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The virus severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) can cause coronavirus disease
2019 (COVID-19), an influenza-like disease that is primarily thought to infect the lungs with transmission
via the respiratory route. However, clinical evidence suggests that the intestine may present another viral

target organ. Indeed, the SARS-CoV-2 receptor angiotensin converting enzyme 2 (ACE2) is highly
expressed on differentiated enterocytes. In human small intestinal organoids (hSI0s), enterocytes were
readily infected by SARS-CoV and SARS-CoV-2 as demonstrated by confocal- and electron-microscopy.
Consequently, significant titers of infectious viral particles were detected. mRNA expression analysis
revealed strong induction of a generic viral response program. Hence, intestinal epithelium supports SARS-
CoV-2 replication, and hSIOs serve as an experimental model for coronavirus infection and biology.

Severe acute respiratory syndrome (SARS), caused by corona-
virus SARS-CoV, emerged in 2003 (I). In late 2019, a novel
transmissible coronavirus (SARS-CoV-2) was noted to cause
an influenza-like disease ranging from mild respiratory
symptoms to severe lung injury, multi-organ failure, and
death (2-4). SARS-CoV and SARS-CoV-2 belong to the Sarbe-
covirus subgenus (genus Betacoronavirus, family Coro-
naviridae) (5-7). The SARS-CoV receptor is the angiotensin-
converting enzyme 2 (ACE2) (8, 9). The spike proteins of both
viruses bind to ACE2, whereas soluble ACE2 blocks infection
by SARS-CoV as well as by SARS-CoV-2 (10-13). Transmission
of SARS-CoV-2 is thought to occur through respiratory drop-
lets and fomites. The virus can be detected in upper respira-
tory tract samples, implicating the nasopharynx as site of
replication. In human lung, ACE2 is expressed mainly in al-
veolar epithelial type II cells and ciliated cells (14-16). How-
ever, highest expression of ACE2 in the human body occurs
in the brush border of intestinal enterocytes (14, 17). Even
though respiratory symptoms dominate the clinical presenta-
tion of COVID-19, gastrointestinal symptoms are observed in
a subset of patients (18, 19). Moreover, viral RNA can be found
in rectal swabs, even after nasopharyngeal testing has turned
negative, implying gastro-intestinal infection and a fecal-oral
transmission route (20-22).

SARS-CoV-2 infects airway and gut organoids
Organoids are 3D structures, that can be grown from adult
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stem cells (ASCs) and recapitulate key aspects of the organ
from which the ASCs derive. Since SARS-CoV and SARS-CoV-
2 target the lung, we added virus to organoid-derived human
airway epithelium cultured in 2D and observed that SARS-
CoV and SARS-CoV2 readily infected differentiated airway
cultures. (Fig. 1A). Immunostaining reveal that the viruses
targeted ciliated cells, but not goblet cells (Fig. 1, B and C).
Human small intestinal organoids (hSIOs) are established
from primary gut epithelial stem cells, can be expanded in-
definitely in 3D culture and contain all proliferative and dif-
ferentiated cell types of the in vivo epithelium (23). Of note,
hSIOs have allowed the first in vitro culturing of Norovirus
(24). We exposed ileal hSIOs grown under four different cul-
ture conditions (‘EXP’, ‘DIF’, ‘DIF-BMP’ and ‘EEC’) to SARS-
CoV and SARS-CoV-2 at a multiplicity of infection (MOI) of 1.
hSIOs grown in Wnt-high expansion medium (EXP) over-
whelmingly consist of stem cells and enterocyte progenitors.
Organoids grown in differentiation medium (DIF) contain
enterocytes, goblet cells, and low numbers of enteroendo-
crine cells (EECs). Addition of BMP2/4 to DIF (DIF-BMP)
leads to further maturation (25). In the final condition, we
induced expression of NeuroG3 from a stably transfected vec-
tor with doxycycline to raise EECs numbers (fig. S3D). Sam-
ples were harvested at multiple timepoints post infection and
processed for the analyses given in Figs. 2 to 5. Both SARS-
CoV and SARS-CoV-2 productively infected hSIOs as assessed
by qRT-PCR for viral sequences and by live virus titrations on
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to visualize proliferative cells, actin (using phalloidin) to vis-
ualize enterocyte brush borders, DNA (DAPI) and cleaved
caspase 3 to visualize apoptotic cells. Generally, comparable
rates of viral infections were observed in the organoids grow-
ing in all three conditions. We typically noted staining for vi-
ral components (white) in rare, single cells at 24 hours. At 60
hours, the number of infected cells had dramatically in-
creased (Fig. 3A). Infected cells invariably displayed prolifer-
ative enterocyte progenitor-phenotypes (EXP; Fig. 3B, top) or
ApoAl+ enterocyte-phenotypes (DIF; Fig. 3B, bottom). Of
note, SARS-CoV also readily infected enterocyte lineage cells
(fig. S3, A and B) as shown previously (26, 27). Some infected
enterocyte progenitors were in mitosis (fig. S3C). Whereas
EEC-organoids produced appreciable titers, we never ob-
served infection of Chromogranin-A* EECs (fig. S3, D and E).
We also did not notice infection of Goblet cells across culture
conditions. At 60 hours, apoptosis became prominent in both
SARS-CoV and SARS-CoV-2 infected enterocytes (fig. S5).
ACE2 protein was readily revealed as a bright and ubiquitous
brush border marker in hSIOs in DIF medium (Fig. 3C). In
hSIOs in EXP medium, ACE2 staining was much lower -yet
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RNA expression changes in infected enterocytes

We then performed mRNA sequence analysis to determine
gene expression changes induced by SARS-CoV and SARS-
CoV-2-infection of hSIOs cultured continuously in EXP me-
dium and hSIOs cultured in DIF medium. Infection with
SARS-CoV-2 elicited a broad signature of cytokines and inter-
feron stimulated genes (ISGs) attributed to type I and III in-
terferon responses (Fig. 5A and tables S1 and S2), as
confirmed by Gene Ontology analysis (Fig. 5B). An overlap-
ping list of genes appeared in SARS-CoV-2-infected DIF or-
ganoids (fig. S6 and table S3). RNA sequencing analysis
confirmed differentiation of DIF organoids into multiple in-
testinal lineages, including ACE2 up-regulation (fig. S7).
SARS-CoV also induced ISGs, yet to a much lower level (table
S4). Figure 5C visualizes the regulation of SARS-CoV-2-
induced genes in SARS-CoV infected organoids. This induc-
tion was similar to infections with other viruses like no-
rovirus (31), rotavirus (32) and enteroviruses (33, 34). A
recent study (35) describes an antiviral signature induced in
human cell lines after SARS-CoV-2 infection. Whereas the
ISG response is broader in intestinal organoids, the induced
gene sets are in close agreement between the two datasets
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