mature colonic cell types
was achieved by culturing these colon spheroids in differentiation
medium containing 600 nM LDN193189 (Axon), 3 uM CHIR99021 and
100 ng mI™ hEGF in Advance DMEM F12 medium supplemented with
1x B27 supplement, 1x GlutaMax, 10 mM HEPES and 1x Pen-Strep. The
differentiation mediumwas refreshed every 3 days for atleast 40 days
toachieve full colonic differentiation. The hPSC-COs were passaged and
expanded every 10-14 days at 1:6 density. To passage the organoids, the
Matrigel domes containing the organoids were scraped offthe plate and
resuspended in cold splitting medium (Advance DMEM F12 medium
supplemented with 1x GlutaMax, 10 mM HEPES and 1x Pen-Strep). The
organoids were mechanically dislodged from the Matrigel dome and
fragmented by pipettingin cold splitting medium. The old Matrigel and
splitting medium were removed after pelleting cells and the organoids
wereresuspendedin100% Matrigel. A 50-pl volume of Matrigel contain-
ing fragmentized colon organoids was plated in 1well of a pre-warmed
24-well plate.

Celllines

HEK293T (human (Homo sapiens) fetal kidney) and Vero E6 (African
green monkey (Chlorocebus aethiops) kidney) cells were obtained
from ATCC. Cells were cultured in DMEM supplemented with 10% FBS,
100 IU mI™ penicillin and 100 pg mI™ streptomycin. All cell lines were
incubated at 37 °C with 5% CO,.

SARS-CoV-2-entry viruses
Recombinant Indiana VSV for the expression of SARS-CoV-1 or
SARS-CoV-2 spike proteins was generated as previously described®.
HEK293T cells were grown to 80% confluency before transfection with
pCMV3-SARS-CoV-1-spike and pCMV3-SARS-CoV-2-spike (provided
by P. Wang) using FUGENE 6 (Promega). Cells were cultured overnight
at 37 °C with 5% CO,. The next day, medium was removed and VSV-G
pseudotyped AG-luciferase (G*AG-luciferase, Kerafast) was used to
infect the cellsin DMEM at an MOl of 3 for 1 h before washing the cells
with 1x Dulbecco’s phosphate-buffered saline (PBS) three times. DMEM
supplemented with anti-VSV-G (11, mouse hybridoma supernatant from
CRL-2700; ATCC) was added to the infected cells and they were cultured
overnight as previously described®. The next day, the supernatant
was collected and clarified by centrifugation at 300g for 10 min and
aliquots were stored at —80 °C.

hPSC-LOs or hPSC-COs were seeded in 24-well plates,
SARS-CoV-2-entry virus was added at the indicated MOls and the plates
were centrifuged at 1,200g for 1 h. Then, the organoids were cultured
at 37 °C with 5% CO,. At 24 hpi, organoids were fixed for immunohis-
tochemistry or collected for luciferase assay following the Luciferase
Assay System protocol (E1501, Promega)

SARS-CoV-2virusinfections
SARS-CoV-2, isolate USA-WA1/2020 (NR-52281), was deposited by the
Center for Disease Control and Prevention and obtained through BEI
Resources, NIAID, NIH. SARS-CoV-2 was propagated in Vero E6 cellsin
DMEM supplemented with 2% FBS, 4.5g 1" D-glucose, 4 mM L-glutamine,
10 mM non-essential amino acids, 1 mM sodium pyruvate and 10 mM
HEPES as previously described®.

All work involving live SARS-CoV-2 was performed in the CDC/
USDA-approved BSL-3 facility of the Global Health and Emerging



Pathogens Institute at the Icahn School of Medicine at Mount Sinai in
accordance with institutional biosafety requirements.

hPSC-LOs or hPSC-COs were infected with SARS-CoV-2 at the indi-
cated MOl and incubated for 24 h at 37 °C. hPSC-LOs or hPSC-COs
were pretreated with DMSO, imatinib, MPA or QNHC at the indi-
cated concentration for 4 h before infection. At 24 hpi, hPSC-LOs
or hPSC-COs were washed three times in PBS and lysed in TRIzol for
RNA analysis or fixed for 24 h in 5% formaldehyde for immunofluo-
rescence staining.

Approximately 2.5 x 10° Vero E6 cells were treated with DMSO,
imatinib, MPA or QNHC at the indicated concentration, followed by
infection with SARS-CoV-2 at an MOI of 0.01in DMEM supplemented
with2%FBS, 4.5g1" D-glucose, 4 mM L-glutamine, 10 mM non-essential
amino acids,1mMsodium pyruvate and 10 mM HEPES. At 24 hpi, cells
were washed three times in PBS and lysed in TRIzol for RNA analysis,
lysed in radioimmunoprecipitation assay (RIPA) buffer for protein
analysis or fixed for 24 hin 5% formaldehyde forimmunofluorescence
staining.

Xenograft formation
One million hPSC-derived cells at the lung progenitor stage (at day 25)
were subcutaneously injected into male and female 6- to 8-week-old
NOD.Cg-Prkdcscid l2rgtm1Wijil/Sz/ (NSG) mice (Jackson Laboratory). The
mice were maintained at 22 °C with 40-60% humidity and a12 light/12
dark cycle. Four months later, the mice were used for drug evaluation.
The mice were randomly separated into different groups for different
treatments. Theresearchers analysing the datawere blind to treatment.

Todeterminedrugactivityinvivo,themiceweretreatedwith400mgkg™
imatinib mesylate, 50 mg kg™ MPA and 25 mg kg™ QNHC in 10%
DMSO0/90% corn oil by intraperitoneal injection. Four hours after drug
administration, SARS-CoV-2-entry virus wasinoculated directly to the
xenograftat1x10°FFUs. At 24 hpi, the mice were euthanized and used
forimmunohistochemistry analysis.

Allanimal work was conducted in agreement with NIH guidelines and
approved by the Weill Cornell Medicine Institutional Animal Care and
Use Committee and the Institutional Biosafety Committee.

Immunohistochemistry

Histology on tissues from mice was performed on paraffin-embedded
or frozen sections from xenografts. Tissues were fixed overnight in
10% buffered formalin and transferred to 70% ethanol, followed by
paraffinembedding, or tissues were fixed in10% buffered formalin and
transferred to 30% sucrose, followed by snap-freezingin O.C.T (Fisher
Scientific). Adjacent sections stained with haematoxylin and eosin were
used for comparison. Living cells in culture were directly fixed in 4%
paraformaldehyde for 25 min, followed by 15-min permeabilizationin
0.1% Triton X-100. Formalin-fixed paraffin-embedded human colon
tissue for ACE2 staining was purchased from VitroVivo Biotech (SKU
no. HuPS-07005A). For immunofluorescence, cells or tissue sections
were immunostained with primary antibodies at 4 °C overnight and
secondary antibodies at room temperature for1h. Theinformation for
the primary and secondary antibodies is provided in Supplementary
Table 3. Nucleiwere counterstained by DAPI. The figures were processed
using Adobe lllustrator CC2017.

Intracellular flow cytometry analysis

Flow cytometry intracellular staining was performed following the
instruction manual for the Fixation/Permeabilization Solution Kit (BD
Biosciences). Inbrief, cells were resuspended in Fixation/Permeabiliza-
tion solution at 4 °C for 20 min, washed twice in 1x Perm/Wash buffer,
incubated with primary antibody at 4 °Cfor 30 minin the dark, washed
twice and then incubated with secondary antibody at 4 °C for 30 min
in the dark. The cells were then washed twice before flow cytometry
analysis. The information for the primary antibodies and antibodies
is provided in Supplementary Table 3.

