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SUMMARY

Human pluripotent stem cell–derived intestinal organoids
serve as an indefinite resource for organ-specific drug
testing. SARS-CoV-2 infected and replicated within different
cell types of the organoids, which was effectively inhibited
by remdesivir and EK1 but not by famotidine.
BACKGROUND AND AIMS: The COVID-19 pandemic has
spread worldwide and poses a severe health risk. While
most patients present mild symptoms, descending pneu-
monia can lead to severe respiratory insufficiency. Up to
50% of patients show gastrointestinal symptoms like diar-
rhea or nausea, intriguingly associating with prolonged
symptoms and increased severity. Thus, models to under-
stand and validate drug efficiency in the gut of COVID-19
patients are of urgent need.

METHODS: Human intestinal organoids derived from plurip-
otent stem cells (PSC-HIOs) have led, due to their complexity
in mimicking human intestinal architecture, to an unprece-
dented number of successful disease models including
gastrointestinal infections. Here, we employed PSC-HIOs to
dissect SARS-CoV-2 pathogenesis and its inhibition by
remdesivir, one of the leading drugs investigated for treat-
ment of COVID-19.

RESULTS: Immunostaining for viral entry receptor ACE2 and
SARS-CoV-2 spike protein priming protease TMPRSS2 showed
broad expression in the gastrointestinal tract with highest
levels in the intestine, the latter faithfully recapitulated by PSC-
HIOs. Organoids could be readily infected with SARS-CoV-2
followed by viral spread across entire PSC-HIOs, subsequently
leading to organoid deterioration. However, SARS-CoV-2 spared
goblet cells lacking ACE2 expression. Importantly, we
challenged PSC-HIOs for drug testing capacity. Specifically,
remdesivir effectively inhibited SARS-CoV-2 infection dose-
dependently at low micromolar concentration and rescued
PSC-HIO morphology.

CONCLUSIONS: Thus, PSC-HIOs are a valuable tool to study
SARS-CoV-2 infection and to identify and validate drugs espe-
cially with potential action in the gut. (Cell Mol Gastroenterol
Hepatol 2021;11:935–948; https://doi.org/10.1016/
j.jcmgh.2020.11.003)
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T(SARS-CoV-2) infects the respiratory tract with
mostly mild symptoms, but up to 20% of patients develop
severe pneumonia eventually followed by multiorgan failure
and death.1 Intriguingly, up to 50% of patients present with
gastrointestinal symptoms, associated with prolonged dis-
ease duration and increased severity.2–5 Viral RNA is detected
in rectal swabs and feces long after nasopharyngeal swabs
tested negative.6,7 Infection of host cells with SARS-CoV-2
requires angiotensin-converting enzyme 2 (ACE2) and
transmembrane serine protease 2 (TMPRSS2). Both proteins
mediate multiorgan tropism, as they are detected in esoph-
agus, ileum, and colon.5,8–11 The advent of organotypic cell
culture systems provides a roadmap to successfully set up
personalized medicine approaches. Organotypic cultures,
also referred to as organoids, can be defined as 3-dimensional
(3D) structures derived either from pluripotent or organ-
restricted stem cells harboring the ability to mimic in vivo
architecture and multilineage differentiation of terminally
differentiated tissues.12–15 Both model systems are derived
from a cell source with unlimited self-renewal potentially
allowing unlimited replenishments of the desired cell type or
tissue such as the gut.16 While single-layered human intesti-
nal organoids (HIOs) derived fromhuman adult gut stem cells
contain only epithelial cell types,17 pluripotent stem cells
derived from HIOs (PSC-HIOs) comprise endodermal and
mesodermal progeny18 resembling epithelium and fibro-
blasts or blood vessels of the gut, respectively.19 Thus, HIOs
are less complex in architecture and lack in vivo trans-
plantability as well as analytical access to developmental in-
termediate stages as compared with PSC-HIOs, while the
latter are not fully mature.17–19 In turn, both models are
comparable and complement each other with model-specific
advantages and limitations. HIOs express ACE2 and are sus-
ceptible to SARS-CoV-2.20–23 Although the exploration of new
drugs is rapidly evolving, knowledge on their efficiency to
inhibit intestinal infection of SARS-CoV-2 is at first unknown.
However, drug testing might require a more complex orga-
notypic culture system to reflect the true value of a given
drug.24 Remdesivir is up to now the sole agent showing
benefit on pulmonary phenotypes in coronavirus disease
2019 (COVID-19) patients.25 The histamine-2-blocker famo-
tidine has been suggested to reduce severe COVID-19
course.26,27 Meanwhile, recent in silico predictions suggest
that famotidine could interact with the catalytic site of 3
proteases (chymotrypsin-like, papain-like, and TMPRSS2
protease) involved in SARS-CoV-2 replication. Notably,
famotidine binding affinity was low to these proteases, sug-
gesting that additional interventions such as direct antivirals
might be necessary to reach full efficiency.28 In contrast, a
recent case series provided promising results by high-dose
oral famotidine administration being well tolerated and
associated with improved patient-reported outcomes in
nonhospitalized patients with COVID-19.29 Here, we employ
PSC-HIOs to study SARS-CoV-2 tropism with respect to
distinct intestinal cell types and test such drug candidates in a
human organotypic culture system resembling a natural 3D
environment.
Results
ACE2 and TMPRSS2 Are Expressed in the
Gastrointestinal Tract and in PSC-HIOs

