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Coronaviruses belong to the Coronaviridae 
family of the order Nidovirales1. They are 
positive-sense strand RNA viruses with 
~30 kb RNA genomes and an envelope with 
surface ‘spikes’1. Historically, these viruses 
have not been considered highly pathogenic 
to humans because they cause only mild, 
self-limiting respiratory infections, that 
is, until the outbreak of severe acute 
respiratory syndrome (SARS) in 2002 (ref.2). 
In December 2019, an outbreak of severe 
acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection was reported in 
several hospitals in Wuhan (Hubei Province, 
China)3. Since then, the virus has infected 
>105 million people as of 8 February 2021, 
spreading to over 200 countries or regions 
worldwide4 and is the causative agent of 
the ongoing coronavirus disease 2019 
(COVID-19) pandemic.

There are three highly pathogenic 
coronaviruses, namely SARS-CoV, Middle 
East respiratory syndrome coronavirus 
(MERS-CoV)1 and SARS-CoV-2 (ref.3), 
which belong to the Betacoronavirus genus. 
They mainly infect the respiratory tract 

infiltrates >50% within 24–48 hours) and 
critical (that is, respiratory failure, septic 
shock, and/or multiple organ dysfunction 
or failure) disease were reported in 14% and 
5% of cases, respectively10. On admission, 
the most common symptoms were cough 
(67.8%) and fever (43.8%)11 and ground-glass 
opacity was the most common radiological 
finding on chest CT12.

Most studies have focused on 
SARS-CoV-2 infection and clinical 
symptoms in the respiratory tract. 
However, ACE2 is also highly expressed in 
the intestine13,14. According to a meta-analysis 
of data from a Hong Kong cohort published 
in 2020, 17.6% of patients with COVID-19 
have gastrointestinal symptoms15 and 
48.1% of faecal samples from patients with 
COVID-19 have tested positive for viral 
RNA15. Potential gastrointestinal infection 
and faecal–oral transmission should 
therefore be carefully considered.

In this Perspective, we summarize the 
gastrointestinal manifestations of COVID-19 
and the possible underlying mechanisms, the 
current lines of evidence showing intestinal 
infection, and the in vitro and in vivo models 
that are being used to study SARS-CoV-2 
intestinal infection. Additionally, we discuss 
the possible influence of intestinal infection 
on the immune response that might 
contribute to the so-called cytokine release 
syndrome (CRS), also known as ‘cytokine 
storm’, during viral pneumonia. Moreover, 
we discuss the remaining questions 
that need to be resolved surrounding 
SARS-CoV-2 intestinal infection and 
its potential faecal–oral transmission to 
stimulate the desperately needed research 
on this topic to improve our understanding 
of this pandemic.

Gastrointestinal symptoms in COVID-19
Multiple studies have reported 
gastrointestinal symptoms in patients with 
COVID-19. Diarrhoea, nausea, vomiting, 
anorexia and abdominal pain are described 
as the main gastrointestinal symptoms in 
most studies, although other gastrointestinal 
symptoms, such as acid reflux, upper 
gastrointestinal bleeding, haematochezia, 
constipation and melena, have also been 
reported in a few cases11,16–29 (Table 1). 
According to a meta-analysis that included 
10,890 patients, the pooled prevalence 

through attachment to the angiotensin- 
converting enzyme 2 (ACE2) receptor 
(SARS-CoV and SARS-CoV-2) or dipeptidyl 
peptidase 4 (DPP4) receptor (MERS-CoV)1,5.  
After entry, SARS-CoV, MERS-CoV 
and SARS-CoV-2 infections only 
induce a low or delayed interferon 
response6–8. As a consequence, the rapid 
viral replication triggers the release of 
pro-inflammatory cytokines and/or 
chemokines and massive infiltration of 
inflammatory cells6,7. These events, in 
severe cases, lead to acute lung injury 
and acute respiratory distress syndrome, 
which are the leading causes of death 
during SARS-CoV-2 infection9.

According to a report of 72,314 cases 
in China, the overall case-fatality rate was 
2.3%10. Mild to moderate disease, which 
was considered as non-pneumonia and 
mild pneumonia, was reported in 81% of 
cases10. Meanwhile, severe (that is, dyspnoea, 
respiratory frequency ≥30 breaths per 
minute, blood oxygen saturation ≤93%, 
partial pressure of arterial oxygen to fraction 
of inspired oxygen ratio <300, and/or lung 
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Table 1 | Studies reporting proportion of patients with COVID-19 with gastrointestinal symptoms

Study Region Time Total 
number of 
patients

Gastrointestinal symptom Point at which 
symptoms 
were reported

Gastrointestinal 
symptoms and disease 
severity

Studies in adults

Lin et al.25 Zhuhai, China 17 Jan to  
15 Feb 2020

95 Diarrhoea 5.3%; nausea 3.2%; 
anorexia 5.3%; acid reflux 1.1%

On admission No statistically significant 
difference in the clinical 
outcomes (remained in 
hospital, discharged or died)Diarrhoea 18.9%; nausea 

14.7%; vomiting 4.2%; anorexia 
12.6%; acid reflux 1.1%; 
epigastric discomfort 2.1%

During 
hospitalization

Papa et al.27,a Rome, Italy 15 Mar to  
14 Apr 2020

34 Any gastrointestinal 
symptoms 8.8%

On admission Gastrointestinal symptoms 
associated with reduced 
mortality

Any gastrointestinal 
symptoms 32.3%

During 
hospitalization

Jin et al.23 Zhejiang, China 17 Jan to  
8 Feb 2020

651 Diarrhoea 8.6%; vomiting 
2.15%; nausea 2.0%

On admission Gastrointestinal symptoms 
associated with severe 
disease

Zhou et al.16 Wuhan, China 29 Dec 2019 to 
31 Jan 2020

191 Diarrhoea 5%; nausea or 
vomiting 4%

On admission No statistically significant 
difference in mortality

Chen et al.24,a Baltimore, USA 9 Mar to  
15 Apr 2020

101 Diarrhoea 50%; nausea 30%; 
vomiting 14%; abdominal 
pain 26%; anorexia 53%; 
haematochezia 1%

On admission No correlation between 
gastrointestinal 
symptoms and increased 
hospitalization rate or 
ICU care needs

Ferm et al.17 New York, USA 14 Mar to  
1 Apr 2020

892 Diarrhoea 9.8%; nausea 
16.6%; vomiting 10.2%; loss 
of taste 2.4%; loss of appetite 
11.8%; abdominal pain 7.8%

On admission No difference in ICU 
admission, length of stay,  
or mortality

Remes-Troche 
et al.20

Veracruz, Mexico 1 Apr to  
5 May 2020

112 Diarrhoea 7.8%; vomiting 
7.1%; abdominal pain 9.8%

On admission No statistically significant 
difference in disease severity

Redd et al.22 Massachusetts, 
USA

Until 2 Apr 2020 318 Diarrhoea 33.7%; nausea 
26.4%; vomiting 15.4%; 
abdominal pain 14.5%; 
anorexia 34.8%; constipation 
0.94%; melena 0.63%; 
reflux 0.63%; dysphagia 
0.31%; odynophagia 0.31%; 
haematochezia 0.31%

During 
hospitalization

No correlation between 
gastrointestinal symptoms 
and disease severity

Wan et al.28 China 19 Jan to  
6 Mar 2020

232 Diarrhoea 21%; abdominal 
pain 1%; bloody stool 4%

During 
hospitalization

Gastrointestinal symptoms 
associated with severe 
symptoms of pneumonia

Díaz et al.18 Chile Until 11 Apr 
2020

7 ,016 Diarrhoea 7.3%; abdominal 
pain 3.7%

No distinction 
made

Gastrointestinal symptoms 
associated with a higher risk 
of hospitalization

Cholankeril 
et al.29

California, USA 4 Mar to  
24 Mar 2020

116 Diarrhoea 10.3%; nausea  
and/or vomiting 10.3%; 
abdominal pain 8.8%;  
loss of appetite 25.3%

No distinction 
made

No correlation between 
gastrointestinal symptoms 
and disease severity

Hajifathalian 
et al.21

New York, USA 4 Mar to  
9 Apr 2020

1,059 Diarrhoea 22%; abdominal 
pain 7%

No distinction 
made

Gastrointestinal symptoms 
associated with lower rates  
of death and ICU admission