Western blot

Protein was extracted from cells in RIPA lysis buffer containing 1x Com-
plete Protease Inhibitor Cocktail (Roche) and 1x phenylmethylsulfonyl
fluoride (Sigma Aldrich) before safe removal from the BSL-3 facility.
Samples were analysed by SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes. Proteins were detected
using rabbit polyclonal anti-GAPDH (Sigma Aldrich, G9545,1:1,000),
mouse monoclonal anti-SARS-CoV-2 nucleocapsid (1C7;1:1,000) and
mouse monoclonal anti-SARS-CoV-2 spike (2B3ES5) protein (1:1,000)
(agift from T.Moran). Endogenous TMPRSS2 and FURIN were detected
using TMPRSS2 antibody (H-4; Santa Cruz, sc-515727, 1:500) and
anti-FURIN (Abcam, ab183495, 1:1,000). Primary antibodies were
detected using fluorophore-conjugated secondary goat anti-mouse
(IRDye 680RD, 926-68070, 1:25,000) and goat anti-rabbit (IRDye
800CW, 926-32211, 1:25,000) antibodies. Antibody-mediated fluo-
rescence was detected on a LI-COR Odyssey CLx imaging system and
analysed using Image Studio software (LI-COR).

Surface plasmon resonance

The binding of imatinib, MPA and QHC to human ACE2 protein was
detected by aBiacore T200 surface plasmon resonance system (Cytiva).
All experiments were performed at 25 °C in HBS-EP+ buffer (10 mM
HEPES, pH 7.4;150 mM NacCl; 3.4 mM EDTA; and 0.005% (v/v) surfactant
P20). The human ACE2 protein, diluted at 50 pg ml”in10 mM sodium
acetate, pH 4.5, was immobilized on the surface of a CM5 sensor chip
using the amine coupling method and served as the active surface. A
blank immobilized flow cell was used as the reference surface. Then
1.5-fold dilutions of compound concentrations from 30 to 1.17 pM
were injected over the reference and active surfaces, and the surface
was regenerated after each concentration using 10 mM glycine, pH
1.5. Background binding to reference flow cells was subtracted and
compound binding levels to ACE2 were calculated using Biacore T200
evaluation software.

qRT-PCR

Total RNA samples were prepared from cells/organoids using TRIzol and
the Direct-zol RNA Miniprep Plus kit (Zymo Research) according to the
manufacturer’sinstructions. To quantify viral replication, measured by
the accumulation of subgenomic N transcripts, one-step quantitative
real-time PCR was performed using the SuperScript Il Platinum SYBR
Green One-Step qRT-PCR Kit (Invitrogen) with primers specific for
the TRS-L and TRS-B sites for the N gene as well as ACTB as an internal
reference as previously described*. Quantitative real-time PCR reac-
tions were performed onaLightCycler 480 Instrument Il (Roche). The
delta-delta-cycle threshold (AAC;) was determined relative to ACTB
and mock-infected/treated samples. Error bars indicate the standard
deviation of the mean from three biological replicates. The sequences
of primers/probes are provided in Supplementary Table 4.

Single-cell colonic organoid preparation for scRNA-seq

hPSC-COs cultured in Matrigel domes were dissociated into single
cells using 0.25% trypsin (Gibco) at 37 °C for 10 min, and the trypsin
was then neutralized with DMEM F12 supplemented with 10% FBS.
The dissociated organoids were pelleted and resuspended with L15
medium (Gibco) supplemented with 10 mM HEPES, and 10 ng mI™” DNa-
sel (Sigma). The resuspended organoids were then placed through a
40-um filter to obtain a single-cell suspension, and stained with DAPI
followed by sorting of live cells using an ARIA Il flow cytometer (BD
Biosciences). The live colonic single-cell suspension was proceeded
with the Chromium Single Cell 3’ Reagent Kit v3 (10x Genomics, product
code1000075) using a10x Genomics Chromium Controller. A total of
10,000 cells were loaded into each channel of the Single-Cell A Chip
totarget 8,000 cells. Inbrief, according to the manufacturer’sinstruc-
tions, the sorted cells were washed with 1x PBS + 0.04% BSA, counted
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by aBio-Rad TC20 Cell Counter, and the cell viability was assessed and
visualized. A total of 10,000 cells and Master Mixes were loaded into
each channel of the cartridge to generate the droplets on the Chro-
mium Controller. Beads-in-emulsion (GEMs) were transferred and
GEMs-RT was undertaken in droplets by PCR incubation. GEMs were
thenbroken and pooled fractions were recovered. After purification of
the first-strand complementary DNA from the post GEM-RT reaction
mixture, barcoded, full-length cDNA was amplified viaPCR to generate
sufficient mass for library construction. Enzymatic fragmentation and
size selection were used to optimize the cDNA amplicon size. TruSeq
Read1(read1primersequence) was added to the molecules during GEM
incubation. P5, P7, a sample index and TruSeq Read 2 (read 2 primer
sequence) were added via end repair, A-tailing, adaptor ligation and
PCR. The final libraries were assessed by an Agilent Technology 2100
Bioanalyzer and sequenced on an Illumina NovaSeq sequencer with a
pair-end 100 cycle kit (28+8+91).

Sequencing and gene expression unique molecular identifier
count matrix generation

The FASTQ files were imported to a 10x Cell Ranger data analysis
pipeline (v.3.0.2) to align reads, generate feature-barcode matrices
and perform clustering and gene expression analysis. In a first step,
cellranger mkfastq demultiplexed samples and generated .fastqfiles;
and in the second step, cellranger count aligned fastq files to the
reference genome and extracted gene expression unique molecular
identifier (UMI) count matrix. To measure viral gene expression in
colonic organoids, we built a custom reference genome by integrat-
ing the four virus genes and luciferase into the 10x pre-built human
reference (GRCh38v.3.0.0) using cellranger mkref. The sequences
of four viral genes (VSV-N, VSV-P, VSV-M and VSV-L) were retrieved
from NCBI (https://www.ncbi.nlm.nih.gov/nuccore/335873), and the
sequence of the luciferase was retrieved from HIV-luciferase. For lung
organoids, we aligned reads to the 10x pre-built human reference
(GRCh38v3.0.0).

scRNA-seq data analysis for hPSC-COs

We filtered cells with fewer than 300 or more than 8,000 genes
detected as well as cells with mitochondrial gene content greater than
30%, and used the remaining cells (6,175 cells for the uninfected sample
and 2,962 cells for the infected sample) for downstream analysis. We
normalized the gene expression UMI counts for each sample separately
using a deconvolutionstrategy® implemented by the R scran package
(v.1.14.1). In particular, we pre-clustered cells in each sample using the
quickCluster function; we computed the size factor per cell within
each cluster and rescaled the size factors by normalization between
clusters using the computeSumFactors function; and we normal-
ized the UMI counts per cell by the size factors and took a logarithm
transform using the normalize function. We further normalized the
UMI counts across samples using the multiBatchNorm function in
the Rbatchelor package (v.1.2.1). We identified highly variable genes
using the FindVariableFeatures functionin the R Seurat (v.3.1.0)%, and
selected the top 3,000 variable genes after excluding mitochondria
genes, ribosomal genes and dissociation-related genes. The list of
dissociation-related genes was originally built on mouse data”; we
converted them to human orthologue genes using Ensembl BioMart.
We aligned the two samples onthe basis on their mutual nearest neigh-
bours (MNNs) using the fastMNN functionin the R batchelor package;
thiswas achieved by performing PCA on the highly variable genes and
then correcting the principal components (PCs) according to their
MNNs. We selected the corrected top 50 PCs for downstream visualiza-
tion and clustering analysis. We ran the UMAP dimensional reduction
using the RunUMAP function in the R Seurat?® package with training
epochssetting to2,000. We clustered cells into eight clusters by con-
structing ashared-nearest-neighbour graph and then grouping cells
of similar transcriptome profiles using the FindNeighbours function

and the FindClusters function (resolution set to 0.2) in the R Seurat
package. We identified marker genes for each cluster by performing
differential expression analysis between cellsinside and outside that
cluster using the FindMarkers function in the R Seurat package. After
reviewing the clusters, we merged four clusters that were probably
from the stem cell population into a single cluster (LGR5* or BMI1*
stem cells) and kept the other four clusters (KRT20" epithelial cells,
MUC2" goblet cells, EPHB2" transit-amplifying cells and CHGA" neu-
roendocrine cells) for further analysis. We reidentified marker genes
for the merged five clusters and selected the top ten positive marker
genes per cluster for the heatmap plot using the DoHeatmap function
in the R Seurat package?.