First, we studied expression of ACE2 and TMPRSS2 in
organs of the gastrointestinal tract. Expression of both
SARS-CoV-2 entry factors was most prominent in the
epithelial lining of duodenum, gallbladder, and colon as
compared with Caco-2 cells (Figure 1A–C). Duodenal cells
showed apical ACE2 expression in the glycocalyx and a
strong cytoplasmic TMPRSS2 signal (Figure 1A and B). Cells
of gallbladder and colon presented a strong luminal
expression of both proteins while sections of gastric mucosa
and esophagus only revealed weak expression (Figure 1C).
These findings suggest that various cell types in gastroin-
testinal tissues are SARS-CoV-2 target cells, though with
different expression intensities of the entry factors. Next, we
analyzed ACE2 and TMPRSS2 expression in in vitro differ-
entiated PSC-HIOs (Figure 1D–H). Both proteins were
readily expressed in virtually all intestinal cells present in
PSC-HIOs (Figure 1E–H) mimicking expression patterns in
human tissue17,18 and Caco-2 cells (Figure 1A and B).
Moreover, co-staining for distinct intestinal cell type
markers revealed that ACE2 is expressed on chromogranin
A (CHGA)-positive enteroendocrine and lysozyme (LYZ)-
positive Paneth cells (Figure 1F and G), while mucin 2
(MUC2)-positive goblet cells appeared virtually negative
(Figure 1H). Thus, PSC-HIOs express cell-specifically SARS-
CoV-2 entry factors and might be susceptible to infection.
PSC-HIOs Support SARS-CoV-2 Infection and
Replication

To determine susceptibility to in vitro infection, PSC-
HIOs were exposed to SARS-CoV-2, and expression of viral
spike (S) and nucleocapsid (N) protein together with the
epithelial marker E-cadherin (Ecad) or respective labels for
more specialized cell types (CHGA, LYZ, MUC2) were
analyzed. Upon SARS-CoV-2 infection of PSC-HIOs, S protein
was detected in 10% of the cells after 24 hours, which
increased to 57% at 48 hours, suggesting viral replication
and spreading infection (Figure 2A and B). Costaining for N
protein confirmed this finding (Figure 2C). Notably, infected
cells are positive for cleaved caspase 3 (CASP3) indicating
initiated apoptosis in SARS-CoV-2-positive intestinal cells
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(Figure 2D and E). Increasing intra- and extracellular viral
RNA levels in PSC-HIOs further corroborated progressive
viral replication (Figure 2F and G). Productive viral repli-
cation in intestinal organoids was confirmed by determining
infectious viral titers in the respective supernatants
(Figure 2F, G). To probe cellular tropism upon SARS-CoV-2
infection of PSC-HIOs, we performed costaining of viral S
protein with markers for distinct intestinal cell types. No
expression of S protein was shown in goblet cells (MUC2þ),
despite being surrounded by S-positive cells, suggesting that
they are not or only abortively infected (Figure 3A). In
contrast, expression of S protein was detected in enter-
oendocrine (CHGAþ) and Paneth cells (LYZþ) and in the vast
majority of LYZ/CHGA-negative enterocytes (Figure 3C, E,
and G). Results obtained by fluorescence microscopy of
histological sections are matched by flow cytometric anal-
ysis of PSC-HIO cells after dissolution: no S/MUC2 double-
positive cells were detected (Figure 3B), but 29% and
68% of label-positive cells (CHGA or LYZ) were also S
protein positive, respectively (Figure 3D, F, and H). Sur-
prisingly, reverse-transcription quantitative polymerase
chain reaction (RT-qPCR) analysis of whole organoid RNA
revealed just a trend toward lower expression levels of most
enteroendocrine hormones without a specific pattern in other
cell types. Notably, MUC1/2 also remained virtually un-
changed in infected PSC-HIOs (Figure 3I). Further experi-
ments with longer follow-up postinfection need to determine
cell type–specific consequences of SARS-CoV-2 infections.
Taken together, these results show that SARS-CoV-2 produc-
tively infects most cell types in gut organoids, with the notable
exception of goblet cells, an observation in contrast with, for
example, astrovirus preferentially infecting actively secreting
intestinal goblet cells.30
Drug Testing in PSC-HIOs
We next analyzed the effect of remdesivir on SARS-CoV-2