Studies on paediatric patients

Xu et al.79 Guangdong, 
China

Until 20 Feb 
2020

10 Diarrhoea 30%; vomiting 0 On admission NA

Cai et al.81 China Jan 19 to  
3 Feb 2020

10 Diarrhoea 0% During 
hospitalization

NA

Lu et al.170 Wuhan, China 28 Jan to  
26 Feb 2020

171 Diarrhoea 8.8%; vomiting 6.4% No distinction 
made

NA

Fakiri et al.171 Marrakesh, 
Morocco

2 Mar to  
1 Apr 2020

74 Diarrhoea 5.4% No distinction 
made

NA
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estimates of gastrointestinal symptoms 
were diarrhoea (7.7%), nausea or vomiting 
(7.8%), and abdominal pain (2.7%)30. It is 
worth mentioning that different studies 
have adopted different criteria for what 
constitutes gastrointestinal symptoms. 
In some studies, gastrointestinal symptoms 
only included diarrhoea, nausea and 
vomiting16,19,23, whereas in others, symptoms 
such as loss of taste, abdominal pain and 
loss of appetite were also included17,24,25,29. 
For example, a multicentre study in 
China reported gastrointestinal symptoms, 
including diarrhoea (3.8%), nausea and 
vomiting (5%), as less common symptoms11, 
whereas one single-centre study in 
Baltimore, USA, reported gastrointestinal 
symptoms, including nausea, vomiting, 
diarrhoea, abdominal pain, anorexia, 
haematochezia, and loss of smell or 
taste, in more than 70% of patients with 
COVID-19 (ref.24). The great variation in the 
proportion of patients with gastrointestinal 
symptoms among different studies might 
also be related to geographical region30 
and whether symptoms were reported 
on admission or during hospitalization25. 
Moreover, patients might receive different 
medications for COVID-19, some of 
which are likely to induce diarrhoea as an 
adverse event, for example, lopinavir or 
antibiotics. In addition, given the differing 
epidemic prevention policies between 
regions, the lack of data on COVID-19 
in some communities, and the fact that 
mild cases are less reported or are not 
admitted to hospital in some regions, 
there might be deviations in the proportion 
of gastrointestinal symptoms reported 
between studies.

As a consequence, there is also 
disagreement among studies examining 
possible correlations between gastrointestinal 
symptoms and disease severity. According 
to an early meta-analysis that included 
3,022 patients from 9 studies, no statistically 
significant difference could be identified 
between patients with or without 
gastrointestinal symptoms (20.5% versus 
18.2%)31. Additionally, according to 
two studies in New York, patients with 
gastrointestinal symptoms had lower rates 
of death than those without gastrointestinal 
symptoms (8.5% versus 16.5% and 0% 
versus 5%, respectively)21,32. Consistent with 
that finding, a single-centre study in Italy 
reported that the presence of gastrointestinal 
symptoms was inversely associated with the 
risk of clinical deterioration19. By contrast, 
a later meta-analysis that included 4,243 
patients from 60 studies globally revealed that 
the pooled prevalence of all gastrointestinal 
symptoms was higher in patients with 
severe disease than in patients with mild 
disease (17.1% versus 11.8%)15. Moreover, 
a multicentre study in China found that 
more patients with diarrhoea showed severe 
symptoms of pneumonia than did patients 
without diarrhoea (53% versus 19%)28. 
Further prospective studies with consistent 
standards for describing gastrointestinal 
symptoms and that exclude adverse 
effects caused by medications are required 
to determine whether gastrointestinal 
symptoms have a bona fide correlation 
to disease severity.

Diarrhoea is the most common gastro
intestinal symptom in COVID-19; 2–50%  
of patients with COVID-19 have been 
reported to have diarrhoea11,16–29 (Table 1).  

According to a study of 651 patients in 
Zhejiang, China, among 53 patients with 
diarrhoea, the duration of diarrhoea lasted 
1–9 days and, in most cases, the diarrhoea 
was self-limiting23. The adverse events 
related to treatments provided during  
hospitalization can partially explain the  
diarrhoea symptoms reported by some 
patients with COVID-19. In one open-label, 
phase II trial, 127 adults with COVID-19 
were administered lopinavir–ritonavir33;  
the adverse effects included self-limited  
nausea and diarrhoea in 52 (41%) patients,  
which were mostly resolved within  
3 days after drug initiation. Interestingly,  
a 22-year-old man with COVID-19 showed 
no respiratory symptoms but did present a 
4-day history of diarrhoea and low-grade 
fever at the onset of illness34. Furthermore, 
according to a single-centre case series 
study (n = 138) in Wuhan, China, 10.1% of 
patients initially presented with diarrhoea 
and nausea 1–2 days prior to the develop-
ment of fever and dyspnoea35. These studies 
suggest that gastrointestinal symptoms 
might be a symptom of onset in some 
patients with COVID-19.

Notably, patients with other respiratory 
virus-related diseases, including SARS, 
MERS36 (Table 2) and even severe 
influenza, also present with gastrointestinal 
symptoms37,38. For example, 20% of 
patients with SARS reported diarrhoea39. 
Furthermore, 97% (65 of 67) of patients 
with SARS reportedly tested positive for 
SARS-CoV RNA in faeces40, and an autopsy 
study of 5 patients showed infection in 
a limited number of enterocytes and 
lymphocytes41. As many as one-third 
of patients with severe MERS reported 

Study Region Time Total 
number of 
patients

Gastrointestinal symptom Point at which 
symptoms 
were reported

Gastrointestinal 
symptoms and disease 
severity

Studies on paediatric patients (cont.)

de Ceano-Vivas 
et al.172

Madrid, Spain 11 Mar to  
9 Apr 2020

58 Diarrhoea 12.1%; vomiting 
15.5%

No distinction 
made

NA

Mahmoudi 
et al.173

Tehran, Iran 7 Mar to  
30 Mar 2020

35 Diarrhoea 26%; vomiting 
29%; abdominal pain 11%

No distinction 
made

NA

CDC 
COVID-19 
Response 
Team174

USA 12 Feb to  
2 Apr 2020

291 Diarrhoea 13%; nausea  
and/or vomiting 11%; 
abdominal pain 5.8%

No distinction 
made

NA

Parri et al.175 Italy 3 Mar to  
27 Mar 2020

100 Diarrhoea 9%; nausea  
or vomiting 10%

No distinction 
made

NA

Table 1 contains selected studies that take sample size, region, symptom collection time point (on admission or during hospitalization) and research methods 
(prospective or retrospective) into consideration. In detail, studies on adult patients that clarified whether the gastrointestinal symptoms were collected before or 
after admission and with a sample size >100 were included; the two studies that distinguish the symptoms on admission and during hospitalization are placed but 
samples <100 are placed at the top of the table. Two studies in Chile and California, with a sample size of >100 but missing the symptom collection time point, were 
included owing to the few studies in these regions. One New York study with a large sample size was also included. The number of paediatric studies containing 
gastrointestinal symptoms are limited; studies in different regions with symptom collection time point or a sample size >35 were included. CDC, Centers for 
Disease Control and Prevention; COVID-19, coronavirus disease 2019; ICU, intensive care unit; NA, not available. aProspective study.

Table 1 (cont.) | Studies reporting proportion of patients with COVID-19 with gastrointestinal symptoms
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gastrointestinal symptoms42 and, in one 
study, 14.6% tested positive for viral RNA in 
faecal samples43. According to several cohort 
studies, 40–70% of patients infected with 
H5N1 had gastrointestinal symptoms38,44,45 
and, in one case report, diarrhoea preceded 
respiratory manifestations by up to 1 week46. 
Interestingly, influenza is actually an enteric 
virus in birds47,48 and other coronaviruses, 
such as mouse hepatitis virus and bovine 
coronavirus49,50, also establish intestinal 
infection in animals.

The mechanism of diarrhoea in patients 
with COVID-19 is still largely unknown. 
Experimental studies from other viruses 
have indicated that several factors might 
lead to diarrhoea, including alterations in 
gut microbiota51,52, osmotic diarrhoea due 
to malabsorption or inflammation that 
is secondary to enterocyte damage53,54, 
release of virulent proteins or toxins53, 
and viral-induced intestinal fluid and 
electrolyte secretion by activation of the 
enteric nervous system55. Two retrospective 
studies of 87 patients with COVID-19 
showed that patients with diarrhoea are 
more likely to test positive for viral RNA 
in stool15,18 and, in one study (n = 59), the 
faecal viral load was positively associated 
with diarrhoea (P = 0.06)15. This aspect 
is similar to what was observed during 
SARS-CoV infection56, indicating a potential 
correlation between intestinal infection 
and diarrhoea. Notably, the histological 
examination of both patients with SARS 
and patients with COVID-19 in several case 
studies showed that the mucosal epithelium 
of the duodenum and rectum had no major 
damage39,57–60. Considering the limited 
number of cases, more histological analyses 
are needed to determine whether there is 
enterocyte damage in the intestine, which 
could lead to diarrhoea.

Immune mechanisms have been 
proposed to play an important role in viral 
diarrhoea such as in norovirus infections61. 
Indeed, inflammatory immune responses 
in patients with COVID-19 with diarrhoea 
have been reported. Calprotectin, which 
is an inflammatory marker secreted by 
infiltrated neutrophils, was detected in 
high concentrations in the faecal samples 
of 22 patients with COVID-19 with 
diarrhoea62, highlighting the potential 
involvement of inflammation. Additionally, 
according to a mouse study, excessive levels 
of inflammatory factors caused by lung 
infection of influenza might also exacerbate 
diarrhoea symptoms through changes 
in composition of the gut microbiota, 
including decreased levels of segmented 
filamentous bacteria and Lactobacillus 
and/or Lactococcus as well as an increase 
in Enterobacteriaceae, independently of 
direct intestinal infection52. In several 
cases, patients with COVID-19 with 
gastrointestinal symptoms had no 
detectable viral RNA in stool15,63, which 
suggests that SARS-CoV-2 could also 
cause diarrhoea that is independent of 
intestinal infection.

