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SUMMARY
Enteroviruses, such as EV-A71 and CVA16, mainly infect the human gastrointestinal tract. Human coronaviruses, including SARS-CoV

and SARS-CoV-2, have been variably associated with gastrointestinal symptoms. We aimed to optimize the human intestinal organoids

and hypothesize that these optimized intestinal organoids can recapitulate enteric infections of enterovirus and coronavirus.We demon-

strate that the optimized human intestinal organoids enable better simulation of the native human intestinal epithelium, and that they

are significantly more susceptible to EV-A71 than CVA16. Higher replication of EV-A71 than CVA16 in the intestinal organoids triggers a

more vigorous cellular response. However, SARS-CoV and SARS-CoV-2 exhibit distinct dynamics of virus-host interaction; more robust

propagation of SARS-CoV triggers minimal cellular response, whereas, SARS-CoV-2 exhibits lower replication capacity but elicits a mod-

erate cellular response. Taken together, the disparate profile of the virus-host interaction of enteroviruses and coronaviruses in human

intestinal organoids may unravel the cellular basis of the distinct pathogenicity of these viral pathogens.
INTRODUCTION

Enteroviruses of the Piconaviridae family are important hu-

man pathogens causing a broad spectrum of clinical dis-

eases, ranging from diarrhea, respiratory symptoms, and

skin rashes, to more severe diseases, such as meningitis

and paralysis (Solomon et al., 2010; Zaoutis and Klein,

1998). Enteroviruses mainly infect human gastrointestinal

tract and are transmitted via the fecal-oral route. Upon pri-

mary infection in the gastrointestinal and respiratory tract,

enteroviruses can enter the bloodstream, systematically

spread, and lead to complications, such as neurologic disor-

ders (Solomon et al., 2010). Enterovirus 71 (EV-A71) and

coxsackievirus A serotype 16 (CVA16), both classified as

members of human enteroviruses A, have caused major out-

breaks of hand-foot-and-mouth disease, which normally

affects children under 5 years (Muehlenbachs et al., 2015;

Wong et al., 2010; Yeung et al., 2018). Despite the genetic

relatedness of these two viruses, many epidemiological

studies demonstrated that EV-A71 is more pathogenic

thanCVA16 andmore likely to associate with severe neuro-

logical disorder and fatality (Chen et al., 2007; Xing et al.,

2014).

Human enteroviruses are mainly transmitted via the

fecal-oral route, and the intestinal epithelium is the pri-

mary target of viral invasion (Solomon et al., 2010). The

human intestinal tract is lined by a simple columnar

epithelium. The LRG5+ stem cells, in close contact with
Stem Ce
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Paneth cells in the base of crypts, divide every day, and

eventually produce major cell types of the small intestinal

epithelium, including enterocytes, goblet cells, enteroen-

docrine cells (Sato et al., 2009). Absorptive enterocytes,

themost abundant cell type, account for over 80% of all in-

testinal epithelial cells (Cheng and Leblond, 1974). Paneth

cells, which secrete antimicrobial cryptdins or defensins,

digestive enzymes, and growth factors, are found

throughout the small intestine, yet are absent in the

colonic epithelium. The multi-cellular architecture consti-

tutes the structural basis of functional complexity of the

intestinal epithelium. Apparently, it is implausible that

conventional cell lines, which are composed of homoge-

neous clonal cells, can recapitulate the morphological

and functional complexity of human intestinal epithe-

lium, let alone model virus-host interaction in human in-

testinal cells.

Advances in understanding of the adult stem cell niche

have enabled 3D reconstitution of various tissues as orga-

noids (Clevers, 2016). Sato et al. (2011) reported culture

of human intestinal organoids, which allows long-term

expansion of human intestinal epithelium in vitro. The

expansion medium enables the initial derivation and

long-term maintenance of intestinal organoids by direct-

ing the organoids toward an undifferentiated state, while

the differentiation protocol upon withdrawal of Wnt and

mitogens drives differentiation along the crypt-villi axis

and generates epithelial domains encompassing four
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Table 1. Composition of the Expansion Medium and
Differentiation Medium for Intestinal Organoid Culture

Reagent
(Concentration)

Expansion
medium H10 H5 H0

Wnt3a-conditioned

mediuma
50% � � �

Rspondin1-conditioned

mediuma
20% 10% 5% �

Noggin-conditioned

mediuma
10% 10% 5% �

B27 supplement (13) + + + +

Nicotinamide (10 mM) + � � �
A8301 (500 nM) + + + +

SB202190 (10 mM) + � � �
hEGF (50 ng/mL) + + + +

Y-27632 (10 mM) + + + +

hGastrin I (10 nM) + + + +

N-Acetylcysteine (1 mM) + + + +

HEPES 1M (10 mM) + + + +

GlutaMAX (2 mM) + + + +

Primocin (50 mg/mL) + + + +

Penicillin/Streptomycin

(100 U/mL)

+ + + +

Advanced F12/DMEM + + + +

aPercentage of total

volume.
mature cell types of native human intestinal epithelium.