scRNA-seq data analysis for lung organoids

For downstream analysis, we filtered cells with fewer than 200 or more
than 6,000 unique molecular identifiers (UMlIs), and genes detected
(UMl count>0)infewer thantwo cells were removed. In addition, cells
were excluded if more than 30% of sequences mapped to mitochondrial
genes. In total, 14,263 cells passed these filters for quality. Following
the R Seurat package suggestions, we normalized the gene expression
using the NormalizeData function, and the differentially expressed
genes were found by the vst method using the FindVariableFeatures
function. The top 3,000 variable genes were selected for PCA analy-
sis. We used an elbow plot to determine the number of PCs, and the
top 20 PCs were used for each group of cells. Next, we scaled the data
and performed linear dimensional reduction using the ScaleData and
RunPCA functions, respectively. The clustering resolution was set to
0.2 using the FindClusters function. We determined the biomarkersin
each cluster using the FindAlIMarkers function and renamed the nine
clusters as the following cell types: AT1-like cells_1, AT2-like cells, fibro-
blast cells_1, AT1-like cells_2, stromal cells, proliferating cells, fibroblast
cells_2, PNECs and AECs. We reidentified marker genes and selected top
differentially expressed marker genes per cluster for the heatmap plot
using the DoHeatmap function in the R Seurat package. UMAP plots
and violin plots were generated by the Seurat toolkit FeaturePlot and
VInPlot functions.

Gene enrichment and correlation

For gene enrichmentanalysis, we compared the enriched genesin each
cluster in hPSC-LOs to 205 marker genes reported to be expressed at
highlevelsin AT2 cellsin the human lung cell dataset®. A bar graph was
generated using the ratio of overlapping genesineach cluster. For cor-
relation analysis, we compared the marker genesin hPSC-LOs in each
cluster (cluster 0. AT1-like cells_1 (171genes), cluster 1. AT2-like cells (144
genes), cluster 2. fibroblast cells_1(323 genes), cluster 3. AT1-like cells_2
(288 genes), cluster 4. stromal cells (261 genes), cluster 5. proliferat-
ing cells (332 genes), cluster 6. fibroblast cells_2 (157 genes), cluster 7.
PNECs (313 genes) and cluster 8. AECs (206 genes)) with the human lung
cells (AT1cells (1,087 genes), AT2 cells (205 genes), proliferating basal
cells (984 genes), proximal basal cells (630 genes), alveolar fibroblasts
(423 genes), myofibroblasts (290 genes) and PNECs (1,585 genes)). The
heatmap plot on correlation of genes with cell fate was generated using
the Rheatmap.2 package.

RNA-seq before and following viral infections

Organoid infections were performed at the indicated MOI and cells
were collected at 24 hpiin DMEM supplemented with 0.3%BSA,4.5g1™
D-glucose, 4 mM L-glutamine and 1 pg ml™ TPCK trypsin. Total RNA
was extracted and DNase-treated using TRIzol (Invitrogen) and the
Directzol RNA Miniprep Plus kit (Zymo Research) according to the
manufacturer’sinstructions. RNA-seq libraries of polyadenylated RNA
were prepared using TruSeq RNA Library Prep Kit v2 (Illumina) or the
TruSeq Stranded mRNA Library Prep Kit (Illumina) according to the
manufacturer’s instructions. cDNA libraries were sequenced using
anllluminaNextSeq 500 platform. For viral RNA analysis, sequencing
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reads were aligned to the SARS-CoV-2/human/USA/WA-CDC-WA1/2020
genome (GenBank: MN985325.1) using Bowtie2 and were visualized
using IGV software.

After further filtering and quality control, the R package edgeR*
was used to calculate reads per kilobase of transcript per million
mapped reads (RPKM) and log,[counts per million] matrices as well
as to perform differential expression analysis. PCA was performed
using log,[counts per million] values and gene set analysis was run
with WebGestalt®*. Heatmaps and bar plots were generated using
Graphpad Prism software, v.7.0d. In the volcano plots, differentially
expressed genes (P-adjusted value < 0.05) with alog,[fold change] > 1
areindicatedinred.

High-throughput chemical screening

hPSC-LOs were dissociated using TrypLE for 10 minin a37 °C water bath
andreplated into 10% Matrigel-coated 384-well plates at 10,000 cells
per 40 plmedium per well. Six hours after plating, compounds froman
in-house FDA-approved drug library (Prestwick) were added at 10 pM.
DMSO treatment was used as a negative control. hPSC-LOs were fur-
ther infected with SARS-CoV-2-entry virus (MOI = 0.01). After 24 hpi,
hPSC-LOs were collected for luciferase assay following the Luciferase
Assay System protocol (Promega).

To calculate the EC,,, the luciferase activity was normalized to
the DMSO-treated condition. To calculate the CCs,, the cell survival
was monitored by Cell-Titer Glo (Promega) and normalized to the
DMSO-treated condition. The efficacy and cytotoxicity curves were
calculated using Prism GrapdPad 7.0.

Human studies
Tissue samples were provided by the Weill Cornell Medicine Depart-
ment of Pathology. The Tissue Procurement Facility operates under
the Institutional Review Board (IRB)-approved protocol and follows
the guidelines set by Health Insurance Portability and Accountability
Act. Experiments using samples from human subjects were conducted
inaccordance with local regulations and with the approval of the IRB
at Weill Cornell Medicine. The autopsy samples were collected under
IRB protocol 20-04021814. Consent is not required for obtaining
autopsy samples as per the IRB protocol. The colonoscopy sample
was collected as part of astudy oninflammatory bowel disease. Colo-
noscopy tissue samples were collected, with informed consent, for
the diagnosis of inflammatory bowel disease under the IRB proto-
c0l1409015468. As standard clinical practice during the pandemic,
patient stool samples were tested for SARS-CoV-2. Residual colonos-
copy tissue was analysed for SARS-CoV-2 staining in patients whose
stool sample was positive for the virus. No extra tissue was collected
for this study.

Tissue specimens were fixed in 10% formalin or 2.5% glutaraldehyde
for48-72hbeforethe subsequent procedures. Haematoxylin-and-eosin
staining was performed on sections from paraffin blocks.

RNA insitu hybridization

Formalin-fixed paraffin-embedded colon sections of 7-um thick-
ness were prepared according to the manufacturer’s instructions
(Advanced Cell Diagnostics). The 2.5 HD Reagent Brown Kit was used
for detection with probes directed against SARS-CoV-2 (MT020880.1,
region 28,274-28,882) using 3,3'-diaminobenzidine (DAB) for chro-
mogenic readout.