Further studies are needed to investigate 
the specific mechanisms underlying the 
gastrointestinal symptoms caused by 
SARS-CoV-2 infection. For example, 
a comparison of the proportion of 
gastrointestinal symptoms among patients 
with or without detectable virus in the 
intestine would be useful to understand 
the contribution of direct intestinal infection 
on the occurrence of gastrointestinal 
symptoms. Given that ACE2 has been 
shown to function in gut microbial ecology64 
and that alterations in the gut microbiota 
of patients with COVID-19 have been 
reported65,66, investigations are warranted 

to determine whether these alterations in gut 
microbiota are related to intestinal peristalsis 
and diarrhoea.

Evidence of intestinal infection
Intestinal expression of SARS-CoV-2 
receptor and serine protease. Cell entry of 
SARS-CoV-2 is dependent upon binding 
of its spike (S) proteins to the cellular surface 
protein ACE2; priming of S proteins by 
host cell transmembrane serine protease 2 
(TMPRSS2) is also essential67. Analyses of 
single-cell transcriptomics data in humans 
revealed that ACE2 and TMPRSS2 are 
co-expressed in lung alveolar type 2 cells, 
oesophageal upper epithelial and gland 
cells, and in absorptive enterocytes from 
the ileum and colon68. Notably, absorptive 
enterocytes in the small intestine were found 
to express the highest levels of ACE2 in the 
human body14. Meanwhile, a small fraction 
of human colon epithelial cells expressed 
ACE2 at moderate levels69.

According to immunohistochemistry 
studies of ACE2, an abundant expression 
of ACE2 can be observed in the brush 
border of the intestinal enterocytes in 
the ileum70,71. ACE2 is also present in the 
vascular endothelium and vascular smooth 
muscle cells in the submucosa of the ileum70. 
In the colon, ACE2 is mainly present in 
the blood vessels and muscular layers70, 
consistent with single-cell transcriptomics 
data showing that relatively few colon 
epithelial cells express ACE2 (ref.69). Taken 
together, the expression patterns of ACE2 
and TMPRSS2 indicate the potential for 
SARS-CoV-2 intestinal infection (Fig. 1).

Detection and isolation of SARS-CoV-2 from 
faeces. Multiple studies have reported the 
positive detection of SARS-CoV-2 RNA in 
faecal samples or rectal swabs from patients 
with COVID-19 (refs15,59,72–85) (Table 3). 
According to a retrospective cohort study in  
Zhejiang, China, viral RNA was detected  
in the stool of 59% (55 of 93) of patients86. 
The median duration of viral RNA in stool 
was 22 days86. Viral loads from stool samples 
were found to peak later in the disease, 
generally 2–3 weeks after symptom onset86,87. 
The viral RNA load in stool samples 
apparently reflected the course in sputum in 
86% (6 of 7) of cases in a study in Germany88. 
However, in some patients, faecal samples 
remained positive for virus even after the 
respiratory and/or sputum samples exhibited 
no detectable virus79,88. In some cases, the 
viral load in faeces reached 107 copies/g 
(ref.88), even higher than that in pharyngeal 
swabs. The presence and persistence of 
such large amounts of viral RNA in faeces 

Table 2 | Comparison of SARS-CoV-2, SARS-CoV and MERS-CoV infection

Characteristics SARS-CoV-2 (refs4,30,83) SARS-CoV36,40 MERS-CoV36,43

Epidemiology

Confirmed cases 105,658,476a 8,096 2,519

Mortality (%) 2.2a 9.6 34.4

Incubation period (days) 1–14 2–14 2–14

Gastrointestinal characteristics

Nausea (%) 7.8 20–35 21.0

Vomiting (%) 7.8 20–35 21.0

Diarrhoea (%) 7.7 20–25 26.0

Percentage of patients with 
positive faecal samples

55.0 97.0 14.5b

MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV, severe acute respiratory syndrome 
coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. aAs of 8 February 2021 
according to the WHO. bPercentage of faecal samples tested positive.
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is unlikely to be explained by only the 
swallowing of virus particles replicated in 
the throat but rather suggests the potential 
for enteric infection of SARS-CoV-2.

The viral SARS-CoV-2 subgenomic 
mRNA (sgmRNA) is transcribed in actively 

replicating cells and SARS-CoV-2 sgmRNA 
has been detected in faecal samples of one 
patient, indicating the presence of actively 
infected cells in the gastrointestinal tract88. 
As sgmRNAs are not packaged into virions, 
it is therefore unlikely that they can pass 

through the gastrointestinal tract following 
their digestion by RNAse. Consistently, 
sgmRNAs last longer in faeces than in throat 
swabs, indicating that they are unlikely 
to be derived from the respiratory tract88. 
In addition, infectious virus particles have 
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Fig. 1 | Evidence of SARS-CoV-2 intestinal infection. This figure shows 
the putative mechanisms for severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) intestinal infection. Angiotensin-converting enzyme 2 
(ACE2) is mainly expressed on the brush border of enterocytes in the ileum 
and colon. Cell entry by SARS-CoV-2 (1) begins with the binding of spike (S) 
proteins to ACE2. Host cell transmembrane serine protease 2 (TMPRSS2) 
cleaves the S protein. Subsequently, the cell membrane fuses with the viral 
membrane and SARS-CoV-2 genomic RNA is released into the cytoplasm. 
Based on human intestinal organoid studies, SARS-CoV-2 primarily infects 
enterocytes but not goblet cells. The double membrane structure produced 
by virus replication (2) can be observed in the infected cells and the virus 
protein can be detected in the endoplasmic reticulum (ER). Newly assem-
bled viral particles were released predominantly from the apical side into 
the lumen. The detection of subgenomic mRNA (sgmRNA) can serve as evi-
dence of active viral replication in the intestine. SARS-CoV-2 infection acti-
vates an interferon-mediated immune response (3) in human organoids. 
Levels of the intestinal epithelial cell-specific inflammatory factor IL-18, 
which is activated by inflammasomes, have been shown to increase in 

patients with severe coronavirus disease 2019 (COVID-19). However, how 
SARS-CoV-2 triggers immune response in the gut in humans is not yet well 
understood, including the role of inflammatory factors caused by intestinal 
infection and their contribution to cytokine release syndrome (CRS), and 
requires further investigation. The histological examination of human intes-
tinal samples revealed that lymphocytes and inflammatory cells infiltrated 
the lamina propria (4). Patients with diarrhoea exhibited increased faecal 
calprotectin levels, released mainly by infiltrated neutrophils. However, 
whether intestinal infiltrations of T cells, B cells, macrophages and neutro-
phils as well as of their secreted cytokine and IgA are correlated with dis-
ease severity is still unknown. SARS-CoV-2 infection altered the gut 
microbiota community structure (5). The enrichment of opportunistic path-
ogens and the depletion of beneficial commensals was observed in patients 
with COVID-19. These changes were correlated with the expression of 
inflammatory factors in the serum of these patients. However, whether the 
microbiota profile can predict the occurrence of CRS and whether 
modulation of the microbiota can resolve CRS need further study.  
IEL, intraepithelial lymphocyte.
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been successfully isolated from patients’ 
faeces89–92. The combination of very high 
concentrations of viral RNA, the detection 
of sgmRNA and the prolonged detectability 
in faecal samples compared with respiratory 
samples strongly suggests that SARS-CoV-2 
actively replicates in the gastrointestinal 
tract (Fig. 1).

Endoscopic and histological examination in 
COVID-19. Endoscopy and biopsy samples 
of the oesophagus, stomach, duodenum 
and colon were taken from a 78-year-old 
patient with COVID-19 in Guangdong 
Province, China, who showed symptoms 
of upper gastrointestinal bleeding59. 

Staining for nucleocapsid proteins of 
SARS-CoV-2 revealed their presence 
in the gastrointestinal epithelium but 
not in the oesophageal epithelium in this 
patient. However, no substantial damage to 
the mucosal epithelium of the oesophagus, 
stomach, duodenum or rectum was observed. 
Numerous infiltrating plasma cells and 
lymphocytes with interstitial oedema were 
found in the lamina propria of the stomach, 
duodenum and rectum of this patient, which 
indicated an inflammatory response in the 
digestive system caused by SARS-CoV-2 
infection (Fig. 1).