These physiologically relevant human intestinal organoids

have become the most popular model for studying enteric

infections in recent years (Ettayebi et al., 2016; Zhou et al.,

2017, 2020a).

A novel human coronavirus, severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) has caused the global

COVID-19 pandemic since December 2019 (Chan et al.,

2020b; Zhou et al., 2020b). In fact, apart from respiratory

infection, all human coronaviruses have been variably

associated with gastrointestinal symptoms (Cimolai,

2020). We and others have reported SARS-CoV-2 and

MERS-CoV infection in human intestinal organoids

(Lamers et al., 2020; Zhou et al., 2017, 2020a). Enteric

involvement was actually more common in SARS patients

(Leung et al., 2003). In this study, we optimized the differ-

entiation medium of human intestinal organoids. We

examined whether the optimized differentiated intestinal

organoids can recapitulate higher pathogenicity of EV-
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A71 than CVA16. In addition, we examined the infectivity

of SARS-CoV in human intestinal organoids, in compari-

son with phylogenetically related SARS-CoV-2. Our results

highlight the competence of these intestinal organoids as

an optimal in vitromodel to recapitulate human enteric in-

fections of enterovirus and coronavirus.
RESULTS

The Differentiation Medium Was Optimized to

Improve Villous Differentiation of Intestinal

Organoids

Human intestinal organoids are maintained in the long-

term in expansion medium supplemented with various

niche factors and mitogens. Based on the protocol estab-

lished by Sato et al. (2011), withdrawal of Wnt, nicotin-

amide, and p38 inhibitor from the expansion medium

drove villous differentiation, while R-spondin and BMP in-

hibitor Noggin were retained in the differentiation me-

dium. R-Spondins are amajor driver ofWnt-mediated crypt

self-renewal and proliferation (de Lau et al., 2014; Yan et al.,

2017). BMP signaling acts as a negative regulator of crypts

(He et al., 2004; Qi et al., 2017). Thus, R-spondin and

BMP inhibitor Noggin are essential components to main-

tain the stemness and long-term expansion of intestinal or-

ganoids. We deduced that further removal of R-spondin

and Noggin in the previously refined differentiation me-

dium may promote villous differentiation. To test the hy-

pothesis, we reduced the amount of R-spondin- and

Noggin-conditioned medium in the originally refined dif-

ferentiation medium (H10) in which both were supple-

mented at 10%, to 5% (H5 medium), or total removal of

both (H0 medium). The small intestinal organoids (enter-

oids) were transferred to three differentiation media or

maintained in the expansion (Ex) medium (Table 1), and

incubated for 5 days. As expected, the enteroids in the

expansion medium gradually enlarged over time, while

those in three differentiationmedia becamemore compact

(Figure S1).

We compared the expression levels of cell-type markers

in these organoids. The expression level of enterocyte

marker Villin (VIL1) was elevated in the organoids in three

differentiation media compared with those in expansion

medium (Figure 1A). VIL1 was significantly upregulated

in H0 organoids than in H10 organoids. Another entero-

cyte marker, intestinal alkaline phosphatase (ALPI), was

highly elevated upon withdrawal of R-spondin and

Noggin. The expression of Paneth cell marker lysozyme

(LYZ) was significantly butmodestly lower in H0 organoids

thanH10 organoids. Mucin 2 (MUC2), themarker of goblet

cells, decreasedmoderately inH0 organoids comparedwith

that in H10 and H5 organoids. A decreased CHGA



Figure 1. Characterization of the Differentiation Status of Human Enteroids
(A–C) (A) Fold change of expression levels of cell-type markers in the organoids cultured in different differentiation media (H10, H5, and
H0) versus those cultured in expansion medium (Ex). Data show the mean and SD of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 analyzed by Student’s t test, two tailed. The percentages of enterocytes (B) and Paneth cells (C) in the organoids cultured in

(legend continued on next page)
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(chromogranin A, enteroendocrine cell marker) expression

was discernible in H0 organoids in comparison with H10

organoids. As expected, a dramatic downregulation of

stem cell marker LGR5was observed in the organoids incu-

bated in three differentiation media, while its expression

levels in H0, H5, and H10 organoids were comparable.