Electron microscopy

For electron microscopy examination, after osmium tetroxide
post-fixation and gradient dehydration, ‘semi-thin’ sections were
examined, and selected areas were chosen for thin sections. Thin
sections were then cut and stained with uranyl acetate and lead
citrate. Electron microscopy grids were then viewed with a transmis-
sion electron microscope.

Statistics and reproducibility

No statistical methods were used to predetermine sample size.n=3
independentbiological replicates were used for all experiments unless
otherwise indicated. NS indicates a non-significant difference. The P
values were calculated by unpaired two-tailed Student’s t-tests unless
otherwiseindicated.*P<0.05;*P<0.01;**P<0.001. Each experiment
wasrepeated independently three times with similar results. For Figs. 1f,
i,j,1,3h,jand 4b, e, h,kand Extended DataFigs.1b, c,2d, e, 3a,c-e, 5e, h,
6b,7a-d, 8c,eand10b, each experiment was repeated independently
three times with similar results.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

RNA-seq data for hPSC-LOs and lung autopsy samples are publicly
available in the GEO repository database under the accession num-
ber GSE155241. scRNA-seq data for hPSC-LOs are publicly available in
the GEO repository database under the accession number GSE148113.
scRNA-seq datafor hPSC-COs are publicly available on the GEO reposi-
tory database under the accession number GSE147975. RNA-seq
data for hPSC-derived endocrine cells and liver organoids are avail-
able on the GEO repository database under the accession number
GSE151803. Source data are provided with this paper.

Code availability

Codefor processing scRNA-seq data can be directly downloaded from
GitHub at https://github.com/shuibingchen/SARS_COV2.

22. Zhao, X. et al. Immunization-elicited broadly protective antibody reveals ebolavirus
fusion loop as a site of vulnerability. Cell 169, 891-904 (2017).

23. Liy, L. et al. Potent neutralizing antibodies against multiple epitopes on SARS-CoV-2
spike. Nature 584, 450-456 (2020).

24. Yang, L.etal. Ahuman pluripotent stem cell-based platform to study SARS-CoV-2
tropism and model virus infection in human cells and organoids. Cell Stem Cell 27,
125-136 (2020).

25. Lun, A. T, Bach, K. & Marioni, J. C. Pooling across cells to normalize single-cell RNA
sequencing data with many zero counts. Genome Biol. 17, 75 (2016).

26. Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177, 1888-1902 (2019).

27. vanden Brink, S. C. et al. Single-cell sequencing reveals dissociation-induced gene
expression in tissue subpopulations. Nat. Methods 14, 935-936 (2017).

28. Travaglini, K. J. et al. A molecular cell atlas of the human lung from single-cell RNA
sequencing. Nature 587, 619-625 (2020).

29. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics 26,
139-140 (2010).

30. Liao, Y., Wang, J., Jaehnig, E. J., Shi, Z. & Zhang, B. WebGestalt 2019: gene set analysis
toolkit with revamped Uls and APIs. Nucleic Acids Res. 47, W199-W205 (2019).

Acknowledgements This work was supported by the Department of Surgery, Weill Cornell
Medicine (T.E., F.C.P. and S.C.), the American Diabetes Association (7-20-COVID-211to S.C.),
NIDDK (RO1DK124463, DP3 DK111907-01, RO1 DK116075-01A1 and RO1 DK119667-01A1to S.C.),
NCI (RO1CA234614), NIAID (2RO1A1107301), NIDDK (RO1DK121072 and 1RO3DK117252), the
Department of Medicine, Weill Cornell Medicine (R.E.S.), NIH (4RO0CA226353-02 to H.J.C), the
Defense Advanced Research Projects Agency under Cooperative Agreement W91INF-
16-C-0050, the Marc Haas Foundation (B.R.tO) and the Jack Ma Foundation (D.D.H.). S.C and
R.E.S. are supported as Irma Hirschl Trust Research Award Scholars. We thank H. Varmus at
Weill Cornell Medicine for his support and T. Moran, Center for Therapeutic Antibody
Discovery at the Icahn School of Medicine at Mount Sinai, for providing anti-SARS-CoV-spike.
We thank S. V. Shehan for completing the electron microscopy analysis and B. He for
performing the in situ hybridization. We are also grateful for technical support and advice
provided by L. Cohen-Gould and R. L. Furler at the Cell Screening Core Facility of Weill Cornell
Medicine.

Author contributions S.C., R.E.S., T.E., FC.P, H.J.C., B.RtO., D.D.H., L.C.C. and H.W. conceived
and designed the experiments. Y. Han, X.D., LY., XT., Y.B.,CR., J.Z., Z.Z., D.-HTN., J.L.J., Y.L. and
T.MY. performed organoid differentiation, in vivo transplantation, SARS-CoV-2 virus infection
and drug screening. J.J. and A.B. collected human tissues. PW. and Y. Huang performed
SARS-CoV-2 pseudo-entry virus-related experiments. B.E.N.-P., S.U. and B.R.tO. performed
SARS-CoV-2-related experiments. F.D., T.Z., J.X., D.X., XW., D.R. and S.H. performed the
scRNA-seq and bioinformatics analyses.


https://github.com/shuibingchen/SARS_COV2

Article

Competing interests R.E.S. is on the scientific advisory board of Miromatrix Inc. and is a
consultant and speaker for Alnylam Inc. L.C.C. is a founder and member of the board of
directors of Agios Pharmaceuticals and is a founder and receives research support from Petra
Pharmaceuticals. L.C.C. is an inventor on patents (pending) for Combination Therapy for
PI3K-associated Disease or Disorder, and The Identification of Therapeutic Interventions to
Improve Response to PI3K Inhibitors for Cancer Treatment. L.C.C. is a co-founder and
shareholder in Faeth Therapeutics. .M. is a stockholder and on the board of directors of
DESTROKE, Inc., an early stage start-up developing mobile technology for automated clinical
stroke detection. The other authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2901-9.

Correspondence and requests for materials should be addressed to HW., L.C.C., B.Rt.,
D.D.H., FC.P, TE. H.JC. RE.S.orS.C.

Peer review information Nature thanks Yunjeong Kim, Toshiro Sato and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-020-2901-9
https://doi.org/10.1038/s41586-020-2901-9
http://www.nature.com/reprints

AFE/LP

Lung organoids
LP i

a hPSC Yy
0 O u I @ S
<& 0' ,b
D3.5 D5 D6.5 D15 D25 D50
Basal medium IMDM/F12 IMDM/F12 IMDM/F12 IMDM/F12 IMDM/F12
GF+chemicals Activin A DSM IWP2 CHIR CHIR CHIR
Y-27632 SB SB BMP4 FGF10 FGF10
BMP4 FGF10 KGF KGF
bFGF KGF DCI
RA
NKX2.1 DAPI NKX2.1 NKX2.1 DAPI

Day 15 Lung progenitor cells &
Day 25 Lung progenitor cells ©

d SFTPB SFTPC srrep €
S 1s 15 15
[ *kKk Fkk
(%]
® ok
g 10 - 1.0 1.0
o
<
z
X 05 05 05
S
[
>
'*g 0.0 0.0 0.0
© hPSC hPSCs hPSC hPSCs hPSC hPSCs
x -LOs -LOs -LOs
f Isotype hPSC-LOs
0.0% 24.4%
ol
()]
m 20m

Extended DataFig.1|Characterization of hPSC-LOs. a, Scheme of protocol
for differentiation of hPSCs to lung organoids. b, ¢, Immunostaining was
performedinthe hPSC-derived cell cultures at day 15 (b) and day 25 (c). Scale
bars=100 pm. Microscalebars=20 pm.d, qRT-PCR of hPSCs and hPSC-LOs.
n=3biologicalindependent experiments. ***P=8.44E-05, ***P=7.05E-07,
***P=0.000130. e, Heatmap from RNA-seq data of AT2 cell markers in

2-10 12

Row Z-Score
SFTPC
SFTPB
SFTPA2
SFTPA1
B ABCA3

NAPSA
LPCATT1
PGC
SFTPD
SFTA2
FOXA2

o :I ‘:| .g:|g:|.g:|‘;| 3 ‘:| :I :I i

222 8gdgssQ O Q 9 99

89 9 5059590 O O F F 5

@ 8 © cQcocoy & H O OO

55 585863 33 @ 0@

555 8°8%8e 2 &g

L . L OO0000 < £ £ £ £ £

o & O OO PONT

> 2 2050505

33 3 cococo

hPSC-derived LOs, COs, pancreatic endocrine cells, and liver organoids.

f, Intra-cellular flow cytometry analysis of pro-SP-C expression in hPSC-LOs.
***P<(0.001.Datawere analysed by an unpaired two-tailed Student’s -test and
shownasmean+STDEV. Dataarerepresentative of atleast threeindependent
experiments.