A similar phenomenon was also found 
in one patient with rectal adenocarcinoma 

who developed fever and cough on day 3 
postoperatively and was diagnosed with 
COVID-19 on day 7 (ref.60). SARS-CoV-2 
RNA was detected in surgical rectal tissues 
and virions were observed under electron 
microscopy of the surgical tissues on day 0. 
These results implied that the virus might 
have survived and replicated in the intestine 
even before respiratory symptoms appeared. 
SARS-CoV-2 antigens were detected 
in intestinal epithelial cells as well as in 
lymphocytes and macrophages of the lamina 
propria60, similar to what has been described 
for SARS-CoV41.

Furthermore, a study that included 
pathological analysis of colonoscopy 
samples from one patient with COVID-19 
confirmed SARS-CoV-2 infection in the 
colon by in situ hybridization for viral RNA 
and by electron microscopy93. Importantly, 
substantial damage to the colon mucosa 
marked by injury to the luminal epithelial 
cells and goblet cell depletion was detected 
in colonoscopy samples93, which was not 
observed in two previous studies59,60. Taken 
together, although more histological analyses 
might be needed to determine whether there 
is enterocyte damage in the intestine, the 
endoscopic and histological examination 
in patients with COVID-19 provides direct 
evidence of active SARS-CoV-2 replication 
in the intestine.

Increased intestinal levels of 
pro-inflammatory cytokines and 
calprotectin. CRS is considered a leading 
cause of severe pneumonia and even death 
during SARS-CoV-2 infection9. Following 
an early increase in type 1 (antiviral, 
interferons) and type 3 (antibacterial or 
antifungal, IL-17 and IL-22) immune 
responses, patients with moderate 
COVID-19 (n = 80) displayed a progressive 
reduction in plasma cytokine levels94. 
However, patients with severe disease 
(n = 33) maintained these elevated responses 
for approximately 20 days after the onset 
of symptoms94. Higher plasma levels of both 
pro-inflammatory and anti-inflammatory 
cytokines IL-2, IL-6, IL-7, IL-10, GM-CSF, 
IP10, CCL2 (also known as MCP1), MIP1α 
and TNF have been detected in patients with 
severe disease compared with those with 
moderate disease94,95. Moreover, histological 
examination of autopsy samples from a 
patient with severe COVID-19 showed 
bilateral diffuse alveolar damage and 
mononuclear inflammatory lymphocytes 
in both lungs96. Together, these studies 
indicated that CRS probably plays a major 
role in causing acute respiratory distress 
syndrome and death94–96.

Table 3 | Summary of patients with SARS-CoV-2-positive faecal or rectal swabs

Author Region Number of 
patients 
with positive 
stool/rectal 
swab sample

Duration 
of positive 
infection 
(days)

Patients with 
positive stool/
rectal sample 
after negative 
respiratory 
system samples

Duration 
after positive 
respiratory 
system 
samples 
(days)

Adult patients

Lin et al.72 Guangzhou, 
China

46/217 (21.2%) 3–18 30/46 (65.2%) 3–15

Ling et al.73 Shanghai, 
China

54/66 (81.8%) 9–16a 43/55 (78.2%) 1–4

Cheung et al.15 Hong Kong, 
China

9/59 (15.3%) Data 
collection on 
presentation

NA NA

Kujawski 
et al.74

USA 7/12 (58.3%) 1–12 1/7 (14.3%) 1

Lo et al.75 Macau, China 9/9 (100%) 1–18 1/9 (11.1%) 6

Young et al.76 Singapore 4/8 (50%) 1–7 1/4 (25%) 5

Paediatric patients

Hua et al.77 Zhejiang, 
China

32/35 (91.4%) NA 18/35 (51.4%) on 
discharge

>70 days in 
one child 
since illness 
onset

Han et al.78 Seoul, Korea 11/12 (91.6%) 80% positive 
>3 weeks

NA NA

Xu et al.79 Guangzhou, 
China

8/10 (80%) 3–28a 8/8 (100%) 3–30a

Liu et al.80 Shanghai, 
China

8/9 (89%) 28–66 8/8 (100%) 14–52

Cai et al.81 China 5/6 (83.3%) 18–30a 5/5 (100%) 11–18

Xing et al.82 Qingdao, 
China

3/3 (100%) 6–30 3/3 (100%) 8–20

No distinction made

Wu et al.83 Zhuhai, China 41/74 (55.4%) 1–39 32/41 (78%) 1–33

Xiao et al.59 Guangzhou, 
China

39/73 (53.4%) 1–12a 17/39 (43.6%) NA

Chen et al.84 Wuhan, China 28/42 (66.7%) 1–21a 18/28 (64.3%) 6–10

Kim et al.85 Korea 8/15 (53.3%) 1–7 2/8 (25%) 3–9

This is a table with selected studies; studies that were published before 1 Aug 2020, sample size ≥3, and 
proportion and duration of positive virus in the stool of the patients with COVID-19 were selected. NA, not 
available; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. aSome patients remain positive 
at last follow-up.
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Increasing evidence of enteric infections 
with SARS-CoV-2 highlights the possible 
influence of intestinal inflammation on 
gastrointestinal symptoms and even on lung  
symptoms associated with COVID-19. 
Faecal calprotectin, which is largely 
expressed by neutrophil granulocytes, has 
been widely adopted as a reliable faecal 
biomarker of intestinal inflammation97.  
In a study including 40 Australian  
patients, patients with COVID-19  
with diarrhoea (n = 22), and especially 
9 patients with ongoing diarrhoea, had 
elevated faecal calprotectin concentrations 
compared with patients with COVID-19 
without diarrhoea (n = 18)62. Moreover, 
faecal calprotectin production was 
significantly positively correlated with 
serum IL-6 concentration (P < 0.001)62. 
The intestine produces high levels of 
IL-6 (refs98–100), indicating a potential 
contribution of intestinal calprotectin 
and/or IL-6 in the increased serum IL-6 
concentrations observed in patients with 
severe COVID-19 (ref.94). Intriguingly, 
tocilizumab, a recombinant humanized 
anti-human IL-6 receptor monoclonal 
antibody, immediately improved the 
clinical outcomes of 21 patients with 
severe and critical COVID-19 in a single 
arm trial101,102. However, in a randomized, 
double-blind, placebo-controlled phase III 
trial of 243 patients, tocilizumab was not 
effective in preventing intubation or death 
in moderately ill hospitalized patients 
with COVID-19 within 28 days (17 of 161 
(10.6%) versus 10 of 80 (12.5%); P = 0.64), 
although there were fewer severe cases in 
the tocilizumab-treated group than in the 
placebo-treated group (13 of 161 (8.1%) 
versus 14 of 81 (17.3%); P = 0.03)103. In 
another phase III trial of 389 hospitalized 
patients with COVID-19 pneumonia who 
were not receiving mechanical ventilation, 
tocilizumab reduced the composite outcome 
of mechanical ventilation or death (12% 
versus 19.3%; P = 0.04) by day 28 (ref.104). 
However, when death from any cause alone 
was evaluated as a secondary outcome, 
no statistically significant difference was 
observed between the tocilizumab group 
and the placebo control group (10.4% versus 
8.6%)104. Moreover, a randomized clinical 
trial of 131 patients with moderate-to-severe 
COVID-19 comparing the effect of 
tocilizumab versus standard of care 
(antibiotics, antiviral agents, corticosteroids, 
vasopressor support and anticoagulants) 
showed that tocilizumab might reduce 
the need for mechanical and non-invasive 
ventilation or death by day 14 (17% versus 
27%) but not mortality by day 28 (ref.105). 

Further studies are necessary to confirm 
these observations, especially testing the 
effects of tocilizumab on patients with 
COVID-19 at different stages across the 
disease course and with different severities 
of the disease.

Interestingly, the level of another 
inflammatory cytokine mainly expressed in 
intestinal epithelial cells, IL-18 (refs106–108), 
was found to increase upon fever onset and 
remain highly elevated in the acute phase 
of SARS-CoV infection in 88 patients109. 
Similarly, three studies respectively found 
that IL-18 levels were markedly increased 
in the serum94,110 or faeces65 of patients 
with COVID-19 and that increased levels 
of IL-18 were positively correlated with 
severe disease94. IL-18 maturation is 
induced by the activation of the intestinal 
inflammasome106,108,111. IL-18 participates in 
several inflammatory diseases (for example, 
inflammatory bowel disease, metabolic 
syndrome and type 2 diabetes mellitus) 
and lung diseases (for example, allergic 
asthma, chronic obstructive pulmonary 
disease and acute lung injury)112–114. Based 
on experimental and clinical evidence, 
neutralizing IL-18 by anti-IL-18 antibody 
or its natural inhibitor, soluble IL-18 
binding protein (IL-18BP), can attenuate 
the inflammatory conditions112,115,116. 
Interestingly, IL-18 is elevated in patients 
with COVID-19 but not in patients with 
seasonal influenza65. Additionally, the IL-18 
levels were higher in the faecal supernatants 
obtained from patients with COVID-19 
who tested positive for SARS-CoV-2 
RNA than in those faecal samples that 
tested negative, suggesting that IL-18 can 
potentially serve as an indicator for intestinal 
infection in COVID-19 (ref.65). We postulate 
that intestinal release of IL-18 during 
SARS-CoV-2 enteric infection might also 
be involved in CRS in COVID-19. Further 
investigations into the correlation between 
IL-18 expression and disease severity could 
facilitate the potential application of IL-18 
blockade in patients with severe COVID-19 
with intestinal infection (Fig. 1).