infection of intestinal cells. On Caco-2 cells, remdesivir
inhibited viral infection in a dose-dependent manner with a
half-maximal inhibitory concentration (IC50) of 46 nM
(Figure 4A). Cell viability remained unaffected up to con-
centrations of 25 mM of the drug and was only marginally
affected at 125 mM, resulting in a selectivity index value for
remdesivir in colorectal Caco-2 cells of >2,717 (Figure 4A
and B). Notably, remdesivir also decreased SARS-CoV-2
infection of PSC-HIOs by 86% at a concentration of 500
nM and almost completely abolished infection at 5 mM
(Figure 4C and D). Accordingly, viral copies as measured via
qPCR for CoV-N were strongly diminished at a dosage of 5
mM (Figure 4E). We also determined IC50 values by stepwise
dose escalation of remdesivir in SARS-CoV-2–infected PSC-
HIOs by flow cytometry analysis of N protein expression
(Figure 4F). In contrast to the rather low IC50 value of 46 nM
in monolayer cultured Caco-2 cells, the IC50 value in PSC-
HIOs was w70-fold higher with 3.2 mM, indicating the
importance of performing drug tests in a 3D culture format
to avoid overestimations (Figure 4A and F). With an IC50 of
3.2 mM and a 50% cytotoxic concentration exceeding 125
mM of remdesivir on PSC-HIOs, however, the selectivity
index is at least higher than 39, indicating good tolerability
(Figure 4G). Tissue culture infection dose 50 (TCID50)
determination of the supernatants derived from drug-
treated infected PSC-HIOs confirmed a dose-dependent in-
hibition of SARS-CoV-2 replication (Figure 4H).

The over-the-counter histamine-2 receptor antagonist
famotidine is a putative therapeutic agent for COVID-19.28,29

Thus, we tested famotidine concentrations of up to 2.5 mM
but did not observe notable reduction of SARS-CoV-2
infection of Caco-2 cells (Figure 5A). In contrast to remde-
sivir, famotidine compromised Caco-2 cell viability starting
from 5 mM upward (Figure 5B). Accordingly, PSC-HIOs did
not show reduced infection rates after famotidine treatment,
as assessed by immunostaining for viral S protein and CoV-
N qPCR (Figure 5C, D, and F). Finally, we evaluated the
antiviral activity of EK1, a recently described peptidic pan-
coronavirus fusion inhibitor,31 in PSC-HIOs. In a previous
study, we found EK1 to inhibit SARS-CoV-2 infection of
Caco-2 with an IC50 of 303.5 nM, while not causing any
cytotoxic effects up to 10 mM concentration (selectivity in-
dex > 32.9).32 Accordingly, in PSC-HIOs the presence of 10
mM EK1 during infection decreased the number of S-positive
cells 48 hours after infection by 38% (Figure 5E and F).
Taken together, SARS-CoV-2 productively infects most
gastrointestinal cell types, with the notable exception of
goblet cells, and remdesivir and the peptidic pan-
coronavirus fusion inhibitor EK1 but not famotidine block
SARS-CoV-2 infection of intestinal organoids.
Discussion
We report that in vitro differentiated PSC-HIOs express

ACE2 and TMPRSS2 and support productive infection with
SARS-CoV-2 in a cell type-specific manner, launching a
valuable pathomechanistic model for SARS-CoV-2 infection
of the gut. Notably, remdesivir and EK1 but not famotidine
block SARS-CoV-2 in PSC-HIOs, indicating suitability to treat
gastrointestinal COVID-19 and validating PSC-HIOs as a
putative screening platform to test drugs that might
ameliorate gastrointestinal symptoms in the clinic.

A study by Lamers et al20 recently demonstrated SARS-
CoV-2 infection of enterocytes in small intestinal organo-
ids from primary gut epithelial cells. Similarly, recent
studies show infection of and replication in epithelial cells of
human colon-derived intestinal organoids22 as well as hu-
man and bat small intestinal organoids.23 We extended
these studies by specifically showing infection of specialized
intestinal cells (e.g., enteroendocrine and Paneth cells) in
addition to enterocytes, suggesting that SARS-CoV-2 infec-
tion may not only disrupt absorption and transport of me-
tabolites, but also hamper hormone secretion and local
immune defense. Similarly, infection of Paneth cells may
support further disturbance of host defense by impeding
secretion of antiviral and antimicrobial proteins into the gut.
However, qPCR analysis of cell type–specific markers did
not reveal conclusive data, potentially influenced by the
sampling time point. Especially considering the recently
highlighted relevance of mucosal SARS-CoV-2 defense to
fight COVID-19,33 our findings of cell type–specific mucosal
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Figure 2. PSC-HIOs support SARS-CoV-2 infection and replication. (A) PSC-HIOs were infected with SARS-CoV-2 and
stained for viral S protein (red) and E-cadherin (Ecad) (green) at day 1 and day 2 postinfection. Nuclei are stained with DAPI in
blue. Scale bar ¼ 50 mM. (B) Infected cells of PSC-HIOs were manually counted according to presence of viral S protein
compared with the total cell number (n ¼ 3 independent experiments, at least 3 organoids counted per experiment). (C)
Infection was further confirmed by S (red) and N (green) protein co-staining. Scale bar ¼ 50 mM. (D) Infected cells of PSC-HIOs
2 days postinfection were stained for viral S protein (red) and CASP3 (green). Nuclei are stained with DAPI in blue. Scale bar ¼
50 mM. (E) Cleaved caspase 3 (CASP3)-positive cells were quantified by flow cytometry (n ¼ 3). (F) Relative SARS-CoV-2 viral
RNA copies in PSC-HIOs at different time points were quantified using primers amplifying CoV-N in RT-qPCR. For normali-
zation, Ct values obtained for amplification of GAPDH from the same cultures were subtracted from the Ct value obtained for
CoV-N (n ¼ 2). (G) Viral genome copy number in extracellular matrix (matrigel) of infected PSC-HIOs was assessed by RT-
qPCR targeting CoV-N and -ORF1b-nsp14 (n ¼ 2). All error bars represent SEM.