Article

a b
TOP2A MKI67
° e o o eoce 10 10
Expression 1 ) g
: "HI ! r: HM : R 8 s 1004 10 s = ls s ~ Is
1 L ’ Y
0 h'm! 1#.\]4\&‘4“ bt il 1 ° 2 f ‘ f
-1 | | 1 -5 L e -5 i X
T [y .mmm.mi ‘..HJ’LM i | g L ° “ ’
[ 1 S (T [ Jo 5 0 5 10 0 5 0 5 10
ATRRER 17 I =
1) 00 | I EPCAM -
10 - 10
5 . 4 5
COL1A2 B I 3
COL3A1 0 Tu . 2 0
MALAT1 | = ' o s
ACTN4 #
\‘ -10 -5 0 5 10 -10 -5 0 5 10
T o R i “:H‘H‘
COL6AT1 c AT1 cell markers AT2 marker
COL1A11
COL1A21 High PDPN AGER SFTPC
1
(LR L LT DU IR ‘HH I I \‘ g’_
TR o ks N
‘ﬁ‘luluu i Low %%
s COL15A1 =< 25 ¢
‘H \“\Hm\ \H‘\ il i 9+ 4
n = 20 e 3
oE ° SRR N
A %%’ : ' %%‘{ # e ]
1 g | M u': STH 5 | [ ]
‘ ‘ 012345678 012345678 012345678
’\HW‘\ I\‘ ‘\ [ 10 ) H\IHHHHI LUl N I FIbI’Ob|aSt
marker PNEC markers
e 0. AT1-like cells_1 DCN CALCA ASCL1
1. AT2-like cells High . ~
+ 2. Fibroblasts_1 1 |
o 3.AT1-like cells_2 5 2
w "
o 4. Stromal cells é
i i Low
o 5. Proliferating cells co . s |
* 6. Fibroblasts_2 23z > B I 1
7. Pulmonary neuroendocrine cells(PNEC) eg , L FE 3 {
. . . X2 1 y T1.] i ¥
o 8. Airway epithelial cells ws , 3(,}:4» ;l b ] ] {
012345678 012345678 012345678
d  Pro-SP-BACE2DAPI  SP-BACE2DAPI Pro-SP-CACE2DAPI  SP-CACE2DAPI e SP—BSAS DAPI SP-CSARS-SDAPI
8 - SARS-CoV-2
a,, - Mock
0.406 0.407 0P40(5:1 0.409 0410
Extended DataFig.2|Single cellRNA-seq of hPSC-LOs. a, Heatmap of dots. Theviolin plot shows the expressionlevel (log2(TPM+1)) of indicated
enriched genesineach cluster of scRNA profilesin hPSC-LOs. Each row geneineach cluster.d, Bright field+immunostaining images of cryo-section of

represents one top differentially expressed gene and each columnrepresentsa ~ hPSC-LOs. Scale bars =30 pm. Microscalebars=10 um. e, Bright

single cell. b, UMAP of genes highly expressedin proliferating cells. ¢, Putative field+immunostainingimages of SARS-CoV-2infected hPSC-LOs. Scale
AT2, fibroblastand PNEC markersin each clusterin UMAPs. Relative expression  bars=75um.Microscale bars=25pm.f, PCA plot of RNA-seq datafrom
level of each marker gene ranges from low (light blue) to high (pink) as mock-infected or SARS-CoV-2infected hPSC-LOs.

indicated. Individual cells positive for lung cell markers are donated by red



ACE2DAPI

Colonic organoids

b hPSC DE HE  CP ‘
@ 0—/0 ©o . VL,
Do D3 D8 D11 o
Basal medium RPMI1640  RPMI1640 Dﬁ,‘s’ﬂ‘gﬁ ) Dﬁéﬂﬁ )
. Activin A FGF4  BMP2, EGF LDN, EGF,
GF+chemicals CHIR CHIR,B27 CHIR, B27 CHIR, B27
c d DAPI DAPI

DAPI DAPI DAPI

Extended DataFig. 3 | Directed differentiation of hPSCs to COs. bar=100pm.d, e, Confocalimaging of hPSC-COs stained with antibodies
a, Immunohistochemistry staining of human colon tissue. Scalebar =30 um. against (d) markers for colon cell fate, including Villin, SATB2, CDX2, or (e)
b, Schematic of protocol and conditions for hPSC differentiation to generate KRT20,MUC2,EPHB2,and CHGA; Scalebar=100 pum.

colonic organoids. ¢, Phase contrastimage of arepresentative hPSC-COs. Scale



Article

0 1 2 34
a E——

Identity

0 Stem cells
1 TAcells

2 Enterocytes
3 EE cells

4 Goblet cells

Expression level

2
1
0
R
m 2
u
i
KRT20 Muc2 CHGA CDX2
b
bl
LR | \ 8 » 2
I I I g
o~ H H 2 1
o 0 0 o 0
<§( EPHB2 LGR5 BMI1 VIL1
-} ™~
i3 ; P ~-
B K ' : E ,
UMAP1
c BMI1 CDX2 CHGA LGR5
20 2 25
15 5 8 20
10. 4 e
1 1.0
05 B 2 05
0 i = = 0 - == 0 e - 0 — —t
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
EPHB2 KRT20 VIL1 Muc2
4
8 4 0 Stem cells
2 3
2 3 1 TAcells
2 2 2 Enterocytes
! 3 1 3 EE cells
! ! 4 Goblet cells
0 —— — 0 —— — 0 —toe - 0 —t— —t—
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Extended DataFig. 4 |Single cell RNA-seq analysis of hPSC-COs. a, Heatmap of top 10 differentially expressed genes in each cluster of single cell RNA-seq data.
b, UMAP of the expression levels of colonic cell markers. ¢, Jitter plots for expression levels of colonic cell markers.