Alterations in the gut microbiota in 
COVID-19. Previous studies have shown 
that respiratory viral infections are 
associated with altered gut microbiota 
composition52,117,118. Several groups have 
investigated changes in the faecal microbiota 
of patients with SARS-CoV-2 infection 
during hospitalization66,119. Consistently, 
an enrichment of opportunistic pathogens 
(such as Clostridium hathewayi, Actinomyces 
viscosus, Bacteroides nordii and Streptococcus 
spp.) concurrent with the depletion 

of beneficial commensals (including 
members of the Ruminococcaceae and 
Lachnospiraceae families) was observed 
in 15 patients with COVID-19 compared 
with healthy controls in a pilot study119. 
Specifically, in one patient, gut dysbiosis 
persisted for as long as 17 days after 
discharge119. The genus Coprobacillus,  
which contains species that strongly 
upregulate colonic expression of ACE2  
in mice120, were the top bacteria positively 
associated with COVID-19 severity119. In 
addition, four Bacteroides species, which 
were associated with downregulation of 
ACE2 expression in the murine colon120, 
showed a statistically significant inverse 
correlation with faecal SARS-CoV-2 
load119. Moreover, another study compared 
alterations in gut microbiota among 62 
patients with COVID-19, patients with 
seasonal influenza and healthy individuals 
as controls65. An analysis of alpha diversity 
showed a statistically significant decrease 
in mean species diversity (chao1 index) in 
patients with SARS-CoV-2 compared with 
both patients with influenza and healthy 
controls. Moreover, patients with COVID-
19 had a relatively higher abundance of 
Streptococcus, Clostridium, Lactobacillus, 
and Bifidobacterium and lower levels of 
Bacteroidetes, Roseburia, Faecalibacterium, 
Coprococcus and Parabacteroides compared 
with healthy individuals as controls, with 
IL-18 expression strongly correlating 
with several bacteria genera such as 
Peptostreptococcus, Fusobacterium and 
Citrobacter65. These observations bring a 
potential connection between microbiota 
dysbiosis and infection and/or inflammation 
caused by SARS-CoV-2 in the intestine. 
It is worth noting that the patients with 
COVID-19 involved in those studies 
were under medical care; further studies 
on treatment-naive patients would be of 
benefit to better characterize the connection 
between SARS-CoV-2 infection and gut 
microbiota.

Given that SARS-CoV-2 infection has 
been shown to lead to specific alterations 
in the gut microbiota, further study of 
the relationship between shifts in gut 
microbial communities and cytokine 
release will help to determine whether 
these changes directly or indirectly 
affect serum cytokine levels in patients. 
In addition, as gut microbiota-derived 
metabolites play important roles in the 
maintenance of intestinal homeostasis121–123, 
and given that several metabolites, such 
as acetate and butyrate, reportedly protect 
against respiratory virus infection in mice 
studies124,125, analyses of gut metabolism 
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in patients with COVID-19 would also 
be informative of whether alterations in 
microbiota can cause aberrant immune 
responses.

Intestinal infection models
In vitro models for SARS-CoV-2 intestinal 
infection. Several studies based on human 
cell lines and organoids have confirmed 
that SARS-CoV-2 can infect intestinal cells 
in vitro69,92,126–128 (Table 4). SARS-CoV-2 
was reported to infect cells of the colon 
carcinoma-derived lines T84 and Caco-2 
(refs69,126), both of which were found to 
express ACE2 and TMPRSS2, as confirmed 
by quantitative PCR69. Interestingly, much 
higher amounts of infectious viral particles 
were produced in Caco-2 cells than in 
the human lung adenocarcinoma cell 
line Calu-3 (the virus titres were about 
104 median tissue culture infectious dose 
(TCID50)/ml produced by Calu-3 cells 
versus 108 TCID50/ml produced by Caco-2 
cells when infected with SARS-CoV-2 at 
a multiplicity of infection of 3)69.

Intestinal organoids can also be used as 
a convenient model to study intestinal viral 
infections such as rotaviral infection106,129. 
Indeed, SARS-CoV-2 can readily infect 

human small intestine organoids127,128. 
Infection of proliferative enterocyte 
progenitors or ApoA1+ enterocytes, but 
not goblet cells, has been reported. Mature 
viral particles were released from the 
basolateral and apical cells of the lumen128. 
Transcriptomic or quantitative PCR 
analysis of SARS-CoV-2-infected intestinal 
organoids revealed a strong induction 
of interferon-stimulated genes, although 
the ability of SARS-CoV-2 to induce a 
type I and/or type III interferon response 
varies among different studies92,127,128. 
SARS-CoV-2 was also reported to infect 
human colon-derived organoids69,92,93. 
Quantification revealed that ~10% of 
cells were infected in colon organoids, 
consistent with the low percentage of colon 
epithelial cells found to express ACE2 in 
single-cell transcriptomics data69. The 
infection of colon organoids did not lead 
to type I interferon (IFNβ1) production69,92 
but did result in a strong upregulation of 
type III interferon (IFNλ)69. Interestingly, 
both human lung organoids and colonic 
organoids were cultured in one study93 
and, although only lung organoids were 
used to screen drug candidates that are 
capable of inhibiting SARS-CoV-2 entry, 

colonic organoids were used for drug 
efficacy testing and showed similar results 
as lung organoids, suggesting that intestinal 
organoids can also serve as a highly relevant 
infection model to test viable candidate 
therapeutics93.

As SARS-CoV-2 showed 96% identity to 
the bat coronavirus BatCoV RaTG13 (ref.3) 
and the intestine of Chinese horseshoe bat 
is considered the reservoir of many related 
coronaviruses130,131, bat intestinal organoids 
have been cultured to explore SARS-CoV-2 
replication in the bat gut92. Indeed, bat 
organoids were fully susceptible to human 
SARS-CoV-2 infection and sustained robust 
viral replication92. These findings indicated 
that bat intestinal organoids could therefore 
also be used for mechanistic studies of 
SARS-CoV-2 intestinal infection. Taken 
together, these in vitro studies strongly 
suggest that SARS-CoV-2 can enter and 
replicate in intestinal epithelial cells.

Evidence of intestinal SARS-CoV-2 infection 
in animal models. SARS-CoV-2 cannot 
infect wild-type mice132 as the entry 
of SARS-CoV-2 relies on the binding of 
human ACE2 (hACE2) but not of mouse 
ACE2. Thus, many efforts have been made 
to establish suitable animal models for 
mimicking specific aspects of SARS-CoV-2 
infection in humans133–139 (Table 4).

Mice expressing hACE2 have been widely 
used for SARS-CoV-2 infection133,138,140; 
the adenovirus-mediated expression 
of hACE2 in the lung of the mice, for 
example, can serve as a useful model 
for COVID-19 pathogenesis, vaccination 
and treatment140. However, as hACE2 
is transiently expressed in the lung via 
intranasal adenovirus inoculation, virtually 
no viral RNA was detected in the intestines 
of AdV-hACE2-transduced mice140. 
The targeted infection of the intestine 
by hACE2-expressed adenovirus might 
be needed to test intestinal infection of 
SARS-CoV-2. Transgenic mice that express 
hACE2 have also been explored to mimic 
mild SARS-CoV-2 infection138. However, 
upon intranasal inoculation of SARS-CoV-2 
in hACE2 transgenic mice, viral RNA was 
only transiently detected at the first day 
post-infection and no histopathological 
lesions of SARS-CoV-2 were observed. 
The failure to establish intestinal infection 
in this model could be related to suboptimal 
virus replication in transgenic mice, as less 
than 104 TCID50 per ml virus was detected 
in the lung and, moreover, pathological 
changes in lung tissue were minimal138.