Figure 1. (See previous page). ACE2 and TMPRSS2 are expressed in the gastrointestinal tract and in PSC-HIOs. (A)
Paraffin-embedded sections of indicated gastrointestinal tissues and embedded Caco-2 cells were stained for ACE2 and
TMPRSS2 protein. Strong luminal expression is found in epithelia of duodenum, colon, and gallbladder, with weaker
expression in the stomach and the mucosal lining of the esophagus. Representative images are shown. Scale bars ¼ 20 mm.
(B) Duodenum biopsy was stained for ACE2 and TMPRSS2 using primary antibodies and fluorophore-conjugated secondary
antibodies and imaged by fluorescence microscopy. Scale bar ¼ 50 mM. (C) ACE2 and TMPRSS2 expression from panel A was
graded according to signal intensity (relative to the positive control, Caco-2 cells). (D) Microscopy of PSC-HIOs. Scale bar ¼ 50
mM. (E) PSC-HIOs were stained for ACE2 (left panels) and TMPRSS2 (right panels). Nuclei are stained with DAPI in blue. (F–H)
PSC-HIOs were costained for ACE2 and (F) enteroendocrine cell marker CHGA, (G) Paneth cell marker LYZ, or (H) goblet cell
marker MUC2 showing coexpression with CHGA and LYZ but not with MUC2. Nuclei are stained with DAPI in blue. Arrows
indicate co-expression. Left panels show representative images, right panels magnifications.
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SARS-CoV-2 infection add information about SARS-CoV-2
tropism. Our infection pattern of SARS-CoV-2 sparing
goblet cells contrasts with lung findings from deceased
COVID-19 patients, in which MUC5AC-positive goblet cells
as well as MUC5B-positive club-like cells have been infec-
ted.34 These tissue-specific differences should be subject to
further investigation.

As COVID-19 patients suffering from gastrointestinal
symptoms show prolonged disease duration and severity of
disease, cells such as enteroendocrine cells, Paneth cells,
and goblet cells are particularly relevant for local immune
defense; thus, drugs that suppress intestinal SARS-CoV-2
infection are of high interest. Remdesivir, developed to
target Ebola virus, provides the first antiviral attempt to
treat COVID-19, although clinical success appears hetero-
geneous and benefiting subpopulations remain to be
defined.25,35 Similarly, effectivity of this agent across
distinct organs is completely unclear. We here show that
remdesivir inhibits SARS-CoV-2 infection of and replication
in PSC-HIOs, highlighting its possible use for treatment of
gastrointestinal infection occurring simultaneously with or
independently of respiratory manifestation of COVID-19. In
addition, head-to-head comparison of IC50 values deter-
mined in a 3D vs 2-dimensional culture system underpins
the relevance of screening system, as 2-dimensional cultures
are likely overestimating efficiency of a given drug.