1 234

100000 bl
ok 5k * %k )
2 Identity
> 80000 0 Stem cells
° 1TAcells
] 60000 2 Enterocytes
b 3 EE cells
E 4 Goblet cells
:'8 40000 —
o
3 20000 — EXp!:SSion level
i 1
0 y
Mock SARS-CoV2 Mock SARS-CoV2 F 2
-entry -entry
24h 48h
c KRT20 MuUC2 CHGA CDXx2 ACE2 FURIN
Nn
E I B 3 | H
o H : ' . i
% ° o o o o J
s EPHB2 LGR5 BMI1 VIL1 TMPRSS2
] s
X 5 e
I L E I I
UMAP1
d BMI1 CDX2 CHGA LGRS TMPRSS2 FURIN
20 3 15 ) 2
15 2 10
1.0 1
05 1 05 1
0 - — 0 —— 2 0 - 0 - — 0 - =
0 1 2 3 4 1 2 3 2 3 4 1 2 3 4 0 1 2 3 4 0 1 2 3 4
EPHB2 KRT20 Muc2 ViIL1 ACE2
i 3 ® 0 Stem cells
B 3 5 1TA cells
2
2 2 Enterocytes
1
1 ' ! 3 EE cells
v 2 s o ° T2 3 a4 T 5 "o 1 s s a ° 51 5 5 4 4 Goblet cells
€ CASP3DAPI f
0.050 vSsV-M 0.050 VSVEP 0.050 VSV-N
0.025 0.025 0.025 0 Stem cells
0,000 - - 0.000 - - 0.000 - - 1TA cells
2 Enterocytes
-0.025 -0.025 -0.025 3 EE cells
4 Goblet cells
0.050 T2 s a0 oy o g g
z
5 g VSV+ cells
N
b 201
3
8 o~ 154
14 3
< Qo
w [N .
4

o
o

Extended DataFig. 5|Single cell RNA-seq analysis of hPSC-COs at 24 hpi
with SARS-CoV-2-entry virus. a, Relative luciferase levelsinlysates derived
from hPSC-COs inoculated with SARS-CoV-2-entry virus at 24 or 48 hpi
(MOI=0.01). n=3biologicalindependent experiments. ***P=4.52E-08. Data
were analysed by ordinary one-way ANOVA and shown as Sidak’s multiple
comparisons. b, Heatmap of top 10 differentially expressed genesin each
cluster of single cell RNA-seq data.c, UMAP of ACE2, TMPRSS2, FURIN and
colonic markers.d, Jitter plots for transcript levels of ACE2, TMPRSS2, FURIN

0’5 1'0 1'5

ACE2
and colonic markers. e, Representative immunostaining of infected hPSC-COs
co-stained for KRT20 and CASP3.Scale bar=50 um.f, Jitter plots of transcript
levels for VSV-M, VSV-N and VSV-Pfrom hPSC-COs without SARS-COV-2
infection (mock). g, 2D correlation of expression levels for ACE2and TMPRSS2
inVSV* cells. h, Bright field+immunostaining images of SARS-CoV-2 infected
hPSC-COs. Scale bars =100 um. Microcale bars =40 pm.**P<0.01,***P<0.001.
Dataarerepresentative of atleast threeindependent experiments.



Article

a
Name Chemical Structure Efficacy and Survival Curve
1201
8 _ EC50=3.85 uM
cH CH; g g?ﬂ -
3 r i oS -* Efficacy
chloroquine HN N_CHs 2. §§ -» Cytotoxicity
jos :
cl N g
0.I001 0.l01 0I.1 1 1‘0 1(I)0 10IOO
Concentration (uM)
imatinib
T
<
(m)
m
o
8
a
<
a
Q
o
2
C
VSVG-Luc VSVG-Luc VSVG-Luc
_ 157 1.5 157
S EC50=281 M 5 | S EC50=16.3 uM
2 2 =
1.0+ 1.0+ ¢ @ 10-
o .
el S R aan SRR I
[
2054 205 £os-
5 © ©
© & ©
0 0 0
1 1 1 1 1 1 T T 1 1 1 1
001t 01 1 10 100 001 01 1 10 100 001 04 1 _ 10 100
imatinib (UM) MPA (uM) QNHC (uM)
d
SARS-CoV-1-entry SARS-CoV-1-entry SARS-CoV-1-entry
1.5 1.5+ 1.5
© © §
5 EC50=0.17 yM 5 EC50=0.70 yM 5 EC50=0.30 uM
91,04 1.0 1.0 1
g g 5
| - |
o o [}
2054 205 205
o o %
i & &
0 T T T T T 1 0 T T T T 1 1 0 T T T T T 1
001 01 1 10 100 0.01 0.1 1 10 100 001 01 1 10 100
imatinib (uM) MPA (uM) QNHC (uM)
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bars=15um.c, qRT-PCR based dose curve ofimatinib, MPA,and QNHC on

hPSC-COs at 24 hpi of SARS-CoV-2 (SARS-CoV-2, MOI =0.1). n=3 biological
independent experiments. d, Bright field+immunostaining images of SARS-S
and SP-B/SP-C at 24 hpi of hPSC-COs infected with SARS-CoV-2 virus (MOI=0.5)
andthree hourslater followed by 10 uM imatinib, 3 uMMPA or 4.5 pM QNHC
treatment. Scale bar=50 pm. Microscale bars=15um. Dataare representative
ofatleastthreeindependent experiments.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|X| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 00d0s

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cell Ranger 10X Genomics https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome

Data analysis Scran Lun ATL, McCarthy DJ, Marioni JC (2016). “A step-by-step workflow for low-level analysis of single-cell RNA-seq data with Bioconductor.”
F1000Res., 5, 2122. doi: 10.12688/f1000research.9501.2. https://bioconductor.org/packages/release/bioc/html/scran.html
Adobe illustrator CC2017 Adobe https://www.adobe.com/product/photoshop.html
Graphpad Prism 7 Graphpad software https://www.graphpad.com
FlowJo v10.3 https://www.flowjo.com/solutions/flowjo/downloads
Image Studio software 5.2.5 https://www.licor.com/bio/image-studio-lite/download
Biacore T200 evaluation software 1.0 https://www.biacore.com/lifesciences/service/downloads/software_and_associated_documents/
index.html
10x Cell Ranger - data analysis pipeline (v3.0.2) https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-
is-cell-ranger
R scran package v1.14.1 https://bioconductor.org/packages/scran/
R batchelor package v1.2.1 https://bioconductor.org/packages/batchelor/
R seurat package v3.1.0 https://satijalab.org/seurat/
Bowtie2 v2.4.1 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
IGV software v2.8.9 http://software.broadinstitute.org/software/igv/download

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that the data supporting the findings of this study are available within the paper and it's supplementary information files.
RNA-seq data of hPSC-LOs and lung autopsy samples is publicly available on the GEO repository database under the accession number GSE155241.
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE155241

scRNA-seq data of hPSC-LOs is publicly available on the GEO repository database under the accession number GSE148113.
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE148113

scRNA-seq data of hPSC-COs are publicly available on the GEO repository database, accession number GSE147975.
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE147975

RNA-seq of hPSC-derived endocrine cells and liver organoids are available on the GEO repository database, accession number GSE151803.
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE151803

DAVID6.8 LHRI https://david.ncifcrf.gov/home.jsp

ToppCell Atlas Toppgene https://toppgene.cchmc.org/

Viral genes (VSV-N VSV-P, VSV-M and VSV-L) are retrieved from NCBI (https://www.ncbi.nlm.nih.gov/nuccore/335873)
SARS-CoV-2/human/USA/WA-CDC-WA1/2020 genome (GenBank: MN985325.1) are retrieved from NCBI (https://www.ncbi.nlm.nih.gov/nuccore/MN985325.1/)
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for animal experiments was determined based on criteria set by institutional ACUC.
Data exclusions  No data were excluded.

Replication All attempts at replication are successful and have been included in the studies.
Randomization  The cells or mice were randomly separated into different groups for different treatment.