We then inspected the cellular composition of the enter-

oids in different media by flow cytometry. The percentage

of enterocytes increased from 70% in H10 organoids to

81% in H5 organoids and 90% in H0 organoids (Figure 1B),

whereas that of Paneth cell decreased with descending

amounts of R-spondin and Noggin (Figure 1C). Despite

the downregulation of non-enterocyte markers and reduc-

tion of Paneth cells, the differentiated enteroids in H0 me-

dium contain all mature cell types of human intestinal

epithelium, i.e., enterocytes, Paneth cells, goblet cells,

and enteroendocrine cells, as revealed by immunofluores-

cence staining (Figure 1D). Consistent with a recent report

(Co et al., 2019), intestinal organoids, maintained three-

dimensionally in Matrigel, invariably display an apical-in

polarity. Accordingly, VIL1, amember protein on the apical

surface of enterocytes, is located in the interior lumen of

the organoid. Collectively, removal of R-spondin and

Noggin in the original differentiation medium improved

the differentiation status of intestinal organoids. These

optimized intestinal organoids possess more enterocytes

with better simulation of the native human intestinal

epithelium, in which enterocytes account for over 80% of

all epithelial cells (Cheng and Leblond, 1974). Thereafter,

H0 medium was used to generate the differentiated intesti-

nal organoids for the subsequent experiments.

EV-A71 More Productively Infected Differentiated

Human Enteroids and Colonoids than CVA16

As mentioned above, EV-A71 is more pathogenic than

CVA16 in patients. To assess whether the differentiated en-

teroids can recapitulate the distinct pathogenicity, we

compared the replication potential of EV-A71 and CVA16

in human enteroids. Both EV-A71 and CVA16 actively

propagated in the enteroids, as shown by the significantly

increased viral load and viral titer in cell lysates and culture

media, respectively (Figure 2A). Of note, EV-A71 replicated

more robustly than CVA16. At 24 h post infection (hpi),

viral titer was more than 2 log units higher in EV-A71-in-

fected organoids than in CVA16-infected organoids.

Higher replication capacity of EV-A71 than CVA16 was re-

produced in the differentiated colonoids. Viral load and
different differentiation media and expansion medium. The representa
independent experiments (right) are presented.
(D) Confocal images of VIL1+ enterocytes, MUC2+ goblet cells, LYZ+ Pan
in H0 medium. Nuclei and cellular actin filaments are counterstained
See also Figure S1.
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viral titer were significantly higher in EV-A71-infected co-

lonoids than in CVA16-infected organoids (Figure 2B).

We then examined the infection rate by flow cytometry.

At 10 hpi with anMOI of 5, around 20% cells in EV-A71-in-

fected enteroids were viral protein VP1 positive, whereas

approximately 5% cells were VP1 positive by CVA16 inoc-

ulation (Figure 2C). The abundance of VP1 as shown by

mean fluorescence intensity was significantly higher in

EV-A71-infected enteroids than those infected by CVA16

(Figure 2D). We also examined the cellular tropism of

EV-A71 and CVA16 after double-staining with a-VP1 and

a-Villin. As shown in Figure 3A, in both EV-A71- and

CVA16-infected enteroids, over 90% VP1-positive cells

were VIL1 positive, indicating that enterocytes are the pre-

dominant target cells of EV-A71 and CVA16. Immunofluo-

rescence staining of viral protein VP1 consistently dis-

played more productive infection of EV-A71 than CVA16

(Figure 3B). Enterocyte tropism of the two virus strains

was also verified by the colocalization of viral antigens

VP1 and VIL1 in the infected organoids (Figure 3B). As

mentioned above, intestinal organoids maintained within

Matrigel normally display an apical-in polarity (Figure 1D).

However, for infection experiments, differentiated organo-

ids had to bemechanically sheared before virus inoculation

to render the apical surface of organoids to be fully exposed

to the virus inoculum. This shearing procedure may revert

the polarity of some organoids and give rise to apical-out

organoids, as shown in Figure 3B. Collectively, both hu-

man enteroids and colonoids are more susceptible to EV-

A71 than CVA16.

EV-A71 Triggered Higher Interferon and

Proinflammatory Response than CVA16

We proceeded to examine the cellular response of human

enteroids after infection, including the induction of inter-

ferons, interferon-stimulated genes (ISGs), and proinflam-

matory cytokines. As shown in Figure 4A, type I and type

II IFNs were barely induced in both EV-A71-infected and

CVA16-infected enteroids, whereas type III IFNs, particu-

larly IFN-l1 and IFN-l3, were highly stimulated. EV-A71-

infected enteroids produced significantly higher levels of

IFN-l1 and IFN-l3 than CVA16-infected enteroids. ISGs

were upregulated after infection, with significantly higher

magnitude in the former than the latter. In addition, most

proinflammatory cytokines, including IL-6, IP-10, and

TNF-a, were induced to a significantly higher level by

EV-A71 than CVA16. Higher cytokines response triggered
tive histograms of one experiment (left), and means and SD of three

eth cells, and CHGA+ enteroendocrine cells in the organoids cultured
with DAPI (blue) and Phalloidin-647 (purple). Scale bar, 10 mm.