For more physiological exploration 
of the infection process, knock-in mice 

Table 4 | Current evidence on SARS-CoV-2 replication in vitro and in vivo

Model Phenotypes during SARS-CoV-2 infection

In vitro studies

SARS-CoV-2-infected human 
intestinal-derived cell line69,126

Efficiently infected Caco-2 cells; partial infection  
T84 cells

Bat organoids92 Susceptible to SARS-CoV-2 infection

Human small intestine organoids127,128 Susceptible to SARS-CoV-2 infection; induction of ISGs

Human colon-derived organoids69,92,93 Infection of 10% of colon organoid cells; induction  
of type III interferons and ISGs

Animal modela

hACE2 transgenic mice138 Viral RNA in the intestine on day 1 post-infection;  
no histological changes in gastrointestinal tract

hACE2 knock-in mice133 Viral RNA in faeces of aged mice; intragastric infection 
led to lung inflammation

Golden Syrian hamster137,142 Continuous viral RNA shedding in faeces; viral antigens 
in the intestine; successfully infected via fomites

Ferret134,139,141 Continuous viral RNA shedding in faeces; viral antigens 
in the intestine; isolation of infectious particles 
from nasal swabs after intragastric transfer of faecal 
supernatant

Cat139 Positive rectal swabs; viral RNA in the intestine

Dog139 Positive rectal swabs

Rhesus macaques135,136 Prolonged faecal viral shedding after being negative in 
respiratory samples; viral RNA in the intestinal tissue; 
inflammatory infiltration in the intestine; viral antigens 
in the intestine

Cynomolgus macaques144 Viral RNA in faeces; viral RNA in ileum

hACE2, human angiotensin-converting enzyme 2; ISGs, interferon-stimulated genes; SARS-CoV-2,  
severe acute respiratory syndrome coronavirus 2. aAnimals were infected via intranasal route unless 
otherwise noted.
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expressing hACE2 under the control of 
the mouse ACE2 promoter can serve as 
a more appropriate infection model than 
transgenic lines. The peak viral RNA titre in 
the lungs of hACE2 knock-in mice reached 
up to 108 copies/g (ref.133). Interestingly, 
intranasal inoculation of aged mice 
(30 weeks old) with 4 × 105 plaque-forming 
units of SARS-CoV-2 resulted in the 
detection of high levels of viral RNA in 
faeces (2.9 × 105 copies/g)133. However, as 
many factors could result in the intestinal 
detection of viral RNA, such as swallowing 
of the virus, virus replication in the intestine 
and the fact that mice, being coprophagic, 
could be ‘inoculating’ themselves with 
faecal matter, the source of the viral RNA 
in faeces warrants further investigation. 
Notably, intragastric SARS-CoV-2 infection 
in hACE2 knock-in mice led to interstitial 
inflammation with alveolar septal thickening 
as well as the accumulation of detectable 
levels of viral RNA and antigens in lung 
tissue133, suggesting that intragastric 
administration of SARS-CoV-2 could also 
establish productive infection and lead 
to pulmonary pathological changes in 
hACE2 mice. This result also highlights the 
possibility of faecal–oral transmission of 
SARS-CoV-2. Notably, viral RNA was not 
detectable in either intestinal samples or 
serum via intranasal or intragastric infection 
in this mouse model133, which is probably 
due to sample collection at late time points 
of infection (5–6 days post infection (dpi)), 
when the weight loss of mice was already 
recovered133. Further measurements on 
whether there is an increase of faecal virus 
shedding and intestinal histopathology are 
needed to further prove the establishment 
of intestinal infections.

In addition to mouse models, evidence 
from several other animal models also 
supports intestinal viral infection. 
SARS-CoV-2 has been reported to infect 
ferrets134,139,141. Viral RNA was detected in 
some of the rectal swabs of virus-inoculated 
ferrets134,139,141, some of which continued to 
test positive for 4–8 days (blood (for 4 dpi), 
nasal washes (for 8 dpi), urine (for 8 dpi) and 
in faeces (for 8 dpi)). Similarly, viral antigens 
were detectable in the intestines of these 
animals134. Moreover, when naive ferrets 
were inoculated with faecal supernatants 
of infected specimens, infectious virions 
could be isolated from subsequent nasal 
washes, thereby providing direct evidence of 
the faecal–oral transmission of SARS-CoV-2 
in ferrets134.

Furthermore, the intranasal infection of 
golden Syrian hamsters with SARS-CoV-2 
showed intestinal infection: viral RNA 

was continuously detectable in the faecal 
samples of infected hamsters for 14 days 
and viral antigen was detected in intestinal 
epithelial cells137,142. Severe intestinal epithelial 
cell necrosis, damaged and deformed 
intestinal villi, and increased lamina 
propria mononuclear cell infiltration 
were observed142, thereby providing 
direct evidence for intestinal infection of 
SARS-CoV-2 in hamsters. Interestingly, 
naive golden Syrian hamsters could be 
infected via fomites127, objects or substances 
capable of carrying infectious organisms. 
However, it is unclear whether infection 
via fomites was possible via the faecal–oral 
route as the isolation of infectious virus 
particles in faecal samples failed, probably 
owing to the toxicity of the faecal extracts 
on the Vero cells used for the detection 
of infectious virus134,143. Further in vivo 
experiments by intragastric inoculation 
of faecal supernatants into naive animals 
might be needed to verify the feasibility  
of faecal–oral transmission.

SARS-CoV-2 has been shown to infect 
non-human primates, such as Rhesus 
macaques135,136 and cynomolgus macaques144, 
providing the most genetically relevant 
infection model to mimic human infection. 
Upon intranasal inoculation of SARS-CoV-2 
to seven Rhesus macaques at 106 TCID50, 
viral RNA-positive anal swabs were observed 
at 3 dpi in all infected monkeys, followed 
by a continuous decline of the positive 
numbers of anal swabs until viral RNA was 
undetectable at 14 dpi (ref.136). Virus-positive 
cells and inflammatory cell infiltration were 
both observed in the jejunum and colon 
of these animals. In another study, viral 
RNA-positive anal swabs were reported 
in two of eight Rhesus macaques infected 
with SARS-CoV-2 via a combination of 
intranasal (0.5 ml per nostril), intratracheal 
(4 ml), oral (1 ml) and ocular (0.25 ml per 
eye) inoculation of a 4 × 105 TCID50/ml 
virus dilution135. At 3 dpi, small numbers 
of antigen-positive lymphocytes and 
macrophages in the lamina propria of the 
intestinal tract of all four macaques were 
detected. Viral mRNA, which indicates 
active viral replication, was detected in the 
respiratory tract and lymphoid tissues of 
all four Rhesus macaques and detected in 
the stomach tissue of one of four Rhesus 
macaques at 3 dpi (ref.135). Similar to clinical 
studies in patients, prolonged shedding of 
viral RNA in rectal swabs was observed 
even after nose and throat swabs returned 
negative from one of four Rhesus macaques 
that were monitored until 21 dpi (ref.135). 
In another study, Rhesus macaques were 
infected with an intragastric (n = 5) or 

intranasal (n = 5) challenge with 1 ml of 
1 × 107 plaque-forming units of SARS-CoV-2 
(ref.145). Notably, both intranasal and 
intragastric inoculation caused the 
infiltration of inflammatory cells and loss 
of mucosal epithelium in gastrointestinal 
tissues. The immunohistochemistry staining 
of cleaved caspase 3 was observed in the 
stomach, jejunum, colon and rectum at 
1 dpi in both the intranasal and intragastric 
groups145, highlighting the apoptosis 
caused by SARS-CoV-2 infection in 
gastrointestinal epithelial cells. A decreased 
number of mucin-containing goblet cells, 
the hallmark of ulcerative colitis146, was 
observed in the small intestine at 4 dpi in 
the intranasal group and as early as 1 dpi 
in the intragastric group145. Consistently, 
a decrease in goblet cell numbers has 
also been reported in patients with 
COVID-19 (ref.93), indicating the induced 
intestinal inflammation by SARS-CoV-2. 
The expression of CD68, a marker for 
macrophages, substantially increased in 
the intestine at the earlier stage (at 1, 4 and 
7 dpi) of infection by either intranasal or 
intragastric challenge, which is consistent 
with the expression of inflammatory 
cytokines produced by macrophages such as 
IL-1, IL-6, IL-12 and TNF145. Interestingly, 
in this study, intragastric inoculation with 
SARS-CoV-2 led to pneumonia; however, 
the viral RNAs in the lung were unable 
to be detected145. These results led to a 
hypothesis that activated macrophages in 
the gastrointestinal tract might induce tissue 
damage in the digestive tract, and even in the 
lung, by secreting inflammatory cytokines.

In addition, viral RNA was also found 
in the anal swabs of SARS-CoV-2-infected 
cats and dogs139. Taken together, results 
from a variety of animal models (mice, 
ferrets, hamsters and non-human primates) 
strongly support intestinal infection 
of SARS-CoV-2 and the potential for 
faecal–oral transmission.