Blinding The researchers analyzing the data are blind to sample name and treatment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOOXOOS
OO0XXOXKX

Dual use research of concern

Antibodies

Antibodies used Immunocytochemistry Human ACE-2 Antibody Polyclonal Goat AF933 R&D Systems 1:200
Immunocytochemistry ACE2 Polyclonal Rabbit ab15348 Abcam 1:500




Validation

Immunocytochemistry Firefly luciferase Monoclonal Antibody (CS 17) CS 17 Mouse 35-6700 Thermo Fisher Scientific 1:200
Immunocytochemistry Recombinant Anti-Firefly Luciferase antibody EPR17790 Rabbit ab185924 Abcam 1:100
Immunocytochemistry Anti-NKX2.1 Antibody Polyclonal Rabbit WRAB-1231 Seven Hills Bioreagents 1:500
Immunocytochemistry Anti-SOX2 Antibody Y-17 Goat sc-17320 Santa Cruz 1:150

Immunocytochemistry Anti-FOXA2 Antibody M-20 Goat sc-6554 Santa Cruz 1:150

Immunocytochemistry Anti-SP-C Antibody Polyclonal Rabbit WRAB-76694 Seven Hills Bioreagents 1:500

Immunocytochemistry Anti-SP-B Antibody Polyclonal Rabbit WRAB-48604 Seven Hills Bioreagents 1:500

Intracellular flow cytometry Anti-Pro-SP-C Polyclonal Rabbit WRAB-9337 Seven Hills Bioreagents 1:200

Immunocytochemistry Anti-Pro-SP-B - Rabbit Polyclonal Rabbit WRAB-55522 Seven Hills Bioreagents 1:500
Immunocytochemistry CDX2 CDX2-88 Mouse MU392A-UC Biogenex 1:500

Immunocytochemistry Villin C-19 Goat sc-7672 Santa Cruz 1:200

Immunocytochemistry Villin 1D2C3 Mouse sc-58897 Santa Cruz 1:200

Immunocytochemistry Chromogranin A SP-1 Rabbit 20086 Immunostar 1:300

Immunocytochemistry SATB2 Polyclonal Rabbit HPA001042 Sigma 1:50

Immunocytochemistry Cytokeratin-20 SPM140 Mouse sc-56522 Santa Cruz 1:100

Immunocytochemistry Mucin2 Polyclonal Rabbit ab76774 Abcam 1:100

Immunocytochemistry EPHB2 Polyclonal Goat AF467 R&D 1:100

Immunocytochemistry Cleaved Caspase-3 Asp175 Rabbit 9661S Cell Signaling 1:200

Immunocytochemistry SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody RO01 Rabbit 40143-R001 Sino Biological 1:200
Immunocytochemistry Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Polyclonal Donkey
#A-21202 Thermo Fisher Scientific 1:500

Immunocytochemistry Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 594 Polyclonal Donkey #A-21207 Thermo
Fisher Scientific 1:500

Immunocytochemistry Donkey anti-Goat 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Polyclonal Donkey #A-21447
Thermo Fisher Scientific 1:500

Immunocytochemistry Donkey anti-Goat IgG Secondary Antibody, Alexa Fluor 594 Polyclonal Donkey A32816 Thermo Fisher 1:500
Immunocytochemistry Donkey anti-Rabbit IgG Secondary Antibody, Alexa Fluor 647 Polyclonal Donkey A32795 Thermo Fisher 1:500
Immunocytochemistry Cy3-conjugated anti rabbit Polyclonal Donkey 711-165-152 Jackson Immunoresearch 1:500
Immunocytochemistry Cy3-conjugated anti goat Polyclonal Donkey 705-165-003 Jackson Immunoresearch 1:500
Immunocytochemistry Cy3-conjugated anti mouse Polyclonal Donkey 715-165-150 Jackson Immunoresearch 1:500
Immunocytochemistry Cy2-conjugated anti rabbit Polyclonal Donkey 711-225-152 Jackson Immunoresearch 1:500
Immunocytochemistry Cy2-conjugated anti goat Polyclonal Donkey 705-225-147 Jackson Immunoresearch 1:500
Immunocytochemistry Cy2-conjugated anti mouse Polyclonal Donkey 715-225-150 Jackson Immunoresearch 1:500

Western Blot Recombinant Anti-Furin antibody EPR14674 Rabbit ab183495 Abcam 1:1000

Western Blot TMPRSS2 H-4 Mouse sc-515727 Santa Cruz 1:500

Western Blot rabbit polyclonal anti-GAPDH polyclonal rabbit G9545 Sigma Aldrich 1:1000

Western Blot mouse monoclonal anti-SARS-CoV-2 Nucleocapsid 1C7 mouse N/A N/A 1:1000

Western Blot mouse monoclonal anti-SARS-CoV-2 Spike 2B3E5 mouse N/A N/A 1:1000

Western Blot Fluorophore-conjugated secondary goat anti-mouse IRDye 680RD Polyclonal Goat 926-68070 IRDye 1:25000
Western Blot Fluorophore-conjugated secondary goat anti-rabbit IRDye 800RD Polyclonal Goat 926-32211 IRDye 1:25000
Western Blot GAPDH 14C10 Rabbit 2118 Cell Signaling 1:1000

Western Blot 680RD Donkey anti-mouse Polyclonal Donkey 926-68072 IRDye 1:25000

Western Blot 680RD Donkey anti-Rabbit Polyclonal Donkey 926-68073 IRDye 1:25000

mouse monoclonal anti-SARS-CoV-2 Nucleocapsid [1C7], and mouse monoclonal anti-SARS-CoV-2 Spike [2B3ES] was a kind gift by Dr.
T. Moran, Center for Therapeutic Antibody Discovery at the Icahn School of Medicine at Mount Sinai

The antibodies were validated by either western blotting or immunostaining by vendors.

Immunocytochemistry Human ACE-2 Antibody Polyclonal Goat AF933 R&D Systems 1:200

Western Blot 1 ug/mL Simple Western 10 ug/mL Immunohistochemistry 3-15 pug/mL
https://www.rndsystems.com/products/human-hamster-ace-2-antibody_af933

Immunocytochemistry ACE2 Polyclonal Rabbit ab15348 Abcam 1:500

Western Blot 1 - 2 pg/ml IHC-P 2 ug/ml

https://www.abcam.com/ace2-antibody-ab15348.html

Immunocytochemistry Firefly luciferase Monoclonal Antibody (CS 17) CS 17 Mouse 35-6700 Thermo Fisher Scientific 1:200
Immunofluorescence (IF) 10-30 pg/mL Western Blot (WB) 1-3 pg/mL Immunohistochemistry (Frozen) (IHC (F)) 15-50 pug/mL https://
www.thermofisher.com/antibody/product/Firefly-luciferase-Antibody-clone-CS-17-Monoclonal/35-6700
Immunocytochemistry Recombinant Anti-Firefly Luciferase antibody EPR17790 Rabbit ab185924 Abcam 1:100
ICC/IF 1/500 WB 1/20000

https://www.abcam.com/firefly-luciferase-antibody-epr17790-ab185924.html

Immunocytochemistry Anti-NKX2.1 Antibody Polyclonal Rabbit WRAB-1231 Seven Hills Bioreagents 1:500
Immunoblots - 1:5000, Immunohistochemistry - 1:1000 to 1:2000
https://www.sevenhillsbioreagents.com/products/anti-ttf1-rabbit