Figure 2. More Productive Infection of EV-A71 than CVA16 in the Differentiated Human Enteroids and Colonoids
The differentiated human enteroids (A) and colonoids (B) were inoculated with EV-A71 or CVA16 virus at an MOI of 0.01. Cell lysates and
culture media of the infected organoids were harvested at the indicated time points for the quantification of viral gene copy number and
viral titration, respectively. The viral gene copy in the cell lysate is normalized with the transcript of GAPDH and presented. The experiment
was performed three times independently. *p < 0.05 analyzed by Student’s t test, two tailed.
(C and D) The differentiated human enteroids were inoculated with EV-A71 or CVA16 virus at an MOI of 5. At 10 hpi, the infected- andmock-
infected enteroids were fixed, labeled, and applied to flow cytometry to evaluate the percentage of VP1-positive cells. (C) The histogram
shows the results of one representative experiment. (D) Mean and SD of three independent experiments are presented. *p < 0.05, **p <
0.01 analyzed by Student’s t test, two tailed.
by EV-A71 than CVA16 was reproduced in colonoids (Fig-

ure 4B). Interestingly, the induction of IFNs and ISGs was

stronger in enteroids than colonoids, whereas inflamma-

tory response, especially IL-6 induction, was more

vigorous in the colonoids. Collectively, EV-A71 stimulated

significantly higher induction of type III IFNs, ISGs, and

proinflammatory cytokines than CVA16 in the infected

enteroids and colonoids.

SARS-CoV Replicated More Actively in Differentiated

Enteroids than SARS-CoV-2 with Dampened Cellular

Response

As enteric involvement was reported in SARS patients

(Leung et al., 2003), we tested the susceptibility of human

enteroids to SARS-CoV. We inoculated the differentiated

enteroids with SARS-CoV and monitored viral growth,

and SARS-CoV-2 was inoculated in parallel for comparison.

As shown in Figure 5A, SARS-CoV robustly propagated in

the enteroids. At 48 hpi, viral loads in the culture media

increased by �4 log units. A significantly increased viral

titer of 4–5 log units was observed (Figure 5B). The replica-

tion capacity of SARS-CoV was significantly higher than
that of SARS-CoV-2. At 48 hpi, viral titer was approximately

2 log units higher in SARS-CoV than SARS-CoV-2. We also

detected the infection rates of two viruses in the differenti-

ated enteroids. At 10 h after an MOI of 2 inoculation,

approximately 3% of cells in the organoids were infected

by SARS-CoV and SARS-CoV-2; the two viruses displayed

similar infection rates at early time points after infection

(Figure S2).

We next examined the cellular response in SARS-CoV-

and SARS-CoV-2-infected human enteroids. As shown in

Figure 5C, SARS-CoV-2 infection elicited significant pro-

duction of IFN-l1 and IFN-l3, while neither type I nor

type II IFNs was induced, consistent with the observation

in enterovirus infections. ISGs were also significantly eli-

cited in SARS-CoV-2-infected enteroids (Figure 5D). In

contrast to the acute cytokine response in SARS-CoV-2-in-

fected enteroids, three types of IFNs and all the tested

ISGs were not stimulated in SARS-CoV-infected organoids,

in which viral replication was more prominent. We also

examined the cellular tropism of SARS-CoV and SARS-

CoV-2 in human enteroids. As shown in Figure 5E,most in-

fected cells in the enteroids were VIL1 positive, indicating
Stem Cell Reports j Vol. 16 j 493–504 j March 9, 2021 497



Figure 3. Cellular Tropism of EV-A71 and
CVA16 in Human Enteroids
The differentiated human enteroids were
inoculated with EV-A71 or CVA16 virus at an
MOI of 5 or mock-infected. At 10 hpi, the
infected and mock-infected human enter-
oids were fixed, co-labeled with a-VP1 and
a-Villin, and then applied to flow cy-
tometry.
(A) The histogram shows the results of one
representative experiment (left). Data in
the right panel show the mean and SD of
three independent experiments.
(B) At 10 hpi, EV-A71- and CVA16-infected
human enteroids, after fixation and co-
staining of a-VP1 (red) and a-Villin (green),
were applied to confocal imaging. Nuclei are
counterstained with DAPI (blue). Scale bar,
10 mm.
that enterocytes are themajor target cell of both SARS-CoV

and SARS-CoV-2. Collectively, both SARS-CoV and SARS-

CoV-2 productively infected human enteroids, in which

SARS-CoV replicated more robustly than SARS-CoV-2. In

contrast to the acute induction of cellular response in

SARS-CoV-2 infection, IFNs and ISGs were barely stimu-

lated in SARS-CoV-infected enteroids.
Enteroviruses and Coronaviruses Showed Differential