Potential faecal–oral transmission
Respiratory droplets and close contact 
have been shown to be the main routes of 
SARS-CoV-2 transmission147,148. However, 
in one study including 96 patients in China, 
59% of patients shed viral RNA in stool86, 
which raised concerns of a possible faecal–
oral transmission route for SARS-CoV-2 in 
humans (Fig. 2). In 2003, a large community 
outbreak of SARS, affecting more than 300 
residents in Amoy Gardens in Hong Kong, 
was presumed to be related to faecal–oral 
transmission149. A patient with SARS with 
diarrhoea visited one building in Amoy 
Gardens and used the toilet; subsequently, 
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321 cases of SARS were located in clusters 
within this building. The floor drain traps, 
which are designed as a barrier between 
the floor and the drain, had dried out 
at the time of the outbreak; however, swabs 
taken from the affected apartments and 
the sewer manholes found no genetic 
material of SARS149. Thus, direct evidence 
of faecal–oral transmission is missing in 
that outbreak. According to a report, based 
on circumstantial evidence, faecal–aerosol 
transmission might have caused the 
community outbreak of COVID-19 in a 
high-rise building in Guangzhou, China150. 
Nine patients infected with SARS-CoV-2 in 
three families lived in vertically aligned flats 
connected by drainage pipes in the master 
bathrooms. The first family infected had a 
travel history to the COVID-19 outbreak 
epicentre of Wuhan in January 2020, whilst 
the other two families had no travel history 
and showed a later onset of symptoms in 
February 2020. No evidence was found for 
transmission via the elevator or elsewhere. 
Both the confirmed time points of infections 
and the locations of positive environmental 
samples are consistent with the vertical 
spread of virus-laden aerosols via stacks 
and vents150.

Three key issues should be discussed 
to determine whether SARS-CoV-2 can 
establish faecal–oral transmission. First, 
whether SARS-CoV-2 can tolerate exposure 
to gastric acid to subsequently establish 
an intestinal infection. Second, it remains 
unknown whether infectious virus particles 
can tolerate intestinal fluid and can then 
be shed through faeces. Finally, whether 
the virus particles in fomites are of 
sufficient concentration and infectivity 
for the subsequent transmission needs 
to be determined.

Can SARS-CoV-2 tolerate gastric acid 
and survive passage into the gut? Enteric 
viruses, such as rotaviruses and noroviruses, 
which are characterized by an absence 
of a lipid envelope, are well known to be 
transmitted by the faecal–oral route151, 
whereas enveloped respiratory viruses, such 
as influenza virus, are thought to be cleared 
by the digestive juice and mucus layer in the 
gastrointestinal tract. SARS-CoV-2 has been 
found to rapidly lose infectivity in simulated 
gastric fluid in vitro127. As evidence of 
intestinal infection of SARS-CoV-2 is well 
reported, several protection mechanisms 
previously reported in influenza viruses and 

other respiratory coronavirus are proposed 
to help SARS-CoV-2 retain its infectivity in 
the intestine152. Hirose et al. showed that, 
although influenza virions are vulnerable 
to simulated digestive juices (that is, gastric 
acid and bile or pancreatic juice) in vitro, 
highly viscous mucus, such as viscous 
sputum and nasal mucus, protects the 
virions, thereby allowing the virus to retain 
its infectivity152. Moreover, both SARS-CoV 
and SARS-CoV-2 were reported to have 
infected a small number of lymphocytes41,60 
and viral RNA was detected in the blood of 
patients infected with SARS-CoV-2 (ref.90). 
Whether SARS-CoV-2 could spread from 
the lungs to the gut carried by immune cells 
warrants further investigation. Notably, 
these protective mechanisms are typically 
used to explain how SARS-CoV-2 might 
spread from the respiratory system to 
the intestine in already-infected patients. 
However, the viral ability to establish an 
intestinal infection does not equate to its 
ability to transmit via a faecal–oral route.

The stomach environment varies over the 
course of gastric residence of a meal, which 
might affect the tolerance of respiratory 
viruses in gastric fluid153. Based on human 
clinical studies, the fed-state gastric fluid 

1–2 survival days in faeces

Virus titre in faeces?

Infectious virus in faeces

Detection of
infectious

virus in packaged
seafood

Sufficient
concentration
for subsequent
transmission?

High faecal viral loads in
patients with diarrhoea

How many people shed
viruses in faeces?

1–2 survival days
in dried form

Sensitive to
gastric fluid

Protection
provided by 
food intake
or sputum?

?

?

?
Infectious

virus in sewage?

Detected viral
RNA in sewage

Fig. 2 | The potential faecal–oral transmission of SARS-CoV-2. The exact 
faecal–oral transmission route is not yet established for severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2); green boxes show con-
firmed findings, whereas orange boxes depict open questions. High viral 
loads were found in the faecal samples of patients with coronavirus disease 
2019 (COVID-19) and diarrhoea. However, the number of patients with 
COVID-19 that shed infectious viruses (but not viral RNA) in faeces remains 
unknown. In several cases, infectious virus was isolated in faeces and an 
in vitro study reported 1–2 survival days of SARS-CoV-2 in faeces. Thus, the 
virus might possibly contaminate sewage, water, and food supplies and pos-
sibly contaminate bathroom sites via faecal–aerosol transmission. 

Consistent with this hypothesis, viral RNA was detected in sewage and on 
toilet seats, flush buttons and door handles. Moreover, the detection of 
infectious virus in packaged seafood was reported in China. However, the 
research on virus titre in faecal fomites is still lacking. Whether the virus 
titres in faecal fomites are of sufficient concentration and infectivity for 
subsequent transmission remains unknown. Moreover, SARS-CoV-2 can 
tolerate human small intestinal fluid but rapidly loses infectivity in gastric 
fluid within 10 minutes. It remains unclear whether the virus can survive 
during food intake or whether it is protected by sputum, which is a previ-
ously reported by-pass mechanism of Middle East respiratory syndrome 
coronavirus and influenza.
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has a hyperosmolar content and higher pH 
compared with fasting-state gastric fluid153. 
In vitro, the fasting-state-simulated gastric 
fluid is often a salt solution that contains 
sodium taurocholate, lecithin and pepsin at 
a pH of 1.6, whereas the fed-state-simulated 
gastric fluid is a milk-based medium 
to simulate the carbohydrate to protein to 
fat ratio observed in the stomach after 
the administration of meals and has a pH 
of 5 (ref.154). Coronavirus MERS-CoV 
and HCoV-229E (an alphacoronavirus 
that causes mild respiratory infection in 
humans) were found to rapidly lose most 
of their infectivity in fasting-state-simulated 
gastric fluid143. However, by contrast, the 
infectivity of MERS-CoV and HCoV-229E 
were unaffected after 2 h of exposure to 
fed-state-simulated gastric fluid143. As the 
research on SARS-CoV-2 infectivity is based 
on fasting-state-simulated gastric fluid, study 
of the SARS-CoV-2 infection process in 
fed-state-simulated gastric fluid is essential 
to determine whether food and eating can 
influence the survival of SARS-CoV-2 
through passage into the gut.

Can infectious SARS-CoV-2 be shed  
in faeces? Shedding through faeces is  
another essential characteristic of faecal– 
oral transmission. A study in human 
duodenum enteroids found that the virus 
was released predominantly from the 
apical side into the lumen, suggesting 
the possibility of viral shedding and 
accumulation in the faeces of patients with 
COVID-19 (ref.127). Previous studies have 
shown that different coronaviruses 
have different tolerances to small intestinal 
fluid. Nearly half of MERS-CoV particles 
were found to remain viable after 2 h of 
exposure to fed-state-simulated intestinal 
fluid, whereas HCoV-229E was shown 
to be rapidly inactivated in the same 
conditions143. According to another report, 
residual SARS-CoV-2 virus can be found 
in fasting-state intestinal fluid after 24 h 
of incubation127. By contrast, only 20% of 
SARS-CoV-2 virions remained infective 
after 1 h of incubation in simulated 
human colonic fluids in the fasting state127. 
A clear understanding of the capacity for 
SARS-CoV-2 survival in fed-state colon fluid 
is still lacking. However, based on current 
research, SARS-CoV-2 could plausibly 
remain infectious in the stool, especially 
when the patient has diarrhoea symptoms127. 
Consistent with these findings, several 
reports have shown successful isolation 
of SARS-CoV-2 from faeces in humans89–91. 
For example, intact virus was isolated from 
the stool specimen of one patient with 

laboratory-confirmed COVID-19 severe 
pneumonia in Heilongjiang, China89, and 
from one patient in Guangzhou, China, 
who later died91. The failure of other studies 
to isolate infectious SARS-CoV-2 from 
stool might be owing to the mild disease 
courses of these cases, mild gastrointestinal 
symptoms, low virus titre or the toxicity 
of intestine homogenates towards the 
cultured cells88,143.

Can SARS-CoV-2 maintain concentration 
and infectivity in faecal fomites? Several 
studies have investigated the infectivity of 
SARS-CoV-2 under various environmental 
conditions. One study reported that 
SARS-CoV-2 was able to retain viability 
for 3–5 days in dried glass surfaces and for 
7 days in solution at room temperature155. 
Moreover, SARS-CoV-2 RNA was detected 
in sewage in Australia, USA and France156–159, 
and the maximum concentrations of viral 
RNA reach to 106 copies per litre (ref.156). 
Although studies on isolating infectious 
virus in sewage are lacking, the ability 
to maintain infectivity in liquids makes 
it possible that SARS-CoV-2 can be 
transmitted through sewage. In addition, 
SARS-CoV-2 can survive longer at low 
temperatures (14 days at 4°C)155; therefore, 
the detection of SARS-CoV-2 viral RNA 
and infectious virus in packaged seafood 
has highlighted the risk of faecal–oral 
transmission160.