Immunocytochemistry Anti-SOX2 Antibody Y-17 Goat sc-17320 Santa Cruz 1:150

IP WB IHC https://www.scbt.com/p/sox-2-antibody-y-17

Immunocytochemistry Anti-FOXA2 Antibody M-20 Goat sc-6554 Santa Cruz 1:150

IP WB IHC https://www.scbt.com/p/hnf-3beta-antibody-m-20?requestFrom=search

Immunocytochemistry Anti-SP-C Antibody Polyclonal Rabbit WRAB-76694 Seven Hills Bioreagents 1:500
Immunoblots - 1:5000 https://www.sevenhillsbioreagents.com/products/anti-mature-sp-c-rabbit
Immunocytochemistry Anti-SP-B Antibody Polyclonal Rabbit WRAB-48604 Seven Hills Bioreagents 1:500
Immunoblots - 1:5000 ELISA - 1:500-1:1000 Immunohistochemistry - 1:1000
https://www.sevenhillsbioreagents.com/products/anti-mature-sp-b-rabbit?_pos=1&_sid=9152d85fc&_ss=r
Intracellular flow cytometry Anti-Pro-SP-C Polyclonal Rabbit WRAB-9337 Seven Hills Bioreagents 1:200
Immunoblots - 1:5000 Immunohistochemistry - 1:3000
https://www.sevenhillsbioreagents.com/products/anti-pro-sp-c-rabbit-n-terminal?_pos=1&_sid=cf74b5282&_ss=r
Immunocytochemistry Anti-Pro-SP-B - Rabbit Polyclonal Rabbit WRAB-55522 Seven Hills Bioreagents 1:500
Immunoblots - 1:5000 ELISA - 1:500-1:1000 Immunohistochemistry - 1:1000
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https://www.sevenhillsbioreagents.com/products/anti-pro-sp-b-rabbit?_pos=1&_sid=c905fd6c2& _ss=r
Immunocytochemistry CDX2 CDX2-88 Mouse MU392A-UC Biogenex 1:500

IHC 1:100
http://store.biogenex.com/us/applications/ihc/controls/controls/anti-cdx-2-clone-cdx2-88.html
Immunocytochemistry Villin C-19 Goat sc-7672 Santa Cruz 1:200

IP WB IHC https://www.scbt.com/p/villin-antibody-c-19

Immunocytochemistry Villin 1D2C3 Mouse sc-58897 Santa Cruz 1:200

IP WB IHC https://www.scbt.com/p/villin-antibody-1d2c3?requestFrom=search
Immunocytochemistry Chromogranin A SP-1 Rabbit 20086 Immunostar 1:300

IHC 1/500-1/1,000 https://www.immunostar.com/shop/content/pdf/20086-1317001.pdf
Immunocytochemistry SATB2 Polyclonal Rabbit HPA001042 Sigma 1:50

immunoblotting: 0.04-0.4 pug/mL immunohistochemistry: 1:1000-1:2500
https://www.sigmaaldrich.com/catalog/product/sigma/hpa001042?
lang=en&region=US&gclid=CjwKCAjw4MP5BRBtEiwASfWAL3TV7vo1JGAVcC3Po9cngh-
eeTUrHAstZtzIfA8h0isZ8dDbCQfg9xoCQ4EQAVD_BwE

Immunocytochemistry Cytokeratin-20 SPM140 Mouse sc-56522 Santa Cruz 1:100

WB, IP, IF and IHC(P) https://www.scbt.com/p/cytokeratin-20-antibody-spm140
Immunocytochemistry Mucin2 Polyclonal Rabbit ab76774 Abcam 1:100

IHC-P 1/50 - 1/100 IHC-Fr 1/50 - 1/100 https://www.abcam.com/muc2-antibody-ab76774.html
Immunocytochemistry EPHB2 Polyclonal Goat AF467 R&D 1:100

Western Blot 0.1 ug/mL Immunohistochemistry 1-15 pg/mL
https://www.rndsystems.com/products/human-mouse-ephb2-antibody_af467
Immunocytochemistry Cleaved Caspase-3 Asp175 Rabbit 9661S Cell Signaling 1:200
Immunohistochemistry (Paraffin) 1:200 Immunofluorescence (Immunocytochemistry) 1:400
https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-antibody/9661
Immunocytochemistry SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody RO01 Rabbit 40143-R001 Sino Biological 1:200
WAB,ELISA https://www.sinobiological.com/antibodies/cov-nucleocapsid-40143-r001

Western Blot Recombinant Anti-Furin antibody EPR14674 Rabbit ab183495 Abcam 1:1000

ICC/IF 1/250 IHC-P 1/50 WB 1/1000 - 1/10000
https://www.abcam.com/furin-antibody-epr14674-ab183495.html

Western Blot TMPRSS2 H-4 Mouse sc-515727 Santa Cruz 1:500

WB, IP, IF,ELISA and IHC(P) https://www.scbt.com/p/tmprss2-antibody-h-4

Western Blot rabbit polyclonal anti-GAPDH polyclonal rabbit G9545 Sigma Aldrich 1:1000

WB 0.1-0.2pug/mL

https://www.sigmaaldrich.com/catalog/product/sigma/g9545?
lang=en&region=US&gclid=CjwKCAjw4MP5BRBtEiwASfWALE3LIDcVebbDpSEH4BrSm5x3AsUutPZwkYqgHteO_cjslegbpHEsIFBoCQo4QA
vD_BwE

Western Blot mouse monoclonal anti-SARS-CoV-2 Nucleocapsid 1C7 mouse N/A N/A 1:1000

Ref PMID: 32416070

Western Blot mouse monoclonal anti-SARS-CoV-2 Spike 2B3E5 mouse N/A N/A 1:1000

Ref PMID: 32416070

Western Blot GAPDH 14C10 Rabbit 2118 Cell Signaling 1:1000

Western Blotting 1:1000 Immunohistochemistry (Paraffin) 1:800 Immunofluorescence 1:100 Flow Cytometry 1:200
https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118?
fromPage=plp&productld=9101&bvstate=pg:2/ct:r
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T (human [Homo sapiens] fetal kidney) and Vero E6 (African green monkey [Chlorocebus aethiops] kidney) were
obtained from ATCC (https://www.atcc.org/). RUES2 hESCs, 0013, provided by WiCell, H1 hESCs, 0043, provided WiCell;
HUES8 hESCs, 0021, provided by Harvard University.

Authentication The hESCs are authenticated by Genewiz Company every six months utilizing Short Tandem Repeat (STR) profiling according
to the standard ANSI/ATCC ASN-0002-2011. HEK293T and Vero E6 cells were not authenticated.

Mycoplasma contamination Mycoplasma was checked every three months using Mycoplasma PCR ELISA (Sigma). All cell lines tested negative for
mycoplasma contamination

Commonly misidentified lines  no
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Species: mouse
Strain: NODscid IL2Rgnull mouse
Sex: male
Age: 7-9 weeks old




Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight Animal protocol was conducted in agreement with NIH guidelines and approved by the WCM Institutional Animal Care and Use
Committee (IACUC) and the Institutional Biosafety Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics The autopsies were collected from COVID-19 patients and non-COVID-19 patients.
COVID 64 Male White
COVID 47 Male White
COVID 87 Female Hispanic
Healthy 56 Female White
Healthy 66 Male Black
Healthy 38 Female Hispanic

Recruitment There is no patient recruitment. All dead COVID-19 patients that were collected for autopsy examination can enroll in this
study. This is a human research subject exempt protocol since it studies autopsy samples.

Ethics oversight Tissue samples were provided by the Weill Cornell Medicine Department of Pathology. The Tissue Procurement Facility
operates under Institutional Review Board (IRB) approved protocol and follows guidelines set by HIPAA. Experiments using
samples from human subjects were conducted in accordance with local regulations and with the approval of the institutional
review board at the Weill Cornell Medicine under protocol 20-04021814.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were differentiated from ESCs. Cells were dissociated with Accutase and resuspended in FACS buffer.
Instrument Attune NxT

Software FlowJo10

Cell population abundance The PRO-SP-C cells are around 24% of the live cell population.

Gating strategy FSC-A/SSC-A We have the isotype control for gating

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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