Sensitivity to Type III IFNs

Two enteroviruses and two coronaviruses exhibited dispa-

rate profiles of viral replication and IFN response, as

demonstrated above. Namely, higher replication of EV-

A71 than CVA16 triggered more vigorous IFN response in

the former. However, two coronaviruses showed an inverse

profile; more robustly replicated SARS-CoV than SARS-

CoV-2 was accompanied with weaker cellular response. It

is likely that, apart from the distinct induction of IFNs,

two enteroviruses and two coronaviruses may show differ-

ential susceptibility to the antiviral response triggered in

the early phase of infection, particularly the induction of

type III IFNs. To this end, we tested the sensitivity of these

viruses to IFN-l1 and IFN-l3, two IFN molecules that are

highly induced during early infections in intestinal orga-

noids. Vero-E6 cells that are defective in IFN production

were pre-treated with recombinant IFN-l1 or IFN-l3 for

18 h, infected with four viruses, and further incubated

with IFNs for 48 h. The propagation of EV-A71 (Figure 6A)

and CVA16 (Figure 6B) was significantly and comparably

suppressed by the IFN treatment. A significant viral reduc-
498 Stem Cell Reports j Vol. 16 j 493–504 j March 9, 2021
tion in the culture medium was demonstrated by viral load

detection and verified by viral titration. However, SARS-

CoV seemed refractory to both IFN-l1 and IFN-l3

treatment (Figure 6C). The viral titer of SARS-CoV-2 signif-

icantly decreased to 20%–30% by IFN-l3 treatment (Fig-

ure 6D). Therefore, the two enteroviruses are more or less

similarly susceptible to IFN-l treatment. However, two

highly pathogenic coronaviruses showdisparate sensitivity

to IFN-l treatment. SARS-CoV-2 is susceptible to IFN-l3,

while SARS-CoV seems resistant to both IFN-l1 and IFN-l3.
DISCUSSION

Human intestinal organoids, the first adult stem cell-

derived organoid culture, have become a popular and

robust in vitro model to study microbe-host interactions

in human intestinal cells (Ettayebi et al., 2016; Heo et al.,

2018). In this study, we sought to improve the differentia-

tion status of intestinal organoids through optimizing the

composition of the differentiationmedium. As a result, the

differentiated enteroids that are generated upon removal

of R-spondin and Noggin possess more enterocytes, mean-

while they harbor the other three mature intestinal cell

types. Our results suggest that the modified enteroids

enable better simulatation of the native human intestinal

epithelium (Figure 1), in which enterocytes account for

over 80% of all intestinal epithelial cells (Cheng and

Leblond, 1974). In the optimized intestinal organoids,

EV-A71 shows higher replication capacity in intestinal



Figure 4. EV-A71 Triggers More Vigorous
Cellular Response than CVA16 in Human
Enteroids and Colonoids
The differentiated human enteroids (A) and
colonoids (B) were inoculated with EV-A71
or CVA16 virus at an MOI of 5 or mock-in-
fected. At 10 hpi, cell lysates were harvested
to detect mRNA expression levels of IFNs
(top), ISGs (middle), and proinflammatory
cytokines (bottom). The results present fold
change of GAPDH-normalized expression
levels in the infected organoids relative to
that in the mock-infected organoids. Data
show the mean and SD of three independent
experiments. *p < 0.05, **p < 0.01, ***p <
0.001 analyzed by Student’s t test, two
tailed.
organoids than CVA16, although both viruses predomi-

nately target enterocytes (Figures 2 and 3). Both viruses

trigger a potent induction of type III IFNs, ISGs, and proin-

flammatory cytokines. Notably, the cellular response is

significantly more vigorous in EV-A71 infection than

CVA16 infection in enteroids and colonoids (Figure 4).