Moreover, an in vitro study that added 
infectious virus (106.5 TCID50/ml) to 
watery stool derived from human samples 
reported that SARS-CoV-2 retained 
viability but showed a 5-log reduction in 
infectivity in stool at room temperature for 
1–2 days155. However, as the viral titre of 
SARS-CoV-2 in the faeces of patients with 
COVID-19 and those asymptomatic but 
confirmed as SARS-CoV-2 positive have 
not been well studied, future research is 
needed to examine the infectious virus titre 
in faeces, the viability of SARS-CoV-2 in 
sewage and the minimum infectious viral 
dose in animal models to explore whether 
SARS-CoV-2 can be transmitted via the 
faecal–oral route.

Conclusions
Current research provides strong evidence 
for the intestinal infection of SARS-CoV-2 
(Table 5). Further research is still needed 
to determine the mechanism of intestinal 
infection, the correlation with CRS and 
the possibility of faecal–oral transmission 
(Table 5). Many studies have reported 
the detection of viral RNA in the stool 
and gastrointestinal tracts of patients 

with COVID-19. As some patients with 
COVID-19 were reported to have prolonged, 
persistent viral RNA in rectal swabs or 
faeces82,83, further studies are needed to 
accurately quantify the proportion of 
patients that positively shed viral RNA 
in faeces and have active viral replication in 
the intestine. It also remains unknown 
for how long active intestinal infection by 
SARS-CoV-2 can persist. Furthermore, 
comparing the proportion of gastrointestinal 
symptoms among patients with or without 
intestinal infection by measuring viral 
genomic RNA and subgenomic viral 
RNA transcripts shed in the faeces can be 
informative on the contribution of direct 
intestinal infection to these gastrointestinal 
symptoms.

According to endoscopic and histological 
examination of patients with COVID-19, 
intestinal infection with SARS-CoV-2 
caused inflammatory infiltration59,60. 
SARS-CoV-2 infection also altered the 
composition of the gut microbiota, which 
correlated with the elevated expression 
of inflammatory cytokines such as IL-2, 
IL-4, IL-6, IL-10 and IL-18 (refs65,66,161). 
Furthermore, faecal calprotectin was found 
to accumulate in high levels in the stools of 
patients with COVID-19 with diarrhoea, 
which was also correlated with serum 
levels of the inflammatory cytokine IL-6 
(ref.62). It is therefore worth further scrutiny 
to determine whether higher intestinal 
inflammatory infiltration or more severe 
dysbiosis of microbiota are correlated 
with higher cytokine serum levels, the 
occurrence of CRS and/or disease severity 
in patients with COVID-19. In addition, 
further studies in animal models can help 
illustrate the relative contributions of 
intestinal inflammation and gut microbiota 
to CRS and disease severity.

IgA is mainly produced in mucosal 
surfaces. Humans produce more IgA 
(40–60 mg/kg per day) than all other 
immunoglobulin isotypes combined and at 
least 80% of all plasma cells are located in 
the intestinal lamina propria162,163. A study 
found that 33% (2 of 6) of patients with 
COVID-19 showed an IgA-dominant 
serum immunoglobin pattern164. According 
to a study including 159 patients with 
COVID-19, SARS-CoV-2-specific IgA is 
likely to be detected earlier than IgG and 
IgA contributed to virus neutralization to 
a greater extent than IgG165. Other work 
showed that IgA detection exhibited the 
highest positive diagnostic rate compared 
with IgM and IgG detection at 4–10 days 
after symptom onset166. Consistently, 
in a case report, one patient with IgA 
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nephropathy showed an IgA-dominant 
pattern during SARS-CoV-2 infection  
and had reduced renal function during and  
after recovery from SARS-CoV-2 infection 
owing to the production of high levels of 
IgA in both serum and faeces167. Together, 
these reports suggest that IgA is the 
main type of immunoglobin induced by 
mucosal infection of SARS-CoV-2 and 

that IgA-mediated mucosal immunity 
plays a vital role in anti-SARS-CoV-2 
infection. Notably, oral vaccination has 
also been discussed to prevent subsequent 
respiratory diseases by activating gut 
mucosal immunity168,169. Thus, whether oral 
administration of SARS-CoV-2 vaccines 
might achieve better efficacy and longer 
protection would be interesting to test.

In vivo animal studies have shown that 
gavage with faecal supernatant or exposure 
to faecal fomites can infect a proportion of 
animals134,137. Thus, more evidence is clearly 
required to unequivocally demonstrate 
that SARS-CoV-2 can establish a faecal–
oral transmission route. First, it remains 
unknown what proportion of people who 
are infected shed infectious virus particles 

Table 5 | Current evidence and outlook on the intestinal infection and potential faecal–oral transmission of SARS-CoV-2

Category Current evidence Further questions

Intestinal infection by SARS-CoV-2

Clinical evidence Nearly half of patients with COVID-19 are positive for 
SARS-CoV-2 RNA detection in faecal samples15

How many patients with positive faecal tests have active viral 
replication as measured by viral subgenomic mRNA?

Persistence of viral RNA in faecal compared with respiratory 
samples for as long as a month after discharge77,80,83

Can intestinal infection serve as a reservoir for re-infection 
in the lung?

Does intestinal infection of SARS-CoV-2 enhance its 
mutation rate?

Approximately 5–70% of patients with COVID-19 reported 
gastrointestinal symptoms11,24

How to unify the definition of gastrointestinal symptoms 
in COVID-19 among different studies?

Clear distinctions should be established between 
gastrointestinal symptoms presented on admission and 
the gastrointestinal symptoms caused by medications

A correlation is not yet established between gastrointestinal 
symptoms, the presence of faecal SARS-CoV-2 RNA and/or 
active viral replication

Endoscopic and histological examination of patients with 
COVID-19 revealed virions and inflammatory cell infiltration 
in the duodenum and rectum59,60

More comprehensive autopsy or surgical specimens are 
needed to provide histological evidence of intestinal 
infection

SARS-CoV-2 infection altered gut microbiota, correlated 
with elevated expression of inflammatory cytokines such 
as IL-2 and IL-18 (refs65,66,161)

High levels of faecal calprotectin in patients with COVID-19 
with diarrhoea, which were positively correlated with IL-6 
levels in serum62

Does intestinal infection lead to increased expression of 
inflammatory cytokines in the intestines and/or serum?

If so, do intestinal infection and elevated cytokine levels 
contribute to cytokine release syndrome or correlate with 
disease severity?

IgA dominated in the early stage of SARS-CoV-2-specific 
humoral responses and was more potent in neutralization 
than IgG165

Does intestinal mucosa contribute to IgA production during 
SARS-CoV-2 infection?

Will oral administration of SARS-CoV-2 vaccines achieve 
better efficacy?

In vitro evidence SARS-CoV-2 infects intestinal cell lines and human 
intestinal organoids, thereby mediating the production 
of ISGs69,92,93,127,128

Can human intestinal organoids serve as a highly relevant 
infection model to characterize the complete SARS-CoV-2 
life cycle and test viable candidate therapeutics?

SARS-CoV-2 can establish an intestinal infection in 
hACE2 knock-in mice, hamsters, ferrets and non-human 
primates133–139

More careful virological and histological examination of 
intestinal infection in animal models can provide evidence 
not easily observed in humans

Potential faecal–oral transmission routes

Clinical/
environmental 
evidence

Viral RNA detected in the sewage156–159

Infectious virions were isolated from faecal samples  
of patients with COVID-19 (refs89–92)

How long can SARS-CoV-2 survive in sewage or food 
surfaces?

Can SARS-CoV-2 maintain sufficient concentration and 
infectivity in fomites for subsequent transmission?

In vivo evidence Hamsters can be infected through SARS-CoV-2 fomites137

ACE2 knock-in mice can be infected by intragastric 
SARS-CoV-2 (ref.133)

Naive ferrets can be infected by intragastric faecal 
supernatant from infected ferrets134

Exploration of the exact route and timelines for faecal–oral 
infection in animal models; systematic characterization of 
the host response for lung infection and intestinal infection 
in animal models

Prolonged shedding of viral RNA in rectal swabs was observed 
from one infected Rhesus macaque even after nose and throat 
swabs returned negative135

More evidence in humans on whether SARS-CoV-2 can infect 
the next host via the faecal–oral route is needed

ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; hACE2, human ACE2; ISGs, interferon-stimulated genes; SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2.

280 | April 2021 | volume 18	 www.nature.com/nrgastro

P e r s p e c t i v e s



0123456789();: 

in faeces. Second, the virus titre in faeces 
and the minimum infectious dose of 
SARS-CoV-2 are both still unresolved. 
A rigorous and systematic determination 
of whether the virus titre in faecal fomites 
can exceed the minimum infection dose 
is essential to accurately quantify the true 
risk of SARS-CoV-2 transmission through 
a faecal–oral route.
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