In contrast, famotidine, proposed to inhibit proteins
essential for viral replication,26 did not affect SARS-CoV-2
infection and viral spread in a colon cell line and PSC-
HIOs. However, our current treatment regime does not
allow to determine long-term effects, which may play a role
during clinical deterioration. This would be in line with low
binding affinity of famotidine to SARS-CoV-2 proteases28;
however, its effect on host-specific immune response as well
as tissue-specific efficiency might be of relevance to
ultimately judge its clinical value, particularly to treat life-
limiting lung infection. In line, histamine-2 receptor antag-
onists are able to modulate histamine effector pathways by
receptor binding, thus directing immunomodulatory ef-
fects.36 Specifically, they can boost the innate immune
function and revert negative effects of histamine on pro-
duction and release of cytokines such as tumor necrosis
factor alpha and interferon alpha, possibly supporting im-
mune response during viral infection.37,38 Accordingly, a
recent case series suggested efficiency to treat mild-to-
moderate COVID-19 with pulmonary parameters as a
readout.29 Thus, the current clinical study landscape re-
mains in support of famotidine,26 although our in vitro data
appear contrary and warrant further investigation in
Figure 3. (See previous page). SARS-CoV-2 infects entero
Confocal microscopy (left column; A, C, E) and flow cytometric
costained for S protein (red) and markers for goblet (green, MU
LYZ). Scale bar ¼ 20 mm. (G) Flow cytometry–based quantific
organoids are shown. “Other” cells comprise mostly enterocytes
infected (S-positive) PSC-HIO cell types compared with total
replicates per experiment are shown; error bar represents SEM)
goblet cell–, and stem cell–associated transcripts shown as fol
uninfected cells; 2 independent experiments with 2 biological r
randomized controlled trials, best with taking gastrointes-
tinal facets of COVID-19 into account.

Conclusions
Overall, our data demonstrate that SARS-CoV-2 can

infect all investigated cell types of the gut, with the excep-
tion of goblet cells, and can perturb intestinal integrity,
which might lead to diarrhea among many other gastroin-
testinal symptoms frequently reported by COVID-19 pa-
tients. Most importantly, we tested and validated our
culture platform as an indefinite resource to organ-specific
drug testing, as shown by proof-of-concept studies with
remdesivir and EK1, emphasizing the relevance of the sys-
tem as a potential tool for drug screening. Treatment with
remdesivir during in vitro infection of intestinal organoids
with SARS-CoV-2 inhibited viral replication. Hence, clinical
treatment with this agent might prevent SARS-CoV-
2–induced gastrointestinal damage and soothe gastrointes-
tinal symptoms.
Materials And Methods
Drugs

Remdesivir was obtained from Selleck Chemicals
(#S8932; Houston, TX), famotidine was obtained from
Sigma-Aldrich (#F6889-1G; St. Louis, MO), and EK1 was
synthesized by the Core Facility Functional Peptidomics,
Ulm University Medical Center.

Cell Culture
Caco-2 cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 100 units/mL penicillin, 100 mg/mL
streptomycin (Sigma-Aldrich), 2 mM L-glutamine, 1 mM
sodium pyruvate, and NEAA (#M7145; Sigma-Aldrich).
Vero E6 cells were grown in the same medium but with
2.5% FCS. TMPRSS2-expressing Vero E6 cells (kindly pro-
vided by the National Institute for Biological Standards and
Control, Ridge, United Kingdom; #100978) were cultivated
in DMEM supplemented with 10% FCS, 2 mM L-glutamine,
100-units/mL penicillin, 100 mg/mL streptomycin, and 1
mg/mL geneticin. Cells were grown at 37�C in a 5% CO2

humidified incubator.

Stem Cell Culture and Intestinal Differentiation
Human embryonic stem cell line HUES8 (Harvard Uni-

versity, Cambridge, MA) was used with permission from the
Robert Koch Institute according to the “79. Genehmigung
endocrine and Paneth cells but not goblet cells. (A–F)
analysis (right column; B, D, F) of SARS-CoV-2 infected cells
C2), enteroendocrine (green, CHGA), and Paneth cells (green,
ations of the frequency of indicated cell types in intestinal
and few stem cells.17,18 (H) Flow cytometric quantification of

cell number (2 independent experiments with 2–3 biological
. (I) RT-qPCR quantification of enteroendocrine, Paneth cell–,
d change following infection by SARS-CoV-2 (compared with
eplicates per experiments).
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nach dem Stammzellgesetz, AZ 3.04.02/0084.” Cells were
cultured on human embryonic stem cell matrigel (Corning,
Corning, NY) in mTeSR1 medium (STEMCELL Technologies,
Vancouver, Canada) at 5% CO2, 5% O2, and 37�C. Medium
was changed daily and cells were split with TrypLE Express
(Invitrogen, Carlsbad, CA). For differentiation, 300,000 cells
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per well were seeded in 24-well plates coated with growth
factor–reduced matrigel (Corning) in mTeSR1 with 10-mM
Y-27632 (STEMCELL Technologies). The next day, differ-
entiation was started at 80%-90% confluency, as reported
previously.13,18,39–41

Virus Strains and Virus Propagation
Viral isolate BetaCoV/Netherlands/01/NL/2020

(#010V-03903) was obtained from the European Virus
Archive global and propagated on Vero E6 cells. To this
end, 70%-90% confluent cells in 75 cm2 cell culture flasks
were inoculated with 100-mL SARS-CoV-2 isolate in 3.5-mL
serum-free medium containing 1-mg/mL trypsin. Cells
were incubated for 2 hours at 37�C, before adding 20-mL
medium containing 15-mM HEPES. Cells were incubated at
37�C and supernatant harvested when a strong cytopathic
effect was visible. Supernatants were centrifuged for 5
minutes at 1,000 g to remove cellular debris, and then
aliquoted and stored at -80�C as virus stocks. Infectious
virus titer was determined as plaque-forming units on
Vero E6 cells, which was used to calculate multiplicity of
infection.