Namely, the higher replication of EV-A71 than CVA16

elicits more intensive cytokine response in intestinal orga-

noids. The profile of viral replication kinetics and cellular

response of EV-A71 and CVA16 in human intestinal orga-

noids may unravel the cellular basis of higher pathoge-

nicity of EV-A71 than CVA16 in patients. Clinically, enteric

infections of EV-A71 and CVA16 are commonly self-

limiting. This can be ascribed to the acute and potent elic-

itation of IFN-ls and ISGs in the intestinal epithelial cells,

which primes the innate and adaptive immune response,

and resolves the infection in a timely manner. Moreover,

the sensitivity to IFN treatment (Figures 6A and 6B) appar-

ently contributes to favorable clinical manifestations of

these enteroviruses.

We and others have previously reported productive

infection of MERS-CoV and SARS-CoV-2 in human intesti-

nal organoids (Lamers et al., 2020; Zhou et al., 2017,

2020a). Gastrointestinal symptoms, mainly in the form
of diarrhea, were very common in SARS patients. SARS-

CoV infection of human intestinal cells was verified by

electron microscopy of a patient’s endoscopic biopsies

(Leung et al., 2003). In this study, we demonstrated, for

the first time, active replication of SARS-CoV in human in-

testinal organoids, and examined the susceptibility of en-

teroids to SARS-CoV in comparison with SARS-CoV-2.

Notably, SARS-CoV replicates to a titer 1–2 log units higher

than SARS-CoV-2 within 2 days after infection (Figure 5).

The productive infection of both SARS-CoV and SARS-

CoV-2 in human intestinal organoids are not unexpected,

since the essential host factors for cellular entry of the

two viruses, cellular receptor ACE2 (angiotensin-convert-

ing enzyme 2), and virus activation protease TMPRSS2,

are highly expressed in the differentiated intestinal organo-

ids, as we demonstrated elsewhere (Zhou et al., 2020a).

SARS-CoV-2 replication in enteroids elicits a moderate in-

duction of IFN-l1 and IFN-l3, and a modest induction of

ISGs, which is consistent to our previous observation

(Zhou et al., 2020a). Intriguingly, more actively replicating

SARS-CoV triggers minimal cytokine response within the

same time frame. Given these observations, we believe

that coronaviruses, especially SARS-CoV, apparently

develop antagonism to evade IFN response in the early
Stem Cell Reports j Vol. 16 j 493–504 j March 9, 2021 499



Figure 5. Productive Infection and Cellular Tropism of SARS-CoV and SARS-CoV-2 in the Differentiated Human Enteroids
The differentiated human enteroids were inoculated with SARS-CoV or SARS-CoV-2 at an MOI of 1. Cell-free culture media were harvested at
the indicated time points to detect viral loads (A) and viral titer (B). The experiment was performed three times independently. *p< 0.05
analyzed by Student’s t test, two tailed.
(C and D) At 10 hpi of SARS-CoV or SARS-CoV-2 with an MOI of 2, the differentiated human enteroids were lysed and applied to detect mRNA
expression levels of IFNs (C) and ISGs (D). The results present the fold change of GAPDH-normalized expression level in the infected
enteroids relative to that in the mock-infected enteroids. Data show the mean and SD of three independent experiments. *p < 0.05, **p <
0.01, ***p < 0.001 analyzed by Student’s t test, two tailed.
(E) At 48 hpi, SARS-CoV- and SARS-CoV-2-infected human enteroids, after fixation and staining of a-NP (red) and a-Villin (green), were
applied to confocal imaging. Nuclei are counterstained with DAPI (blue).
Scale bar, 10 mm.
See also Figure S2.
phase of infection. Apart from this, we asked whether the

sensitivity of these viruses to type III IFNs could contribute

to the distinct dynamics of virus-host interaction. We note

that EV-A71 and CVA16 are comparably susceptible to IFN-

l treatment (Figure 6). SARS-CoV-2 is also significantly

sensitive to IFN-l3, whereas SARS-CoV is resistant to both

IFN-l3 and IFN-l1. Namely, in response to replicating en-

teroviruses, intestinal cells promptly mount a robust type

III IFN response, which in turn restricts virus propagation.

In contrast, SARS-CoV not only deploys antagonism to

evade IFN production in the infected intestinal cells, but

also shows an intrinsic resistance to IFN-l, the major anti-

viral player in the intestinal tissues. These mechanisms

synergistically give SARS-CoV an edge to robustly propa-
500 Stem Cell Reports j Vol. 16 j 493–504 j March 9, 2021
gate in intestinal organoids. SARS-CoV is phylogenetically

related to SARS-CoV-2 with 79%–82% sequence similarity

(Chan et al., 2020a). SARS-CoV emerged in 2002–2003

and infected more than 8,000 individuals with a case-fatal-

ity rate of approximately 10% (Perlman and Dandekar,

2005). Apart from the genetic relatedness, SARS-CoV-2

shares with SARS-CoV the same cell receptor, human

ACE2. Accordingly, we observed that SARS-CoV and

SARS-CoV-2 show a similar infection rate at early infection

(Figure S2). Nevertheless, the higher capacity to evade IFN

response and stronger resistance to IFN enable SARS-CoV

to achieve a higher replication potential than SARS-CoV-

2, and this may underlie the higher fatality rate of SARS-

CoV than SARS-CoV-2.



Figure 6. Differential Sensitivity of Enteroviruses and Coronaviruses to IFN-l
After 18 h pretreatment with recombinant IFN-l1 or IFN-l3, Vero-E6 cells were inoculated with EV-A71 (A) or CVA16 (B) at an MOI of 0.01,
or SARS-CoV (C) or SARS-CoV-2 (D) at an MOI of 0.001. IFN-l1 and IFN-l3 were supplemented after inoculation. At 48 hpi, cell-free culture
media were harvested to detect viral gene copy and viral titer. Results represent the viral load and viral titer in the organoids treated with
IFN-l1 or IFN-l3 relative to those in mock-treated organoids. Data show the mean and SD of three independent experiments. *p < 0.05,
**p < 0.01 analyzed by Student’s t test, two tailed.
Type I IFNs have been considered as key cytokines in the

frontline of cellular response against viral infections. How-

ever, the plethora of in vivo studies have demonstrated the

critical role of IFN-l in the immune protection of barrier tis-

sues, including the epithelium lining the respiratory and

gastrointestinal tract. Intestinal epithelial cells respond

exclusively to IFN-l because these cells show high levels

of the IFN-l receptor and low levels of the IFN-a/b receptor

(Wack et al., 2015). In addition, epithelial cells, including

intestinal epithelial cells, are potent inducers of IFN-l. In

mouse reovirus and norovirus infections, type I Ifn is indis-

pensable for the restriction of systematic infection, but vi-

rus control in the intestinal tract depends on the intact

type III Ifn signaling (Nice et al., 2015; Pott et al., 2011).

These findings are generally obtained from mouse studies.

The advent of adult stem cell-derived organoids provides

an abundant and readily available source of human epithe-

lial cells in which the interaction of native intestinal

epithelial cells with viruses can be resolved in culture

dishes. We and others reported the induction of type III

IFNs in virus-infected human intestinal organoids (Good

et al., 2019; Zhou et al., 2020a). While verifying the sensi-
tivity of enteroviruses to type III IFNs as described previ-

ously (Good et al., 2019), we further demonstrate that

SARS-CoV is resistant to IFN-l, in contrast to the phyloge-

netic-related SARS-CoV-2, which is both an active stimu-

lator of IFN-l and an acute responder to IFN-l.

We modified the differentiation protocol and generated

differentiated human intestinal organoids that better simu-

late human native intestinal epithelium. Our studies un-

ravel the distinct dynamics of the virus-host interaction

of enteroviruses and coronaviruses in human intestinal or-

ganoids. The competence of human intestinal organoids to

recapitulate enteric enterovirus and coronavirus infections

underscores the fact that these organoids as a physiologi-

cally relevant model to study biology and pathology in hu-

man intestinal tract.
EXPERIMENTAL PROCEDURES

Cell Culture and Virus Propagation
RD cell (ATCC, CCL-136) and Vero-E6 (ATCC, CRL-1586)

were cultured in Dulbecco’s modified Eagle’s medium (Gibco)

supplemented with 10% fetal bovine serum (Gibco) and
Stem Cell Reports j Vol. 16 j 493–504 j March 9, 2021 501



100 units/mL penicillin and streptomycin at 37�C with 5% CO2.

Clinical isolates of EV-A71 (GenBank accession number

DQ341368.1) and CVA16 were propagated and titrated in RD

cells with a 50% cell culture infective dose (TCID50) assay as

described elsewhere (Zhou et al., 2014). SARS-CoV-2 (GenBank

accession number MT230908) and SARS-CoV (GZ50, GenBank

accession number AY304495) were propagated in Vero E6 cells

and titrated as we described previously (Zhou et al., 2018). All ex-

periments with live viruses were conducted in biosafety level 2 or

3 laboratories upon institutional approval.
Establishment, Maintenance, and Differentiation of

Human Intestinal Organoids
After ethics approval by the institutional review board of the Uni-

versity of Hong Kong/Hospital Authority Hong KongWest Cluster

(UW13-364), human intestinal organoids were previously estab-

lished using the human small and large intestinal tissues from

patients who underwent surgical resection (Zhou et al., 2020a).