In Vitro Infection and Cell-Based SARS-CoV-2
Immunodetection Assay

To determine SARS-CoV-2 infection, 30,000 Caco-2 cells
were seeded in 96-well plates. The next day, the compound
of interest was added and the cells were infected with a
multiplicity of infection of 0.001 in a total volume of 180 mL.
Two days later immunodetection assay was performed as
previously described32; cells were fixed in 4% para-
formaldehyde (PFA), permeabilized using 0.1% Triton-X,
and stained with 1:5000 diluted anti-SARS-CoV-2 S protein
antibody 1A9 (Biozol GTX-GTX632604) in antibody buffer
(10% FCS and 0.3% Tween 20 in phosphate-buffered saline
[PBS]) for 1 hour at 37�C. After 3 washes, the secondary
horseradish peroxidase–conjugated antibody (#A16066;
Thermo Fisher Scientific, Waltham, MA) (1:15,000) was
incubated for 1 hour at 37�C. Following 4 times of washing,
the TMB peroxidase substrate (#52-00-04; Medac, North
Figure 4. (See previous page). Remdesivir inhibits SARS-CoV
SARS-CoV-2 in the presence of increasing concentrations of
enzyme-based immunodetection assay against viral spike (S)
triplicate infections ± SEM from one representative experiment.
metabolic activity of Caco-2 cells was assessed by CellTiter-G
tative experiment. Error bars represent SEM. (C) PSC-HIOs w
concentrations of remdesivir. Two days later, infection was ana
Nuclei are stained with DAPI in blue. Scale bar ¼ 50 mM. Images
Images from panel C were quantified according to presence of
pendent experiments, at least 3 organoids counted per experime
in cellular RNA isolates of PSC-HIOs treated with either distinct d
values represent means ± SEM of technical duplicates). (F) PSC
dilutions of remdesivir. Two days later, infection was analyzed b
Data shown represent means ± SEM of 2 independent experim
HIOs were treated with serial dilutions of remdesivir and relativ
shown represent means ± SEM of 2 independent experiments,
virus release in supernatant of PSC-HIOs treated with serial
postinfection and infectious titer was determined by TCID50 e
biological replicates per experiment; error bars represent SEM)
Augusta, SC) was added for 5 minutes and the reaction
stopped using 0.5 M H2SO4. The optical density was recor-
ded at 450–620 nm using the Asys Expert 96 UV microplate
reader (Biochrom, Cambridge, United Kingdom). Values
were corrected for the background signal derived from
uninfected cells and untreated controls were set to 100%
infection.

In Vitro Cell Viability Assay
The effect of analyzed compounds on the metabolic ac-

tivity of Caco-2 cells was analyzed using the CellTiter-Glo
Luminescent Cell Viability Assay (#G7571; Promega, Madi-
son, WI) as previously described.

Infection of Organoids and Drug Testing
To prepare in vitro differentiated organoids for infection,

matrigel was dissolved in Collagenase/Dispase (Roche,
Basel, Switzerland) for 2 hours at 37�C and stopped by cold
neutralization solution (DMEM, 1% bovine serum albumin,
and 1% penicillin-streptomycin). Organoids were trans-
ferred into 1.5-mL tubes and infected in 350-mL virus
inoculum containing 3 � 105 plaque-forming units SARS-
CoV-2 with or without drugs for 1 hour at 37�C. Organo-
ids were then resuspended in 35-mL cold growth
factor–reduced matrigel to generate cell-matrigel domes in
48-well plates. After 10 minutes at 37�C, intestinal growth
medium (DMEM F12 [Gibco, Gaithersburg, MD], 1� B27
supplement [Thermo Fisher Scientific], 2-mM L-glutamine,
1% penicillin-streptomycin, 40 mM HEPES [Sigma-Aldrich],
3 mM CHIR99021, 200 nM LDN-193189 [Sigma-Aldrich],
100 ng/mL hEGF [Novoprotein, Summit, NJ], and 10 mM
Y-27632 [STEMCELL Technologies]) was added and orga-
noids were incubated at 37�C.

Flow Cytometry Analysis of Organoids
After infection and drug treatment, matrigel was dis-

solved in Collagenase/Dispase (Roche) for 2 hours at 37�C
and stopped by cold neutralisation solution (DMEM, 1%
bovine serum albumin, and 1% penicillin-streptomycin).
Single cells were generated by incubation with accutase
-2 infection of PSC-HIOs. (A) Caco-2 cells were infected with
remdesivir. Two days later, infection was quantified by an
protein. Values shown represent mean values derived from
Experiment was performed 3 times. (B) Effect of remdesivir on
lo assay. Shown are technical triplicates from one represen-
ere infected with SARS-CoV-2 and treated with indicated
lyzed by viral S protein and E-caherin (Ecad, green) staining.
are representative for at least 3 independent experiments. (D)
viral S protein compared with total cell number (n ¼ 3 inde-
nt). (E) Two days postinfection, SARS-CoV-2 N was quantified
osages of remdesivir and normalized to GAPDH RNA. (n ¼ 1,
-HIOs were infected with SARS-CoV-2 and treated with serial
y flow cytometric analysis against viral nucleocapsid protein.
ents, at least 2 biological replicates per experiment. (G) PSC-
e cellular viability was assessed by annexin V staining. Data
at least 2 biological replicates per experiment. (H) Infectious
dilution of remdesivir. Supernatants were collected 2 days
ndpoint titration (n ¼ 2 independent experiments, at least 2
.



Figure 5. EK1 but not famotidine inhibit infection of PSC-HIOs with SARS-CoV-2. (A) Caco-2 cells were infected with
SARS-CoV-2 and treated with famotidine at indicated concentrations. Two days later, infection was quantified by an enzyme-
based immunodetection assay against viral S protein. Values shown represent mean values derived from triplicate infections ±
SEM from one representative experiment. Experiment was performed 2 times. (B) Effect of famotidine on metabolic activity of
Caco-2 cells was assessed by CellTiter-Glo assay. Values shown represent mean values derived from triplicates ± SEM from
one representative experiment. (C–E) PSC-HIOs were infected with SARS-CoV-2 and treated with (C) famotidine or (E) EK1.
Two days later, infection was analyzed by staining for viral S protein (red). Ecad (green) was additionally stained to visualize
cells. Nuclei are stained with DAPI in blue. Scale bar ¼ 50 mM. (D) SARS-CoV-2 N was quantified in cellular RNA isolates of
PSC-HIOs treated with either distinct dosages of famotidine and normalized to GAPDH RNA (n ¼ 1, values represent means ±
SEM of technical duplicates). (F) Images from panels C and E were quantified according to the presence of viral S protein
compared with total cell number (n ¼ 2–3 independent experiments, at least 3 organoids counted per experiment; values
represent mean ± SEM).
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Table 1.Primary Antibodies

Antigen Species Cat. No. Company Dilution

ACE2 rabbit ab15348 Abcam 1:1500

ACE2 (used for costainings) mouse sc390851 Santa Cruz 1:100

SARS-CoV-2 spike mouse GTX632604 Biozol 1:500

TMPRSS2 rabbit ab92323 Abcam 1:250

CASP3 rabbit 9664 Cell Signaling 1:1000

CHGA rabbit A0430 DAKO 1:500

MUC2 rabbit sc-7314 Santa Cruz 1:200

LYZ rabbit ab108508 Abcam 1:1000

Ecad rabbit 24E10 Cell Signaling 1:200

SARS-CoV-2 nucleocapsid mouse 40143 Sino Biologicals 1:500

ACE2, angiotensin-converting enzyme 2; CASP3, caspase 3; CHGA, chromogranin A; Ecad, E-cadherin; LYZ, lysozyme;
MUC2, mucin 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2, transmembrane serine
protease 2.
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(STEMCELL Technologies) for 30 minutes at 37�C. Cells
were fixed in 4% PFA for 1 hour. For flow cytometry anal-
ysis, cells were blocked in 5% normal donkey serum in
0.1% Triton-X in PBS for 30 minutes on ice. Cells were
incubated with primary antibodies diluted in blocking so-
lution over night at 4�C. After washing twice with 2%
normal donkey serum in 0.1% Triton-X in PBS, cells were
incubated with secondary antibodies (Alexa Fluor IgG HþL
[Invitrogen]; 1:500) in blocking solution for 1.5 hours on ice
in the dark. Cells were washed twice and filtered, and
fluorescence was measured using a BD LSR II flow cytom-
eter (BD Biosciences, San Jose, CA).

Annexin V Viability Assay
Organoids were treated with drugs for 48 hours. Matri-

gel was dissolved in Collagenase/Dispase (Roche) for 2
hours at 37�C and stopped by cold neutralization solution
(DMEM, 1% bovine serum albumin, and 1% penicillin-
streptomycin). Single cells were generated by incubation
with accutase (STEMCELL Technologies) for 30 minutes at
37�C. Cells were stained using the FITC Annexin V Apoptosis
Detection Kit (BD Biosciences) according to manufacturer’s
instructions and analyzed using a BD LSR II Flow cytometer
(BD Biosciences).
Isolation of RNA From Matrigel and Organoids for
RT-qPCR