Human intestinal organoids are maintained in the expansion me-

dium and passaged every 7 days. To induce differentiation, 4 days

after passage, the expansion medium was replaced with three dif-

ferentiationmedia, H10, H5, and H0, and incubated for 5 days (Ta-

ble 1). Photomicrographs of the organoids were acquired using a

Nikon Eclipse TS100 inverted routine microscope.
Virus Infection and Detection
Differentiated intestinal organoids were shearedmechanically and

incubated with the indicated virus for 2 h at 37�C. After the inoc-

ulum was removed, the intestinal organoids were rinsed with PBS,

re-embedded in Matrigel and maintained in the differentiation

medium. To assess replication kinetics, enteroviruses and corona-

viruses were inoculated in organoids at MOIs of 0.01 and 1, respec-

tively. At the indicated hours after inoculation, cell-free culture

media were harvested and applied to RNA extraction using the

MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa), detection of

viral loads by qRT-PCR assay, and viral titration (Zhou et al.,

2014). Viral loads of EV-A71 and CVA16 were detected by qRT-

PCR assay (primer sequences are listed in Table S1), those of

SARS-CoV and SARS-CoV-2 were detected using a one-step qRT-

PCR assay (QuantiNova Probe RT-PCR Kit, QIAGEN), as described

elsewhere (Zhou et al., 2020a).
Quantification of Cellular mRNA Transcript by qRT-

PCR Assay
To assess the cellular response upon infection, the infected or

mock-infected human intestinal organoids were harvested at

10 hpi and applied to RNA extraction, followed by reverse tran-

scription and qPCR assay to measure mRNA expression levels of

cellular genes as described elsewhere (Zhang et al., 2019; Zhou

et al., 2019). In brief, cell lysates were applied to RNA extraction us-

ing a MiniBEST Universal RNA Extraction Kit (TaKaRa), followed

by reverse transcription using oligo(dT). The resultant cDNAs

were used for qPCRassaywith SYBRGreen IMaster (Roche) tomea-

sure mRNA expression level of cellular gene, which is normalized

with that of GAPDH, and presented. The primer sequences used

in qPCR assay are shown in Table S1.
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Flow Cytometry Analysis and Immunofluorescence

Staining
The infected or mock-infected human intestinal organoids were

dissociated into a single-cell suspension with TrypLE (Gibco) and

then fixed with 4% paraformaldehyde at 10 hpi. The fixed cells

were immune stained, followed by confocal imaging and flow cy-

tometry for the examination of infection rate and cell tropism. In

brief, after fixation and permeabilization, the human intestinal or-

ganoids were labeled with primary antibodies or antibodies of the

isotype control, followed by labeling with secondary antibodies.

Rabbit anti-Villin (ab130751), mouse anti-Lysozyme (ab36362),

mouse anti-CHGA (ab199014), rabbit (ab172730), and mouse

(ab18421) isotypic antibodies were purchased fromAbcam.Mouse

anti-Mucin 2 (sc-515032) and anti-dsRNA (10010500) were pur-

chased from Santa Cruz and Scicons, respectively. EV-A71- and

CVA16-infected cells were detected using in-house made mouse

anti-VP1 antibody, followed by fluorescein isothiocyanate

(FITC)-conjugated goat anti-mouse IgG (Life Technologies). Viral

structural protein VP1 is highly conserved in EV-A71 and CVA16.

SARS-CoV and SARS-CoV-2 were detected using in-house made

mouse anti-NP antibody (Zhou et al., 2020a), followed by

FITC-conjugated goat anti-mouse IgG (Life Technologies). Flow cy-

tometry analysis was performed using a BD FACSCanto II flow cy-

tometer (BD Biosciences), and the data were analyzed using FlowJo

v.10 (Tree Star, USA). For confocal imaging, nuclei and actin fila-

ments were counterstained with 40-6-diamino-2-phenylindole

(Thermo Fisher Scientific) and Phalloidin-647 (Sigma Aldrich),

respectively. The organoids were whole-mounted with ProLong

Gold antifade reagent (Life Technologies) and imaged using a

Carl Zeiss LSM 800 confocal microscope.
IFN Treatment
Recombinant IFN-l1 or IFN-l3 (300 ng/mL; 1598-IL-025 and

5259-IL-025, R&D Systems) were used to pretreat Vero-E6 cells

for 18 h before virus inoculation andmaintained in the cultureme-

dium throughout after inoculation. At 48 hpi, cell-free culture me-

dia were harvested and applied to RNA extraction and detection of

viral loads, and viral titration by TCID50 assay.
Statistics
Unpaired t test was performed for data analysis using GraphPad

Prism 6. A p value < 0.05 was considered to be statistically signifi-

cant. Data are presented as mean and standard deviation (SD) of

representative experiments.
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