Viral RNA from matrigel of infected organoids or orga-
noids themselves was isolated using the Qiagen Viral RNA
Mini Kit (#52906; Qiagen, Hilden, Germany) or Qiagen
RNeasy Plus Mini Kit (#74136; Qiagen), respectively, both
as described by the manufacturer. For this purpose, matrigel
was digested as described previously, mixed with AVL
buffer and incubated at room temperature for 20 minutes
before freezing at -20�C. Similarly, matrigel was dissolved
and removed and organoids were lysed in 600-mL RLT Plus
buffer containing 1% b-mercaptoethanol, vortexed for 30
seconds and then frozen at -20�C until analysis. Organoid
lysates were homogenized using QIAshredder (#79656;
Qiagen).
Reverse-Transcription qPCR
RT-qPCR from matrigel was performed with primer sets

targeting N (nucleoprotein) and ORF1b-nsp14 (ORF1b)42 as
previously described43 using TaqMan Fast Virus 1-Step
Master Mix (#4444436; Thermo Fisher Scientific) and a
StepOnePlus Real-Time PCR System (96-well format, fast
mode; Thermo Fisher Scientific). Synthetic SARS-CoV-2 RNA
(#102024 [Twist Bioscience, San Francisco, CA] or #VR-
3276SD [American Type Culture Collection, Manassas, VA])
was used as a standard to obtain viral copy numbers. For
RNA isolated from organoids, GAPDH was analyzed as an
endogenous control (#4310884E; Applied Biosystems,
Foster City, CA) and resulting Ct values subtracted from
those obtained for CoV-N reactions for the same samples. All
reactions were run in duplicates.

For RT-qPCR of intestinal cell type transcripts, RNA was
transcribed into cDNA using the iScript cDNA synthesis Kit
(170-8891; Bio-Rad, Hercules, CA). RT-qPCR was performed
using Qiagen QuantiTect Primer Assays and SensiMix SYBR
No Rox Kit (QT650-02; Bioline, London, United Kingdom) in
96-well format. Expression was normalized to hydrox-
ymethylbilane synthase.
TCID50 Endpoint Titration
To determine the TCID50, supernatant samples were

taken at day 0 and day 2. Samples were serially diluted and
used to inoculate target cells. To this end, 20,000 Vero E6 or
TMPRSS2-expressing Vero E6 cells were seeded per well in
96 flat-bottom well plates in 100 mL of medium and incu-
bated over night before 62 mL of fresh medium was added.
Next, 18 mL of 5-fold titrated sample was used for inocula-
tion in triplicates. Cells were then incubated for 6 days and
monitored for cytopathic effect. TCID50/mL was calculated
according to Reed and Muench.44
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Histology of Organoids and Tissue Sections
Sections of human gastrointestinal tissues were pro-

vided by the pathology department of Ulm University. Ex-
periments were conducted in accordance with guidelines of
the Ethics Committee of the Federal General Medical Council
and approved by the Ethics Committee of Ulm University.
For histological examination of organoids, they were fixed in
4% PFA over night at 4�C, washed with PBS, and pre-
embedded in 2% agarose (Sigma-Aldrich) in PBS. After se-
rial dehydration, intestinal organoids were embedded in
paraffin, sectioned at 4 mm, deparaffinized, rehydrated, and
subjected to heat-mediated antigen retrieval in tris buffer
(pH 9) or citrate buffer (pH 6). Tissue was permeabilized
with 0.5% Triton-X for 30 minutes at room temperature and
stained overnight with primary antibodies (Table 1) in
antibody diluent (ZYTOMED Systems, Berlin, Germany) in a
wet chamber at 4�C. After washing with PBS with Tween 20,
slides were incubated with secondary antibodies (Alexa
Fluor IgG HþL; 1:500) and 500-ng/mL DAPI in Antibody
Diluent for 90 minutes in a wet chamber at room temper-
ature. After washing with PBS with Tween 20 and water,
slides were mounted with Fluoromount-G (Southern
Biotech, Birmingham, AL). Negative controls were per-
formed using IgG controls or irrelevant polyclonal serum
(anti-mycobacterium tuberculosis) for polyclonal anti-
bodies, respectively. Absence of background staining
confirmed specificity of the primary antibodies. Images
were acquired with Keyence BZ 9000 microscope (Keyence,
Osaka, Japan) and quantified with ImageJ (Version 2.0.0,
National Institutes of Health, Bethesda, MD). Laser Scanning
confocal images were acquired using the Zeiss LSM710. Z-
stacks were deconvoluted and edited in Huygens (Scientific
Volume Imaging, Hilversum, the Netherlands) and Fiji
(ImageJ).

Statistics
Statistics were performed using GraphPad Prism

(GraphPad Software, San Diego, CA). IC50 was determined
by nonlinear regression (inhibitor) vs normalized response.
For Figure 3G, 4D, and 5D 1-way analysis of variance and
Dunnett’s multiple comparison test were performed. Data of
Figure 2E were analyzed with a paired t test. P values <.05
were classified as significant (*P < .05, **P < .01, *** P <
.001, ****P < .0001).
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